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OKOKO bÑÑÉÅíë=çÑ=åçáëÉ=~åÇ=åçáëÉ=ãçÇÉä= PS 
OKOKP iáãáí~íáçåë=çÑ=^oj^=ãçÇÉäë= PU 

=
OKP mÜóëáÅ~äI=ÚïÜáíÉ=ÄçñÛ=îáÉïéçáåí= QM 

OKPKN ^o=ãçÇÉäë=~ë=äáåÉ~ê=êÉëÉêîçáê=ëóëíÉã= QM 
OKPKO aáÑÑÉêÉåíá~ä=Éèì~íáçåë=~åÇ=Åçåîçäìíáçå= QQ 
OKPKP bî~äì~íáçå=çÑ=~=Åçåîçäìíáçå=áåíÉÖê~ä= QR 
OKPKQ fãéìäëÉ=êÉëéçåëÉë=~åÇ=íÜÉáê=ÅÜ~ê~ÅíÉêáëíáÅë= QU 
OKPKR oÉëéçåëÉë=çÑ=ÉäÉãÉåí~êó=ÖêçìåÇï~íÉê=ëóëíÉãë= RM 

OKPKRKN oÉÅÜ~êÖÉ=çå=~=ëóëíÉã=ïáíÜ=~=ìåáÑçêã=áåíÉêå~ä=ÜÉ~Ç= RM 
OKPKRKO oÉÅÜ~êÖÉ=çå=~=ëóëíÉã=ïáíÜ=~=çåÉJÇáãÉåëáçå~ä=ÜÉ~Ç=Öê~ÇáÉåí= RN 
OKPKRKP cêçã=áåÑáäíê~íáçå=íç=êÉÅÜ~êÖÉ=áå=íÜÉ=ìåë~íìê~íÉÇ=òçåÉ= RQ 
OKPKRKQ `çåîçäìíáçå=çÑ=êÉëéçåëÉ=ÑìåÅíáçåë= RT 
OKPKRKR líÜÉê=ëáíì~íáçåë=~åÇ=ÉñÅáí~íáçåë= RU 

=
OKQ aáëíêáÄìíáçå=ÑìåÅíáçåë=~ë=êÉëéçåëÉ=ãçÇÉäë= RV 

OKQKN qÜÉ=ëâÉïJd~ìëëá~å=Åçåîçäìíáçå~ä=äáãáíë= RV 
OKQKO qÜÉ=mÉ~êëçå=íóéÉ=fffI=ëÅ~äÉÇ=Ö~ãã~=~åÇ=ÖÉåÉê~äáòÉÇ=ãçîáåÖ=d~ìëëá~å=

ÇáëíêáÄìíáçå= SO=
OKQKP j~íÅÜáåÖ=íÉãéçê~ä=ãçãÉåíë=ïáíÜ=ëé~íá~ä=ãçÇÉäë= SR 

=
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P qáãÉ=ëÉêáÉë=ãçÇÉäáåÖ=ìëáåÖ=Åçåíáåìçìë=êÉëéçåëÉ=ÑìåÅíáçåë= SV 
PKN fåíêçÇìÅíáçå= TM 
PKO jÉíÜçÇë=~åÇ=íÜÉçêó= TO 

PKOKN qÜÉ=ÇáëÅêÉíÉ=^oj^=qck=ãçÇÉä= TO 
PKOKO qÜÉ=Åçåíáåìçìë=íáãÉ=mfocf`q=ãçÇÉä= TQ 
PKOKP bî~äì~íáçåI=é~ê~ãÉíÉê=Éëíáã~íáçå=~åÇ=Çá~ÖåçëíáÅ=ÅÜÉÅâáåÖ= TT 
PKOKQ pìãã~êó=çÑ=ãÉíÜçÇ= UN 

PKP bñ~ãéäÉ=~ééäáÅ~íáçå= UN 
PKPKN pÉíJìé=~åÇ=Ç~í~=ëÉí= UN 
PKPKO páåÖäÉ=ëÉêáÉë= UO 
PKPKP jìäíáéäÉ=ëÉêáÉë=~åÇ=î~äáÇ~íáçå=ëíìÇó= UR 
PKPKQ ^=ëã~ää=ëáãìä~íáçå=ëíìÇó= UT 

PKQ aáëÅìëëáçå=~åÇ=ÅçåÅäìëáçåë= UU 
=
Q ^=Åçåíáåìçìë=åçáëÉ=ãçÇÉä=Ñçê=~ìíçÅçêêÉä~íÉÇ=Ç~í~=çÑ=áêêÉÖìä~ê==
= ÑêÉèìÉåÅó= VN 

QKN fåíêçÇìÅíáçå= VO 
QKO jÉíÜçÇë=~åÇ=íÜÉçêó= VQ 

QKOKN fêêÉÖìä~ê=Ç~í~=~åÇ=íÜÉ=^oENF=ãçÇÉä= VQ 
QKOKO qÜÉ=ÅçãÄáåÉÇ=^oENF=ãçÇÉä=~åÇ=ÚÇÉÖÉåÉê~íÉÛ=h~äã~å=ÑáäíÉê= VS 
QKOKP qÜÉ=lêåëíÉáåJrÜäÉåÄÉÅâ=Ä~ëÉÇ=ãçÇÉä= VU 
QKOKQ m~ê~ãÉíÉê=Éëíáã~íáçå=~åÇ=ptpf=ÅêáíÉêáçå= VV 
QKOKR pìãã~êó=çÑ=ãÉíÜçÇ= NMO 

QKP bñ~ãéäÉ=~ééäáÅ~íáçå= NMP 
QKPKN pÉíJìé=~åÇ=Ç~í~=ëÉí= NMP 
QKPKO `çãé~êáëçå=çÑ=íÜÉ=äáâÉäáÜççÇ=ÑìåÅíáçå=~åÇ=íÜÉ=ptpf=ÅêáíÉêáçå= NMR 
QKPKP ^=ÅÜÉÅâ=çå=íÜÉ=áååçî~íáçå=î~êá~åÅÉ=ÑìåÅíáçå= NMT 

QKQ aáëÅìëëáçå=~åÇ=ÅçåÅäìëáçåë= NMU 
=
R jçÇÉäáåÖ=ÖêçìåÇï~íÉê=ÜÉ~Ç=ëÉêáÉë=ëìÄàÉÅíÉÇ=íç=ãìäíáéäÉ=ëíêÉëëÉë= NNN 

RKN fåíêçÇìÅíáçå= NNO 
RKO jÉíÜçÇë=~åÇ=íÜÉçêó= NNP 

RKOKN cêçã=~=ëáåÖäÉ=íç=~=ãìäíáéäÉ=áåéìí=ãçÇÉä= NNP 
RKOKO oÉëéçåëÉ=ÑìåÅíáçåë=Ñçê=ÇáÑÑÉêÉåí=íóéÉë=çÑ=ëíêÉëëÉë= NNR 
RKOKP m~ê~ãÉíÉê=Éëíáã~íáçå= NNT 
RKOKQ dÉåÉê~ä=ãçÇÉäáåÖ=éêçÅÉÇìêÉ= NNU 

RKP bñ~ãéäÉ=~ééäáÅ~íáçå= NOM 
RKPKN páåÖäÉ=ëÉêáÉë= NOM 
RKPKO jìäíáéäÉ=ëÉêáÉë= NOQ 

RKQ aáëÅìëëáçå=~åÇ=ÅçåÅäìëáçåë= NOU 
=
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S `Ü~ê~ÅíÉêáòáåÖ=ÖêçìåÇï~íÉê=Çóå~ãáÅë=Ä~ëÉÇ=çå=êÉëéçåëÉ=
= ÅÜ~ê~ÅíÉêáëíáÅë= NPM 

SKN fåíêçÇìÅíáçå= NPO 
SKO jÉíÜçÇë=~åÇ=íÜÉçêó= NPQ 

SKOKN jÉíÉçêçäçÖáÅ=ÅÜ~ê~ÅíÉêáëíáÅë= NPQ 
SKOKO oÉëéçåëÉ=ÅÜ~ê~ÅíÉêáëíáÅë= NPR 
SKOKP `çãÄáå~íáçå=áåíç=daJÅÜ~ê~ÅíÉêáëíáÅë= NPU 
SKOKQ pìãã~êó=çÑ=ãÉíÜçÇ= NPV 

SKP bñ~ãéäÉ=~ééäáÅ~íáçå= NQM 
SKPKN pÉíJìé=~åÇ=Ç~í~=ëÉí= NQM 
SKPKO `çãé~êáëçå=çÑ=jñdi=ëí~íáëíáÅë=~åÇ=daJÅÜ~ê~ÅíÉêáëíáÅë= NQO 
SKPKP daJÅÜ~ê~ÅíÉêáëíáÅë=~åÇ=ÑäìÅíì~íáçåë=çÑ=åçåJ~ååì~ä=ÑêÉèìÉåÅó= NQQ 

SKQ aáëÅìëëáçå=~åÇ=ÅçåÅäìëáçåë= NQT 
=
T jÉåó~åíÜÉëW=ëçÑíï~êÉ=Ñçê=ÖêçìåÇï~íÉê=ÜÉ~Ç=Ç~í~= NRN 

TKN fåíêçÇìÅíáçå= NRO 
TKNKN qáãÉ=ëÉêáÉë=ãçÇÉäëW=íÜÉáê=ëíêçåÖ=éçáåíë=~åÇ=äáãáí~íáçåë= NRO 
TKNKO oÉÅÉåí=ÇÉîÉäçéãÉåíë=~åÇ=ìëÉ=çÑ=éÜóëáÅ~ä=áåëáÖÜí= NRP 
TKNKP pÅçéÉ=~åÇ=çìíäáåÉ=çÑ=é~éÉê= NRQ 

TKO jÉíÜçÇë=~åÇ=íÜÉçêó= NRR 
TKOKN aáÑÑÉêÉåíá~ä=Éèì~íáçåëI=áãéìäëÉ=êÉëéçåëÉë=~åÇ=Åçåîçäìíáçå= NRR 
TKOKO jÉíÜçÇë=çÑ=ÅçåëíêìÅíáåÖ=êÉëéçåëÉ=ÑìåÅíáçåë= NRS 
TKOKP qÜÉ=mfocf`q=ãÉíÜçÇ=~åÇ=ìëÉ=çÑ=ÇáëíêáÄìíáçå=ÑìåÅíáçåë= NRT 

TKP pçÑíï~êÉ=~êÅÜáíÉÅíìêÉ= NRV 
TKPKN tÜó=jÉåó~åíÜÉë\= NRV 
TKPKO fåÑçêã~íáçå=ëóëíÉãë=ÜáÉê~êÅÜó=~åÇ=Ç~í~=ã~å~ÖÉãÉåí= NRV 
TKPKP a~í~=~å~äóëáë=~åÇ=îáëì~äáò~íáçå= NSM 
TKPKQ j~áå=ëÅêÉÉå=~åÇ=ãçÇÉäáåÖ=íççäë= NSN 
TKPKR páãìäí~åÉçìë=íáãÉ=ëÉêáÉë=~å~äóëáë= NSO 
TKPKS jÉåó~åíÜÉë=îÉêëìë=~äíÉêå~íáîÉ=ëçÑíï~êÉ= NSP 

TKQ bñ~ãéäÉ=~ééäáÅ~íáçå= NSQ 
TKQKN qáãÉ=ëÉêáÉë=ÇÉÅçãéçëáíáçå= NSQ 
TKQKO fãé~Åí=çÑ=ÜóÇêçäçÖáÅ=ãÉ~ëìêÉë=áå=~=aìíÅÜ=ÇìåÉ=~êÉ~= NSR 

TKR aáëÅìëëáçå=~åÇ=ÅçåÅäìëáçåë= NTM 
=
U pìãã~êó=~åÇ=ÅçåÅäìëáçåë= NTP 
=
V p~ãÉåî~ííáåÖ=Éå=ÅçåÅäìëáÉë= NUP 
=
aÉêáî~íáçåë= NVR 
=
oÉÑÉêÉåÅÉë= OMR 
=
mìÄäáÅ~íáçåë= ONT 
=
`ìêêáÅìäìã=îáí~É= OOP 



==

=

=
=



==

..…………………………………………………………………………………………….…. 
=

Symbols and notation 

få=íÜáë=íÜÉëáëI=íÜÉ=ëóãÄçäë=~åÇ=åçí~íáçå=çÑ=êÉä~íÉÇ=äáíÉê~íìêÉ=áë=ÑçääçïÉÇ=ïÜÉêÉ=éçëëáÄäÉK=
lå=íÜÉ=çíÜÉê=Ü~åÇI=íÜÉ=Éèì~íáçåë=áå=íÜáë=íÜÉëáë=ëÜçìäÇ=çÑ=ÅçìêëÉ=ÄÉ=ìå~ãÄáÖìçìëI=
ÉîÉêó=ëóãÄçä=Ü~îáåÖ=~=ÅäÉ~ê=~åÇ=ìåáèìÉ=ãÉ~åáåÖK=få=ëçãÉ=Å~ëÉëI=ÄçíÜ=çÄàÉÅíáîÉë=

éêçîÉÇ=íç=ÄÉ=áåÅçãé~íáÄäÉ=~åÇ=ëçãÉ=çîÉêä~é=áë=~ääçïÉÇK=bñ~ãéäÉë=~êÉ=δ =Ñçê=ÄçíÜ=íÜÉ=
aáê~Å=ÇÉäí~=ÑìåÅíáçå=~åÇ=~ìíçêÉÖêÉëëáîÉ=é~ê~ãÉíÉêë=çÑ=^oj^=ãçÇÉäëI=~åÇ= r =Ñçê=ÄçíÜ=
ê~Çáìë=~åÇ=êÉÅÜ~êÖÉK=tÜÉêÉ=íÜáë=áë=íÜÉ=Å~ëÉI=íÜÉ=ãÉ~åáåÖ=çÑ=ëóãÄçäë=áë=ÅäÉ~ê=Ñêçã=çê=
Åä~êáÑáÉÇ=áå=íÜÉ=íÉñíK=
=

pé~ÅÉ=~åÇ=íáãÉ=

t = W= íáãÉI=ÉáíÜÉê=ÇáëÅêÉíÉ=E t∈� I=xJzF=

= = çê=Åçåíáåìçìë=E t∈� I=xqzF=

Y = W==óÉ~ê=xqz=

D = W= gìäá~å=Ç~ó=xqz=

ξ = W= ÑêÉèìÉåÅó=xq
JN
z=

η = W= éÜ~ëÉ=ëÜáÑí=xqz=

λ== W= ~ãéäáíìÇÉ==
xyz = W= `~êíÉëá~å=ÅççêÇáå~íÉë=xiz=

r = W= ê~Çáìë=xiz=

L = W= äÉåÖíÜ=xiz=

A = W= ~êÉ~=xi
O
z=

C = W= êÉä~íáîÉ=éçëáíáçå=çê=ÅÉåíê~äáíó=xJz=

=
léÉê~íçêë=~åÇ=ëéÉÅá~ä=ÑìåÅíáçåë=

Σ = W= ëìãã~íáçå=çéÉê~íçê=

Π = W= éêçÇìÅí=çéÉê~íçê=

E = W= ÉñéÉÅí~íáçå=çéÉê~íçê=

B = W= Ä~Åâï~êÇ=ëÜáÑí=çéÉê~íçê=

d = W= ÇáÑÑÉêÉåíá~ä=çéÉê~íçê=

∂ = W= é~êíá~ä=ÇáÑÑÉêÉåíá~ä=çéÉê~íçê=

∆ = W= ÇáÑÑÉêÉåÅÉ=çéÉê~íçê=

∇ = W= Öê~ÇáÉåí=îÉÅíçê==

Γ = W= Ö~ãã~=ÑìåÅíáçå=

0K = W= ãçÇáÑáÉÇ=_ÉëëÉä=ÑìåÅíáçå=çÑ=íÜÉ=

= ëÉÅçåÇ=âáåÇ=~åÇ=òÉêçíÜ=çêÇÉê=

δ( )t = W= aáê~Å=ÇÉäí~=ÑìåÅíáçå=

( )tΗ = W= eÉ~îáëáÇÉ=ëíÉé=ÑìåÅíáçå=

pí~íáëíáÅë=

N = W== åìãÄÉê=

O = W== ëÉí=çÑ=çÄëÉêî~íáçåë=
Ψ = W== ëÉí=çÑ=é~ê~ãÉíÉêë=

P = W== éêçÄ~Äáäáíó=
Λ = W== äçÖ=äáâÉäáÜççÇ=

J = W== g~ÅçÄá~å=ã~íêáñ=

C = W== Åçî~êá~åÅÉ=ã~íêáñ=
2R = W== ÅçÉÑÑáÅáÉåí=çÑ=ÇÉíÉêãáå~íáçå=
2S = W== ëìã=çÑ=ïÉáÖÜíÉÇ=ëèì~êÉÇ=

= == áååçî~íáçåë==
=

x = W== ~îÉê~ÖÉ=çÑ= x =

x� = W== ÇÉîá~íÉë=çÑ= x Ñêçã= x =

x̂ = W== éêÉÇáÅíáçå=çÑ= x =EÇÉíÉêãáåáëíáÅI=
= = çê=áå=íáãÉ=ìéÇ~íÉF=

x
�

= W== éêÉÇáÅíáçå=çÑ= x =Eáå=
= = ãÉ~ëìêÉãÉåí=ìéÇ~íÉF=
=

nM = W== íÉãéçê~ä=ãçãÉåí=çÑ=çêÇÉê= n =

c

nM = W== ÅÉåíê~äáòÉÇ=íÉãéçê~ä=ãçãÉåí=

µ = W== ãÉ~å==

2σ = W== î~êá~åÅÉ=

1
γ = W== ëâÉïåÉëë=

2
γ = W== âìêíçëáë=

=
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=

^oj^=~ééêç~ÅÜ=

ty = W==Éñéä~áåÉÇ=î~êá~ÄäÉ=

tx = W==Éñéä~å~íçêó=î~êá~ÄäÉ=

tn = W==Éêêçê=çê=êÉëáÇì~ä=ëÉêáÉë=xiz=

ta = W==ÇáëÅêÉíÉ=ïÜáíÉ=åçáëÉ=éêçÅÉëë=xiz=

tΘ = W==íê~åëÑÉê=ÑìåÅíáçå=

tΦ = W==åçáëÉ=êÉëéçåëÉ=ÑìåÅíáçå=

ω = W= íê~åëÑÉê=ãçîáåÖ=~îÉê~ÖÉ=
= é~ê~ãÉíÉê=

δ = W==íê~åëÑÉê=~ìíçêÉÖêÉëëáîÉ=
= é~ê~ãÉíÉê=

θ == W==åçáëÉ=ãçîáåÖ=~îÉê~ÖÉ=é~ê~ãÉíÉê=
ϕ == W==åçáëÉ=~ìíçêÉÖêÉëëáîÉ=é~ê~ãÉíÉê=

nr = W==åìãÄÉê=çÑ=ω Ûë=áå=~å=^oj^=
= ãçÇÉä=

ns = W= åìãÄÉê=çÑ=δ Ûë=áå=~å=^oj^=
= ãçÇÉä=

np = W= åìãÄÉê=çÑ=θ Ûë=áå=~å=^oj^=

= ãçÇÉä=
nq = W= åìãÄÉê=çÑ=ϕ Ûë=áå=~å=^oj^=

= ãçÇÉä=

b = W= ÇÉ~Ç=çê=ÇÉä~ó=íáãÉ=xJz=

=
mfocf`q=~ééêç~ÅÜ=

( )tθ =W= áãéìäëÉ=êÉëéçåëÉ=ÑìåÅíáçå=

( )tΘ =W= ÄäçÅâ=êÉëéçåëÉ=ÑìåÅíáçå=

( )tΩ =W= ëíÉé=êÉëéçåëÉ=ÑìåÅíáçå=

( )tΞ = W= ÑêÉèìÉåÅó=êÉëéçåëÉ=ÑìåÅíáçå=

( )tφ = W= åçáëÉ=áãéìäëÉ=êÉëéçåëÉ=ÑìåÅíáçå=

( )W t =W==Åçåíáåìçìë=ïÜáíÉ=åçáëÉ=EtáÉåÉêF=

= éêçÅÉëë=xiz=

( )tν = W==áååçî~íáçå=ëÉêáÉë=xiz=

f = W==Éî~éçê~íáçå=Ñ~Åíçê=xJz=

d = W==äçÅ~ä=Çê~áå~ÖÉ=äÉîÉä=xiz=

, , , , , , ,A a b n α β γ υ =W=é~ê~ãÉíÉêë=áå

= î~êáçìë==êÉëéçåëÉ=ÑìåÅíáçåë=

mÜóëáÅ~ä=éêçÅÉëëÉë=

( )th = W==ÖêçìåÇï~íÉê=ÜÉ~Ç=xiz=

( )p t = W==éêÉÅáéáí~íáçå=áåíÉåëáíó=xiq
JN
z=

tP = W==éêÉÅáéáí~íáçå=~ãçìåí=xiz=

( )e t = W==Éî~éçê~íáçå=xiq
JN
z=

( )q t = W==ëéÉÅáÑáÅ=ÇáëÅÜ~êÖÉ=xiq
JN
z==

( )r t = W==ëéÉÅáÑáÅ=êÉÅÜ~êÖÉ=xiq
JN
z=

( )w t = W==ÖêçìåÇï~íÉê=ïáíÜÇê~ï~ä=xi
P
q

JN
z=

( )s t = W==ëìêÑ~ÅÉ=ï~íÉê=äÉîÉä=xiz=

( )b t = W==Ä~êçãÉíêáÅ=éêÉëëìêÉ=xiz=

( )m t =W==ÜóÇêçäçÖáÅ=áåíÉêîÉåíáçåë=xJz=

( )tϑ = W==îçäìãÉíêáÅ=ï~íÉê=ÅçåíÉåí=xJz=

( )iR t =W= î~äìÉ=çÑ=ëíêÉëë= i =

=
mÜóëáÅ~ä=é~ê~ãÉíÉêë=
c = W==Çê~áå~ÖÉ=êÉëáëí~åÅÉ=xqz==

S = W==ëíçê~íáîáíó=xJz=

H = W==ë~íìê~íÉÇ=íÜáÅâåÉëë=xiz=

K = W==éÉêãÉ~Äáäáíó=xiq
JN
z=

KH = W==íê~åëãáëëáîáíó=xi
O
q

JN
z=

D = W==ÉÑÑÉÅíáîÉ=ÇáÑÑìëáçåJÇáëéÉêëáçå=
= ÅçÉÑÑáÅáÉåí=xi

O
=q

JN
z==

v = W==ÉÑÑÉÅíáîÉ=éêçé~Ö~íáçå=îÉäçÅáíó==
=============xiq

JN
z=

=
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1 General introduction 

=
Based in part on: 
sçå=^ëãìíÜI=gK=oKI=~åÇ=hK=j~~ë=EOMMNFI=qÜÉ=ãÉíÜçÇ=çÑ=áãéìäëÉ=êÉëéçåëÉ=ãçãÉåíëW=~=
åÉï=ãÉíÜçÇ=áåíÉÖê~íáåÖ=íáãÉ=ëÉêáÉëJI=ÖêçìåÇï~íÉêJ=~åÇ=ÉÅçJÜóÇêçäçÖáÅ~ä=ãçÇÉääáåÖI=
áå=fãé~Åí=çÑ=eìã~å=^Åíáîáíó=çå=dêçìåÇï~íÉê=aóå~ãáÅëI=ÉÇáíÉÇ=Äó=dÉÜêÉäëI=gK`KI=mÉíÉêëI=
kKbKI=eçÉÜåI=bKI=gÉåëÉåI=hKI=iÉáÄìåÇÖìíI=`KI=dêáÑÑáçÉåI=gKI=tÉÄÄI=_KI=~åÇ=w~~ÇåççêÇáàâI=
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1.1 Initial objectives and scope 
^ë=éÉêÜ~éë=áë=åçí=ìåÅçããçå=áå=
mÜa=êÉëÉ~êÅÜI=íÜÉ=áåáíá~ä=çÄàÉÅíáîÉë=
ÇáÑÑÉê=ê~íÜÉê=ëíêçåÖäó=Ñêçã=íÜÉ=
Ñáå~ä=êÉëìäíë=éêÉëÉåíÉÇ=áå=ÜÉêÉK=få=
íÜÉ=çêáÖáå~ä=éêçéçë~äë=xj~~ëI=
NVVRX=sçå=^ëãìíÜI=OMMMzI=íÜÉ=
éêáã~êó=çÄàÉÅíáîÉ=ï~ë=íç=áãéêçîÉ=
ÉÅçJÜóÇêçäçÖáÅ=ãçÇÉäáåÖ=ãÉíÜçÇë=
ïáíÜ=êÉëéÉÅí=íç=íÜÉ=ï~ó=áå=ïÜáÅÜ=
íÜÉ=êÉä~íáçåëÜáé=ÄÉíïÉÉå=
ÖêçìåÇï~íÉê=Çóå~ãáÅë=~åÇ=íÜÉ=
îÉÖÉí~íáçå=Åçãéçëáíáçå=áå=
ÖêçìåÇï~íÉê=ÇÉéÉåÇÉåí=
ÉÅçëóëíÉãë=ï~ë=ãçÇÉäÉÇK=^í=íÜ~í=
íáãÉ=Äìí=~äëç=íç=Ç~íÉI=Åçããçå=
ãÉíÜçÇë=íç=éêÉëÉåí=~åÇ=ÅÜ~ê~ÅíÉêáòÉ=ÖêçìåÇï~íÉê=äÉîÉä=ÑäìÅíì~íáçåë=~êÉ=íÜÉ=ëçJÅ~ääÉÇ=
Çìê~íáçå=äáåÉë=xÉKÖKIqΩñÉåI=NVRQX=dêççíà~åëI=NVURX=aÉ=e~~åI=NVVOzI=êÉÖáãÉ=ÅìêîÉë=~åÇ=
çîÉê~ää=ÅÜ~ê~ÅíÉêáëíáÅë=äáâÉ=jñdi=ëí~íáëíáÅë=xs~å=ÇÉê=päìáàë=~åÇ=aÉ=dêìáàíÉêI=NVURzK=pìÅÜ=
ãÉíÜçÇëI=ÜçïÉîÉêI=Ü~îÉ=íïç=áãéçêí~åí=Çê~ïÄ~ÅâëW=
=

• pí~íáëíáÅë=Ä~ëÉÇ=çå=ÖêçìåÇï~íÉê=äÉîÉä=ëÉêáÉë=çîÉê=äáãáíÉÇ=éÉêáçÇë=~êÉ=ëÉåëáíáîÉ=
íç=äçåÖ=íÉêã=î~êá~íáçå=áå=íÜÉ=ÇêáîáåÖ=ÑçêÅÉë=xhåçííÉêë=~åÇ=s~å=t~äëìãI=NVVTX=
_~êíÜçäçãÉìë=Éí=~äKI=OMMUzK=

• dê~éÜë=çê=äáåÉë=~êÉ=ÉëëÉåíá~ääó=îÉÅíçêëI=~åÇ=äÉëë=ÅçåîÉåáÉåí=Ñçê=Ç~í~=ëíçê~ÖÉI=
Eëé~íá~äF=éêÉëÉåí~íáçåI=~å~äóëáë=~åÇ=ãçÇÉäáåÖ=éìêéçëÉë=íÜ~å=ëÅ~ä~êëK=lîÉê~ää=
ëí~íáëíáÅëI=çå=íÜÉ=çíÜÉê=Ü~åÇI=çåäó=Å~éíìêÉ=ÅÉêí~áå=~ëéÉÅíë=çÑ=íÜÉ=Çóå~ãáÅë=
xsçå=^ëãìíÜ=~åÇ=håçííÉêëI=OMMQzK==

=
_ÉÅ~ìëÉ=çÑ=íÜÉëÉ=Çê~ïÄ~ÅâëI=áí=ï~ë=ÜóéçíÜÉëáòÉÇ=íÜ~í=~å=~äíÉêå~íáîÉ=êçìíÉ=Ä~ëÉÇ=çå=
íÜÉ=ëçJÅ~ääÉÇ=áãéìäëÉ=êÉëéçåëÉ=ÑìåÅíáçå=EëÉÉ=ëÉÅíáçå=OKPKQF=ÅçìäÇ=áãéêçîÉ=
ÉÅçÜóÇêçäçÖáÅ=ãçÇÉäáåÖ=ãÉíÜçÇëK=få=íÜáë=~äíÉêå~íáîÉI=~=âÉó=åçíáçå=áë=íÜ~í=ëé~íá~ä=
ÇáÑÑÉêÉåÅÉë=áå=ÖêçìåÇï~íÉê=äÉîÉä=Çóå~ãáÅë=~êÉ=ã~áåäó=ÇÉíÉêãáåÉÇ=Äó=ëé~íá~ääó=î~êá~ÄäÉ=
ëóëíÉã=éêçéÉêíáÉëI=ïÜáäÉ=íÉãéçê~ä=Çóå~ãáÅë=~êÉ=ã~áåäó=ÇêáîÉå=Äó=ëé~íá~ääó=äÉëë=î~êá~ÄäÉ=
ãÉíÉçêçäçÖáÅ=Çóå~ãáÅëK=`çåëÉèìÉåíäóI=áí=ï~ë=ÜóéçíÜÉëáòÉÇ=íÜ~í=ëé~íá~ä=ÇáÑÑÉêÉåÅÉë=áå=
îÉÖÉí~íáçå=ÅçìäÇ=ÄÉ=ãçÇÉäÉÇ=ãçêÉ=~ÅÅìê~íÉäó=ìëáåÖ=ëóëíÉã=éêçéÉêíáÉë=~äçåÉI=çê=áå=
çíÜÉê=ïçêÇë=Äó=ÚÑáäíÉêáåÖ=çìíÛ=íÉãéçê~äI=ãÉíÉçêçäçÖáÅ=Çóå~ãáÅëK=qç=ÄÉ=ãçêÉ=ëéÉÅáÑáÅI=
íÜÉ=ìëÉ=çÑ=íáãÉ=ëÉêáÉë=ãçÇÉäë=ï~ë=éêçéçëÉÇ=Ñçê=áåÑÉêêáåÖ=áãéìäëÉ=êÉëéçåëÉ=ÑìåÅíáçåë=
Ñêçã=ëÉêáÉë=çÑ=ÖêçìåÇï~íÉê=äÉîÉä=çÄëÉêî~íáçåëI=~åÇ=áå=íìêå=íç=ÅÜ~ê~ÅíÉêáòÉ=íÜÉëÉ=Äó=
íÜÉáê=ãçãÉåíë=EëÉÉ=ëÉÅíáçå=OKPKQFK=jçãÉåíë=~êÉ=ëÅ~ä~êë=~åÇ=Åçåëí~åíë=áå=äáåÉ~êI=íáãÉJ
áåî~êá~åí=ëóëíÉãëI=~åÇ=íçÖÉíÜÉê=ïáíÜ=íÜÉ=ëé~íá~ääó=äÉëë=î~êá~ÄäÉ=ÇêáîáåÖ=ÑçêÅÉëI=íÜÉó=
ÅçãéäÉíÉäó=ÅÜ~ê~ÅíÉêáòÉ=íÜÉ=EÇÉíÉêãáåáëíáÅ=é~êí=çÑ=íÜÉF=Çóå~ãáÅë=~í=~=ÅÉêí~áå=äçÅ~íáçåK=
^ë=~å=~ÇÇáíáçå~ä=~Çî~åí~ÖÉI=ãçãÉåíë=Å~å=~äëç=ÄÉ=ëáãìä~íÉÇ=ÇáêÉÅíäó=~åÇ=ëé~íá~ääó=
ìëáåÖ=ÇáëíêáÄìíÉÇ=ÖêçìåÇï~íÉê=ãçÇÉäë=EëÉÉ=ëÉÅíáçå=OKQKPFK==
=

Time 
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of the 

 M

IR-function

Groundwater
modelling 

Eco
-hydrological
modelling 

figure 1.1: Overview of the method of impulse response 
moments, showing the three fields of modeling from which 
moments can be derived and be mutually exchanged [Von 
Asmuth and Maas, 2001]. 
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^ää=áå=~ääI=íÜÉ=áåáíá~ä=ëÅçéÉ=çÑ=íÜáë=êÉëÉ~êÅÜ=ÉåÅçãé~ëëÉÇ=íÜêÉÉ=ÑáÉäÇë=çÑ=ãçÇÉäáåÖI=áKÉK=
íáãÉ=ëÉêáÉëI=ÖêçìåÇï~íÉê=~åÇ=ÉÅçJÜóÇêçäçÖáÅ=ãçÇÉäáåÖK=qÜÉëÉ=ÑáÉäÇë=çÑ=ãçÇÉäáåÖ=
íçÖÉíÜÉê=ÅçåëíáíìíÉ=íÜÉ=ãÉíÜçÇ=çÑ=áãéìäëÉ=êÉëéçåëÉ=ãçãÉåíëI=Ñêçã=ïÜáÅÜ=ãçãÉåíë=
Å~å=ÄÉ=ÇÉêáîÉÇ=~åÇ=ÄÉ=ãìíì~ääó=ÉñÅÜ~åÖÉÇ=EÑáÖìêÉ=NKNFK=qÜÉ=íÜêÉÉ=ÚäÉ~îÉëÛ=áå=íÜáë=
êÉëÉ~êÅÜ=äÉÇ=íç=å~ãáåÖ=íÜÉ=ÅçãéìíÉê=éêçÖê~ã=ïÜáÅÜ=ï~ë=íç=ÄÉ=ÇÉîÉäçéÉÇ=~ÑíÉê=
jÉåó~åíÜÉë=íêáÑçäá~í~I=íÜÉ=ëÅáÉåíáÑáÅ=å~ãÉ=çÑ=íÜÉ=j~êëÜ=íêÉÑçáä=çê=_çÖÄÉ~åK=^ë=íÜÉ=
å~íìê~ä=Ü~Äáí~í=çÑ=jÉåó~åíÜÉë=íêáÑçäá~í~=áë=çå=íÜÉ=îÉêÖÉ=çÑ=ÖêçìåÇ=~åÇ=ëìêÑ~ÅÉ=ï~íÉêI=
~ë=áí=áë=íÜêÉ~íÉåÉÇ=Äó=~åíÜêçéçÖÉåáÅ=áåÑäìÉåÅÉë=~åÇ=~äëç=áë=çåÉ=çÑ=íÜÉ=ïçåÇÉêÑìä=
ÑäçïÉêë=áå=ëìÅÜ=~êÉ~ëI=áí=ëÉêîÉë=~ë=íÜÉ=å~íìê~ä=~ãÄ~ëë~Ççê=Ñçê=íÜÉ=áåáíá~ä=çÄàÉÅíáîÉë=çÑ=
íÜáë=êÉëÉ~êÅÜK==
=

1.2 Contributions and outline of thesis 
^äíÜçìÖÜ=áí=ï~ë=Éåîáë~ÖÉÇ=íÜ~í=íÜÉ=äáåâ=ÄÉíïÉÉå=íáãÉ=ëÉêáÉë=ãçÇÉäë=~åÇ=ÖêçìåÇï~íÉê=
ãçÇÉäë=ïçìäÇ=ÄÉ=~=ëìÄàÉÅí=áå=áíë=çïå=êáÖÜíI=~í=íÜÉ=íáãÉ=íÜÉ=ÉñáëíáåÖ=^oj^=íáãÉ=ëÉêáÉë=
ãçÇÉäë=ïÉêÉ=íÜçìÖÜí=íç=ÄÉ=ïÉää=ÇÉîÉäçéÉÇ=~åÇ=ÄÉ=ìë~ÄäÉ=ïáíÜçìí=ãçÇáÑáÅ~íáçåK=^ë=áí=
íìêåë=çìíI=ÜçïÉîÉêI=ãçëí=çÑ=íÜÉ=ÅçåíêáÄìíáçåë=çÑ=íÜáë=íÜÉëáë=~êÉ=áå=íÜÉ=ÑáÉäÇ=çÑ=íáãÉ=
ëÉêáÉë=~å~äóëáëK=qÜÉ=ã~áå=êÉ~ëçåë=Ñçê=íÜáë=~êÉW=
=

• qÜÉ=éê~ÅíáÅ~ä=äáãáí~íáçåë=çÑ=^oj^=ãçÇÉäë=ÇÉëÅêáÄÉÇ=áå=ëÉÅíáçå=OKOKPK=qÜÉëÉ=
~êÉ=ÉëéÉÅá~ääó=éêçÄäÉã~íáÅ=ïÜÉå=Ü~îáåÖ=íç=éêçÅÉëë=ä~êÖÉ=åìãÄÉêë=çÑ=íáãÉ=
ëÉêáÉë=çÑ=áêêÉÖìä~ê=ÑêÉèìÉåÅóI=~ë=ïçìäÇ=Ü~îÉ=ÄÉÉå=åÉÅÉëë~êó=ÅçåëáÇÉêáåÖ=íÜÉ=
áåáíá~ä=çÄàÉÅíáîÉë=çÑ=íÜáë=êÉëÉ~êÅÜK=

=

• cêçã=~=Åçåíáåìçìë=íáãÉ=îáÉïéçáåíI=íÜÉ=íê~åëÑÉê=ÑìåÅíáçåë=çÑ=^oj^=ãçÇÉäë=
~êÉ=ÄäçÅâ=êÉëéçåëÉë=EëÉÉ=ÅÜ~éíÉê=PFK=fåÑÉêêáåÖ=ãçãÉåíë=çÑ=Åçåíáåìçìë=íáãÉ=
áãéìäëÉ=êÉëéçåëÉë=ìëáåÖ=^oj^=ãçÇÉäë=~í=äÉ~ëí=ïçìäÇ=Ü~îÉ=êÉèìáêÉÇ=~=
íê~åëÑçêã~íáçå=çÑ=íÜÉáê=êÉëìäíë=~åÇ=íÜÉ=ÇÉîÉäçéãÉåí=çÑ=~=Åçåíáåìçìë=íáãÉ=
Ñê~ãÉïçêâK==

=

• ^ë=Éåîáë~ÖÉÇ=áå=xj~~ëI=NVVRzI=ã~âáåÖ=ãçãÉåíë=Ñêçã=íáãÉ=ëÉêáÉë=ãçÇÉäë=
Åçãé~ê~ÄäÉ=íç=íÜçëÉ=ÖÉåÉê~íÉÇ=Äó=~=ÖêçìåÇï~íÉê=ãçÇÉä=áë=åçí=
ëíê~áÖÜíÑçêï~êÇK=qÜáë=áë=~KçK=ÇìÉ=íç=~=ÇáÑÑÉêÉåÅÉ=áå=ëÅ~äÉ=~åÇ=ÇìÉ=íç=ÉÑÑÉÅíë=çÑ=
íÜÉ=ìåë~íìê~íÉÇ=òçåÉK=qÜáë=çÑ=ÅçìêëÉ=êÉèìáêÉë=áåëáÖÜí=~åÇ=ïçêâ=çå=íÜÉ=
ÖêçìåÇï~íÉê=ãçÇÉäáåÖ=é~êíI=Äìí=~äëç=çå=íÜÉ=ãÉíÜçÇëI=~ÅÅìê~Åó=~åÇ=éêáåÅáéäÉë=
çÑ=áåÑÉêêáåÖ=ãçãÉåíë=Ñêçã=íáãÉ=ëÉêáÉëK=

=

• få=éêáåÅáéäÉI=íÜÉ=éçëëáÄäÉ=åìãÄÉê=çÑ=é~ê~ãÉíÉêë=áå=~å=^oj^=íê~åëÑÉê=ÑìåÅíáçå=
áë=áåÑáåáíÉ=EëÉÉ=ëÉÅíáçå=OKOKNFK=`çåëÉèìÉåíäóI=^oj^=íê~åëÑÉê=ÑìåÅíáçåë=Å~ååçí=
ÄÉ=ÇÉíÉêãáåÉÇ=ìåáèìÉäó=Ñêçã=~=äáãáíÉÇ=åìãÄÉê=çÑ=ãçãÉåíëK=qÜáë=áë=êÉèìáêÉÇ=
ïÜÉå=~áãáåÖ=íç=ÅêÉ~íÉ=íáãÉ=ëÉêáÉë=ãçÇÉäë=Ñêçã=ãçãÉåíë=ÖÉåÉê~íÉÇ=Äó=~=
ÖêçìåÇï~íÉê=ãçÇÉäI=~ë=ï~ë=Éåîáë~ÖÉÇ=áå=íÜÉ=ãÉíÜçÇ=çÑ=áãéìäëÉ=êÉëéçåëÉ=
ãçãÉåíëK==

=

• jçãÉåíë=~êÉ=åçíI=çê=åçí=~äï~óëI=ìåáèìÉäó=~åÇ=ÇáêÉÅíäó=ìë~ÄäÉ=Ñçê=ÉÅçJ
ÜóÇêçäçÖáÅ=ãçÇÉäáåÖ=EëÉÉ=ëÉÅíáçå=UKRFK=qÜÉ=ãÉíÜçÇë=ÇÉîÉäçéÉÇ=áå=ÅÜ~éíÉê=S=
Å~å=ëÉêîÉ=~ë=~å=~äíÉêå~íáîÉI=Äìí=êÉèìáêÉ=~=ÇáêÉÅí=äáåâ=ÄÉíïÉÉå=ãçãÉåíë=~åÇ=
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íÜÉ=~Åíì~ä=ÖêçìåÇï~íÉê=äÉîÉä=ÑäìÅíì~íáçåëI=ïÜáÅÜ=áå=íìêå=êÉèìáêÉë=íÜÉ=ìëÉ=çÑ=~=
êÉëéçåëÉ=ÑìåÅíáçå=ïáíÜ=~=äáãáíÉÇ=åìãÄÉê=çÑ=é~ê~ãÉíÉêë=EëÉÉ=éêÉîáçìë=éçáåíFK=

=
tÜ~í=ÑçääçïÉÇ=Ñêçã=íÜÉëÉ=~ëÅÉêí~áåãÉåíë=ï~ë=~=éêçÅÉëë=çÑ=áãéêçîáåÖ=~åÇ=~Ç~éíáåÖ=
íáãÉ=ëÉêáÉë=~å~äóëáë=ãÉíÜçÇë=íç=íÜÉ=åÉÉÇë=ëÉí=Äó=íÜÉ=áåáíá~ä=çÄàÉÅíáîÉë=çÑ=íÜáë=êÉëÉ~êÅÜ=
EÄìí=åçí=äáãáíÉÇ=íç=íÜ~íFK=^ë=ëìÅÜI=çåÉ=çÑ=íÜÉ=ÅçåíêáÄìíáçåë=çÑ=íÜáë=íÜÉëáë=áë=íÜ~í=áí=
ÄêáåÖë=íçÖÉíÜÉê=ÇáÑÑÉêÉåí=îáÉïéçáåíëI=ãÉíÜçÇë=~åÇ=~ëéÉÅíë=êÉä~íÉÇ=íç=EÖÉçÜóÇêçäçÖáÅF=
íáãÉ=ëÉêáÉë=~åÇ=íáãÉ=ëÉêáÉë=~å~äóëáëK=få=~å=áåíêçÇìÅíçêó=Ñ~ëÜáçåI=íÜÉëÉ=ÇáÑÑÉêÉåí=
îáÉïéçáåíë=~åÇ=ãÉíÜçÇë=~êÉ=íêÉ~íÉÇ=áå=íÜÉ=åÉñí=ëÉÅíáçåë=EíÜÉ=ëóëíÉãë=~ééêç~ÅÜ=áå=
ëÉÅíáçå=OKNI=ëí~íáëíáÅ~ä=íáãÉ=ëÉêáÉë=~å~äóëáë=áå=ëÉÅíáçå=OKOI=íÜÉ=éÜóëáÅ~ä=îáÉïéçáåí=áå=
ëÉÅíáçå=OKPI=ìëÉ=çÑ=ÇáëíêáÄìíáçå=ÑìåÅíáçåë=áå=ëÉÅíáçå=OKQFK=qÜÉ=îáÉïë=~åÇ=ãÉíÜçÇë=
éêÉëÉåíÉÇ=~êÉ=ìåáíÉÇ=áå=~=ÅçåëáëíÉåíI=Åçåíáåìçìë=íáãÉ=Ñê~ãÉïçêâI=íçÖÉíÜÉê=êÉÑÉêêÉÇ=íç=
~ë=ÖêçìåÇï~íÉê=ëóëíÉã=áÇÉåíáÑáÅ~íáçåK=_ó=ÅçãÄáåáåÖ=~ëéÉÅíë=çÑ=~ää=ãÉíÜçÇëI=~=åÉï=
ãÉíÜçÇ=çÑ=íáãÉ=ëÉêáÉë=~å~äóëáë=ï~ë=ÇÉîÉäçéÉÇ=~åÇ=å~ãÉÇ=íÜÉ=mfocf`q=ãÉíÜçÇK=qÜáë=
ãÉíÜçÇ=Ü~ë=ëÉîÉê~ä=~Çî~åí~ÖÉë=çîÉê=íÜÉ=^oj^=ãÉíÜçÇK=mÉêÜ~éë=ãçëí=áãéçêí~åíäóI=áí=
~ääçïë=Ñçê=íÜÉ=~ééäáÅ~íáçå=çÑ=íáãÉ=ëÉêáÉë=~å~äóëáë=ãÉíÜçÇë=çå=~=ä~êÖÉ=ëÅ~äÉ=~åÇ=áå=~=
ëí~åÇ~êÇáòÉÇI=äÉëë=âåçïäÉÇÖÉ=~åÇ=ä~Äçê=áåíÉåëáîÉ=Ñ~ëÜáçåK=táíÜáå=íÜÉ=mfocf`q=ãÉíÜçÇI=
éÜóëáÅ~ääóJÄ~ëÉÇI=~å~äóíáÅ=ëçäìíáçåë=íç=ÖÉçÜóÇêçäçÖáÅ=éêçÄäÉãë=Å~å=ÄÉ=ìëÉÇI=ïÜáÅÜ=
ÉåÜ~åÅÉë=íÜÉ=éÜóëáÅ~ä=áåëáÖÜí=áå=íÜÉ=ãçÇÉäK=aáëíêáÄìíáçå=ÑìåÅíáçåë=çÑ=ëâÉïJd~ìëëá~å=
å~íìêÉI=äáâÉ=íÜÉ=ëÅ~äÉÇ=Ö~ãã~=ÇáëíêáÄìíáçåI=éêçîÉ=íç=Ñáí=íÜÉ=ÄÉÜ~îáçê=çÑ=~=ïáÇÉ=ê~åÖÉ=
çÑ=ëóëíÉãë=èìáíÉ=ïÉääK=^ë=Ñçê=~ééäáÅ~íáçå=áå=éê~ÅíáÅÉI=~å=áãéçêí~åí=ëíÉé=áë=íÜ~í=~=ìëÉê=
ÑêáÉåÇäó=ÅçãéìíÉê=éêçÖê~ã=å~ãÉÇ=jÉåó~åíÜÉë=ï~ë=ÇÉîÉäçéÉÇI=ïÜáÅÜ=Åçåí~áåë=ãçëí=
çÑ=íÜÉ=ãÉíÜçÇë=éêÉëÉåíÉÇK=_ó=ìëáåÖ=íÜÉ=ãÉíÜçÇë=~åÇ=íççäë=ÇÉîÉäçéÉÇI=íÜÉ=ÉÑÑÉÅíëI=
áãéìäëÉ=êÉëéçåëÉë=~åÇ=ãçãÉåíë=çÑ=ÇáÑÑÉêÉåí=ÇêáîáåÖ=ÑçêÅÉë=Å~å=ÄÉ=ÉÑÑÉÅíáîÉäó=áåÑÉêêÉÇ=
Ñêçã=~=ÖáîÉå=Ç~í~=ëÉí=~åÇ=ÄÉ=ëÉé~ê~íÉÇK=páãéäó=éìíI=íÜáë=íÜÉëáë=éêçîáÇÉë=ãÉíÜçÇë=~åÇ=
íççäë=íÜ~í=~êÉ=ÄÉííÉê=éìí=ìé=íç=íÜÉ=çêáÖáå~ä=í~ëâë=ëÉí=Ñçê=áíK==
=
få=íÜÉ=åÉñí=ÅÜ~éíÉêëI=íÜÉ=ÇáÑÑÉêÉåí=ëíÉéë=í~âÉå=~åÇ=éÉÉê=êÉîáÉïÉÇ=é~éÉêë=éìÄäáëÜÉÇ
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~êÉ=éêÉëÉåíÉÇK=få=ÅÜ~éíÉê=PI=íÜÉ=mfocf`q=ãÉíÜçÇ=çÑ=íáãÉ=ëÉêáÉë=~å~äóëáë=áë=éêÉëÉåíÉÇK=fíë=
éê~ÅíáÅ~ä=~Çî~åí~ÖÉë=~êÉ=ÇáëÅìëëÉÇI=~åÇ=áíë=ëíêìÅíìêÉ=~åÇ=éÉêÑçêã~åÅÉ=~êÉ=Åçãé~êÉÇ=
íç=íÜçëÉ=çÑ=^oj^=ãçÇÉäëK=få=ÅÜ~éíÉê=QI=íÜÉ=åçáëÉ=é~êí=çÑ=íÜÉ=mfocf`q=ãçÇÉä=áë=
éêÉëÉåíÉÇ=~åÇ=áíë=ãÉíÜçÇë=~åÇ=ÅêáíÉêá~=Ñçê=é~ê~ãÉíÉê=çéíáãáò~íáçå=~êÉ=ÇáëÅìëëÉÇK=
cìêíÜÉêãçêÉI=áí=áë=Åçãé~êÉÇ=íç=EíÜÉ=éìêÉ=éêÉÇáÅíáçå=Ñçêã=çÑF=íÜÉ=h~äã~å=ÑáäíÉêI=íç=
ïÜáÅÜ=áí=áë=êÉä~íÉÇK=få=ÅÜ~éíÉê=RI=íÜÉ=ãÉíÜçÇë=ÄÉÜáåÇ=íÜÉ=mfocf`q=ãçÇÉä=~êÉ=ÉñíÉåÇÉÇ=
íç=ÅçîÉê=íÜÉ=ÅçãéäÉñ=ëáíì~íáçåë=íÜ~í=çÅÅìê=áå=êÉ~ä=ïçêäÇI=ïÜÉêÉ=ãìäíáéäÉ=Ñ~Åíçêë=
ÖÉåÉê~ääó=áåÑäìÉåÅÉ=ÖêçìåÇï~íÉê=ÜÉ~Çë=ëáãìäí~åÉçìëäóK=få=íÜáë=ÅÜ~éíÉêI=~äëç=íÜÉ=
ãçÇÉäáåÖ=éêçÅÉÇìêÉ=~åÇ=ãÉíÜçÇë=Ñçê=áåíÉêéêÉíáåÖ=~åÇ=ÅÜÉÅâáåÖ=ãçÇÉä=êÉëìäíë=~êÉ=
ÇáëÅìëëÉÇK=få=ÅÜ~éíÉê=SI=íÜÉ=êÉä~íáçåëÜáé=ÄÉíïÉÉå=ãçãÉåíë=~åÇ=ÖêçìåÇï~íÉê=äÉîÉä=
ÅÜ~ê~ÅíÉêáëíáÅë=áë=ÇáëÅìëëÉÇI=Äó=êÉÖ~êÇáåÖ=íÜÉ=Çóå~ãáÅë=~åÇ=êÉëéçåëÉ=çÑ=ëóëíÉãë=áå=íÜÉ=
ÑêÉèìÉåÅó=Ççã~áåK=fí=áë=ëÜçïå=íÜ~í=íÜÉ=Åçããçåäó=ìëÉÇ=jñdiJëí~íáëíáÅë=Ü~îÉ=ëçãÉ=
áãéçêí~åí=Çê~ïÄ~ÅâëI=~ë=íÜÉó=ÑáäíÉê=çìí=íÜÉ=äçïJÑêÉèìÉåÅó=Çóå~ãáÅë=çÑ=~=ëóëíÉã=~åÇ=
ãáñJìé=~ååì~ä=ïáíÜ=ÜáÖÜÉê=ÑêÉèìÉåÅáÉëK=få=ÅÜ~éíÉê=TI=íÜÉ=ÅçãéìíÉê=éêçÖê~ã=
jÉåó~åíÜÉë=áë=éêÉëÉåíÉÇ=~åÇ=~=ëóåíÜÉëáë=çÑ=íÜÉ=ãÉíÜçÇë=ÇÉîÉäçéÉÇ=~åÇ=êÉëìäíë==
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Appreciating the contents of this thesis requires some knowledge of its background, i.e.
the methods and theory on (geohydrologic) time series analysis and system
identification. In this chapter, a basic introduction is given, and different views on the
subject are presented. First, some thought is given to the systems approach in general,
as to date, most (geo)hydrologist are less familiar with system identification methods
than with e.g., spatially-distributed groundwater models. In short, the system viewpoint
can be characterized by the fact that in essence it is top-down. The system viewpoint treats
a groundwater system first as a 'whole' and not bottom-up, as an aggregate of cells, layers
and/or elements, which is still the mainstream viewpoint. Having said this, also from the
systems perspective, there are different ways in which a groundwater system, or any
system for that matter, can be perceived, modeled and/or analyzed.

Time series analysis is a method that originates from the statistical sciences. In principle, it
does not require any knowledge of the physical functioning of the system under
consideration. In its basics, it can be seen as a variant of simple, linear regression, and the
coefficients in the regression equation, either autoregressive or moving average
parameters, do not have a physical meaning . From a physical point of view, on the
other hand, a central concept is the so-called impulse response function, as it completely
characterizes the functioning of a linear time-invariant system at a certain point in space.
Impulse response functions can be inferred from a data set through time series analysis,
but also using 'purely' physically-based methods, either analytic or numeric (in case of
linear systems). This means that impulse response functions can also be derived from the
differential equation and boundary conditions that belong to a certain geohydrologic
system and its schematization.

In this thesis, a 'mix' between both worlds is developed and presented. In this approach,
the time series analysis problem is formulated in a continuous time domain. It allows for
the use of (continuous) distribution functions that have a statistical origin, as well as
physically-based analytic response functions. Distribution functions of skew-Gaussian
nature, like the scaled gamma distribution, prove to fit the behavior of a wide range of
systems quite well. Next to that, a further link between the physically-based world of
groundwater modeling and time series analysis is established using moments of impulse
response functions, as these can also be generated directly and spatially using moment-
generating differential equations, implementable in any standard groundwater model.

a priori

Abstract:
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2 General background, methods and 

theory 

=
Based in part on: 
sçå=^ëãìíÜI=gK=oKI=jK=håçííÉêëI=~åÇ=`K=j~~ë=EOMMSFI=qáãÉ=ëÉêáÉë=~å~äóëáë=Ñçê=
EÉÅçFÜóÇêçäçÖáëíëI=Ä~ÅâÖêçìåÇ=ÇçÅìãÉåí~íáçå=~åÇ=ÅçìêëÉ=ã~åì~ä=Eáå=aìíÅÜFI=háï~=
t~íÉê=oÉëÉ~êÅÜL^äíÉêê~I=káÉìïÉÖÉáåLt~ÖÉåáåÖÉåK=
 

Abstract 
^ééêÉÅá~íáåÖ=íÜÉ=ÅçåíÉåíë=çÑ=íÜáë=íÜÉëáë=êÉèìáêÉë=ëçãÉ=âåçïäÉÇÖÉ=çÑ=áíë=Ä~ÅâÖêçìåÇI=áK=
áë=Éëí~ÄäáëÜÉÇ=ìëáåÖ=ãçãÉåíë=çÑ=áãéìäëÉ=êÉëéçåëÉ=ÑìåÅíáçåëI=~ë=íÜÉëÉ=Å~å=~äëç=ÄÉ=
ÖÉåÉê~íÉÇ=ÇáêÉÅíäó=~åÇ=ëé~íá~ääó=ìëáåÖ=ãçãÉåíJÖÉåÉê~íáåÖ=ÇáÑÑÉêÉåíá~ä=Éèì~íáçåëI=
áãéäÉãÉåí~ÄäÉ=áå=~åó=ëí~åÇ~êÇ=ÖêçìåÇï~íÉê=ãçÇÉäK=

2General background, methods
and theory

Von Asmuth, J. R., M. Knotters, and C. Maas (2006)
Time series analysis for (eco)hydrologists, background
documentation and course manual (in Dutch).
Kiwa Water Research / Alterra, Nieuwegein / Wageningen.

Based partly on:

Chapter
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2.1 Facets of the system approach 

2.1.1 On the system concept 

^ë=áí=áë=~=ïáÇÉäó=ìëÉÇ=íÉêã=áå=~åÇ=
çìíëáÇÉ=íÜÉ=ëÅáÉåíáÑáÅ=ÅçããìåáíóI=
ÚëóëíÉãÛ=Å~å=Ü~îÉ=ã~åó=ÇáÑÑÉêÉåí=
ãÉ~åáåÖëK=lêáÖáå~ääóI=ëóëíÉã=
ëíÉãë=Ñêçã=íÜÉ=dêÉÉâ=ïçêÇ=

σύστηµαI=ïÜáÅÜ=íê~åëä~íÉë=~ë=Ú~=
ïÜçäÉ=ÅçãéçìåÇÉÇ=çÑ=ëÉîÉê~ä=
é~êíë=çê=ãÉãÄÉêëÛ=çê=
ÚÅçãéçëáíáçåÛ=xmÉêëÉìë=aáÖáí~ä=
iáÄê~êózK=_ÉáåÖ=~=ÅÉåíê~ä=ÅçåÅÉéí=
áå=ëçãÉ=ÇáëÅáéäáåÉëI=íÜÉêÉ=Ü~îÉ=
ÄÉÉå=ëÉîÉê~ä=~ííÉãéíë=íç=ÖáîÉ=~=
Ñçêã~ä=ÇÉÑáåáíáçå=çÑ=ëóëíÉã=~åÇ=
êÉä~íÉÇ=íÉêãë=xëÉÉ=ÉKÖKI=j~êÅÜ~äI=
NVTRX=táääÉãëI=NVVNX=_~ÅâäìåÇI=
OMMMX=häáêI=OMMNzK=cêçã=Üáë=êÉîáÉïI=
_~ÅâäìåÇ=ÅçåÅäìÇÉë=íÜ~í=éêÉîáçìë=
ÇÉÑáåáíáçåë=çÑ=ëóëíÉã=~êÉ=áãéêÉÅáëÉK=eÉ=~êÖìÉë=íÜ~í=çåäó=îá~=~=ÇÉÑáåáíáçå=Ä~ëÉÇ=çå=íÜÉ=
ÅçåëíáíìíáåÖ=é~êíë=~åÇ=íÜÉáê=Ñçêã~ä=áåíÉêêÉä~íáçåëÜáéëI=áí=áë=éçëëáÄäÉ=íç=ìå~ãÄáÖìçìëäó=
ÇÉÑáåÉ=ïÜ~í=áë=é~êí=çÑ=~=ëóëíÉã=~åÇ=ïÜ~í=áë=åçí=EÉKÖKI=ïÜ~í=~êÉ=ÉñíÉêå~ä=ëíáãìäáFI=çê=
ïÜ~í=~êÉ=~Åíì~ääó=íïç=ëóëíÉãë=áå=ëíÉ~Ç=çÑ=çåÉK=få=ëÜçêíI=çåäó=ëìÅÜ=~=ÇÉÑáåáíáçå=ïçìäÇ=
ÇÉÑáåÉ=ïÜ~í=áë=~=ëóëíÉãI=~åÇ=ïÜ~í=áë=åçíK=cçê=çìê=éìêéçëÉëI=ÜçïÉîÉêI=ïÉ=éêÉÑÉê=~=
ãçêÉ=ÖÉåÉê~ä=ìë~ÖÉ=çÑ=íÜÉ=íÉêãI=~ë=ÇçÉë=xiàìåÖI=NVVVz=ïÜç=ÇÉÑáåÉë=~=ëóëíÉã=áå=äççëÉ=
íÉêãë=~ë=ÚÁ~å=çÄàÉÅí=áå=ïÜáÅÜ=î~êá~ÄäÉë=çÑ=ÇáÑÑÉêÉåí=âáåÇë=áåíÉê~Åí=~åÇ=éêçÇìÅÉ=
çÄëÉêî~ÄäÉ=ëáÖå~äëÛK=få=~=éÜóëáÅ~ä=çê=íÜÉêãçÇóå~ãáÅ=ÅçåíÉñíI=ëóëíÉã=Ü~ë=~=íÉÅÜåáÅ~ä=
ãÉ~åáåÖ=~åÇ=ëáãéäó=êÉÑÉêë=íç=íÜÉ=éçêíáçå=çÑ=íÜÉ=éÜóëáÅ~ä=ìåáîÉêëÉ=ÅÜçëÉå=Ñçê=íÜÉ=
~å~äóëáëK=tÜ~í=áë=áåëáÇÉ=~åÇ=çìíëáÇÉ=~=ëóëíÉã=áë=åçí=ÑáñÉÇ=Äó=ëçãÉ=çÄàÉÅíáîÉI=Ñçêã~ä=
ÇÉÑáåáíáçåI=~ë=~ííÉãéíÉÇ=Äó=_~ÅâäìåÇI=Äìí=áë=áå=Åçåíê~ëí=~=ÑêÉÉ=ÅÜçáÅÉI=ÖÉåÉê~ääó=ã~ÇÉ=
íç=ëáãéäáÑó=íÜÉ=~å~äóëáëK=bîÉêóíÜáåÖ=çìíëáÇÉ=íÜÉ=ëóëíÉã=áë=íÜÉå=êÉÑÉêêÉÇ=íç=~ë=íÜÉ=
ÉåîáêçåãÉåíI=ïÜáÅÜ=áë=áÖåçêÉÇ=áå=íÜÉ=~å~äóëáë=ÉñÅÉéí=Ñçê=áíë=ÉÑÑÉÅíë=çå=íÜÉ=ëóëíÉãK=
^äÄÉáí=íÜÉ=Ñ~Åí=íÜ~í=áí=áë=~=îÉêó=ÖÉåÉê~ä=ÅçåÅÉéíI=éÜóëáÅ~ä=ëóëíÉãë=ëÜ~êÉ=Åçããçå=
ÅÜ~ê~ÅíÉêáëíáÅëK=få=ÖÉåÉê~äI=ëóëíÉãë=Ñçê=áåëí~åÅÉ=Ü~îÉ=EÑáÖìêÉ=OKNFW=
=

• ~=ÄçìåÇ~êó==EÇÉÑáåáåÖ=ïÜ~í=áë=é~êí=çÑ=~=ëóëíÉã=~åÇ=ïÜ~í=áë=ÉåîáêçåãÉåíF=

• ëíêìÅíìêÉ======EÇÉÑáåÉÇ=Äó=íÜÉ=áåíÉêå~ä=ÅçãéçåÉåíë=~åÇ=íÜÉáê=ÅçãéçëáíáçåI=
= ÇÉíÉêãáåáåÖ=íÜÉ=çéÉê~íáçåF=

• ÄÉÜ~îáçê======EáåîçäîáåÖ=íÜÉ=EäáåÉ~ê=çê=åçåJäáåÉ~êF=êÉëéçåëÉ=íç=áåéìíë=çÑ=ã~ííÉêI
= ÉåÉêÖó=~åÇLçê=áåÑçêã~íáçåF=

=
få=~=ëóëíÉã=áÇÉåíáÑáÅ~íáçå=çê=íáãÉ=ëÉêáÉë=~å~äóëáë=ÅçåíÉñíI=áí=áë=Åçããçå=éê~ÅíáÅÉ=íç=
ÇÉåçíÉ=ÑçêÅáåÖ=î~êá~ÄäÉë=~ë=ÚáåéìíÛ=~åÇ=ÑçêÅÉÇ=î~êá~ÄäÉë=~ë=ÚçìíéìíÛK=s~êá~ÄäÉë=êÉä~íÉÇ=
íç=ëóëíÉãëI=ÜçïÉîÉêI=Çç=åçí=åÉÅÉëë~êáäó=êÉéêÉëÉåí=ëçãÉíÜáåÖ=éÜóëáÅ~ääó=ÉåíÉêáåÖ=áí=çê=
ÅçãáåÖ=çìíK=qÜÉ=ÚçìíéìíÛ=ã~ó=Ñçê=áåëí~åÅÉ=ïÉää=ÄÉ=íÜÉ=Éîçäìíáçå=çÑ=~=ÅÉêí~áå=

Input Output

System

boundary

Behavior

Structure

Environment
=
figure 2.1: Schematic representation of an open, physical 
system. The boundary separates the system from the 
environment, with which it exchanges matter, energy 
and/or information. 
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é~ê~ãÉíÉê=çê=Úëí~íÉ=î~êá~ÄäÉÛ=íÜ~í=ÇÉëÅêáÄÉë=~=ÅçåÇáíáçå=áå=çê=çÑ=íÜÉ=ëóëíÉã=áíëÉäÑK=få=
ëáãéäÉ=ãÉÅÜ~åáÅ~ä=ëóëíÉãëI=éçëáíáçå=ÅççêÇáå~íÉë=~åÇ=íÜÉáê=ÇÉêáî~íáîÉë=~êÉ=íóéáÅ~ä=ëí~íÉ=
î~êá~ÄäÉëK=håçïáåÖ=íÜÉëÉ=~åÇ=íÜÉ=ÉñíÉêå~ä=ÑçêÅÉëI=áí=áë=éçëëáÄäÉ=íç=ÇÉíÉêãáåÉ=íÜÉáê=
ÑìíìêÉ=ëí~íÉ=EïÜáÅÜ=áë=~=ÅÉåíê~ä=ÅçåÅÉéí=áå=íÜÉ=ëçJÅ~ääÉÇ=ëí~íÉ=ëé~ÅÉ=êÉéêÉëÉåí~íáçå=çÑ=
Çóå~ãáÅ~ä=ëóëíÉãëFK==líÜÉê=íÉêãë=íÜ~í=~êÉ=ìëÉÇ=íç=ÇÉåçíÉ=áåéìí=~åÇ=çìíéìí=~êÉ=
áåÇÉéÉåÇÉåí=~åÇ=ÇÉéÉåÇÉåí=î~êá~ÄäÉëI=ÑçêÅáåÖ=~åÇ=ÑçêÅÉÇI=ëíêÉëëÉëI=ÉñÅáí~íáçåë=~åÇ=
ëíáãìäá=Ñçê=íÜÉ=áåéìíI=çê=Éñéä~å~íçêó=~åÇ=Éñéä~áåÉÇ=î~êá~ÄäÉë=áå=~=ÖÉåÉê~ä=ëí~íáëíáÅ~ä=
ÅçåíÉñíK=cìêíÜÉêãçêÉI=áå=ëíÉ~Ç=çÑ=ÄÉÜ~îáçêI=íÉêãë=äáâÉ=çéÉê~íáçåI=éêçÅÉëëáåÖI=íê~åëÑÉê=
çê=êÉëéçåëÉ=~êÉ=ìëÉÇK=qÜÉ=ÇáîÉêëáíó=áå=íÉêãáåçäçÖó=êÉÑäÉÅíë=íÜÉ=ÇáîÉêëáíó=áå=ëÅáÉåÅÉë=áå=
ïÜáÅÜ=íÜÉçêó=êÉä~íÉÇ=íç=ëóëíÉãë=Ü~ë=ÄÉÉå=é~ê~ääÉääó=~ééäáÉÇ=~åÇ=ÇÉîÉäçéÉÇ=EëÉÉ=ëÉÅíáçå=
OKNKQFK=pÉÉ=~äëç=xtáääÉãëI=NVVNz=Ñçê=~=ãçêÉ=ÖÉåÉê~äI=Ñçêã~ä=~åÇ=ã~íÜÉã~íáÅ~ä=
Ñê~ãÉïçêâ=çÑ=ëóëíÉãë=íÜÉçêóI=áå=ïÜáÅÜ=ÄÉÜ~îáçê=áë=~=ÅÉåíê~ä=ÅçåÅÉéí=~åÇ=î~êá~ÄäÉë=~êÉ=
ÉáíÜÉê=ä~íÉåí=çê=ã~åáÑÉëí=EáKÉK=ÑçêÅáåÖ=çê=ÑçêÅÉÇFI=~å~äçÖçìë=íç=íÜÉ=ìë~ÖÉ=çÑ=íÜÉëÉ=íÉêãë=
áå=çíÜÉê=ëÅáÉåÅÉëK=_ÉÜ~îáçêI=ÜçïÉîÉêI=áë=ìëÉÇ=Äó=táääÉãë=áå=~=ãçêÉ=ÖÉåÉê~ä=ëÉåëÉI=~ë=
íÜÉ=ÉåëÉãÄäÉ=çÑ=áåéìíI=êÉëéçåëÉ=~åÇ=çìíéìíK=eÉêÉ=ïÉ=ÅÜççëÉ=íç=ìëÉ=ÄÉÜ~îáçê=íç=
ÇÉåçíÉ=íÜÉ=ï~ó=áå=ïÜáÅÜ=íÜÉ=ëóëíÉãë=êÉëéçåÇë=çê=ÚÄÉÜ~îÉëÛ=ïÜÉå=áí=áë=ëíáãìä~íÉÇK==
aÉéÉåÇáåÖ=çå=íÜÉáê=êÉä~íáçåëÜáéë=ïáíÜ=íÜÉ=ÉåîáêçåãÉåíI=ëóëíÉãë=Å~å=ÄÉ=Åä~ëëáÑáÉÇ=~ëW=
=

• çéÉå= EÉñÅÜ~åÖÉ=çÑ=ÉåÉêÖó=~åÇ=ã~ííÉêF=

• ÅäçëÉÇ= EÉñÅÜ~åÖÉ=çÑ=ÉåÉêÖóI=åçí=ã~ííÉêF=

• áëçä~íÉÇ= Eåç=ÉñÅÜ~åÖÉF=
=
póëíÉãë=Å~å=ÑìêíÜÉêãçêÉ=ÄÉW=
=

• íáãÉJî~êóáåÖ=

• íáãÉJáåî~êá~åí=
=
ÇÉéÉåÇáåÖ=çå=ïÜÉíÜÉê=çê=åçí=íÜÉáê=ëíêìÅíìê~ä=éêçéÉêíáÉë=ÅÜ~åÖÉ=çîÉê=íáãÉK=få=Å~ëÉ=çÑ=
äáåÉ~êáíóI=íÜáë=ãÉ~åë=íÜ~í=íÜÉáê=êÉëéçåëÉ=çê=íê~åëÑÉê=ÑìåÅíáçå=áë=íáãÉJáåî~êá~åí=~äëçK=qÜáë=
áë=åçí=ÄÉ=ÅçåÑìëÉÇ=ïáíÜ=íÜÉ=áëëìÉ=çÑ=ëí~íáçå~êáíóI=ïÜáÅÜ=áë=~=éêçéÉêíó=çÑ=~=ëáÖå~ä=çê=~=
ëíçÅÜ~ëíáÅ=éêçÅÉëëK=pí~íáçå~êáíó=áåÇáÅ~íÉë=ïÜÉíÜÉê=ÇáÑÑÉêÉåí=çÄëÉêî~íáçåë=Ü~îÉ=íÜÉ=ë~ãÉ=
àçáåí=éêçÄ~Äáäáíó=ÇáëíêáÄìíáçå=EëíêçåÖ=çê=ëíêáÅí=ëí~íáçå~êáíóF=~åÇLçê=íÜÉ=ë~ãÉ=ãÉ~å=~åÇ=
Åçî~êá~åÅÉ=EïÉ~â=ëí~íáçå~êáíóFK=^=åçåJäáåÉ~ê=ëóëíÉãI=Ñçê=áåëí~åÅÉI=Å~å=ÄÉ=íáãÉJáåî~êá~åí=
Äìí=~í=íÜÉ=ë~ãÉ=íáãÉ=Ü~êÄçê=~=åçåJëí~íáçå~êó=éêçÅÉëëK=i~ëí=Äìí=åçí=äÉ~ëíI=íÜÉ=
çéÉê~íáçå=çÑ=ëóëíÉãë=Å~å=ÄÉ=E~ééêçñáã~íÉÇ=~ë=ÄÉáåÖFW=
=

• äáåÉ~ê=

• åçåJäáåÉ~ê=
=
få=íÜÉ=Ñáêëí=Å~ëÉI=íÜÉ=çìíéìí=áë=ëáãéäó=~=ëìã=çÑ=íÜÉ=ÉÑÑÉÅíë=çÑ=~ää=áåÇáîáÇì~ä=ÉîÉåíë=~åÇ=
áåéìíëI=ïÜÉêÉ~ë=áå=íÜÉ=ä~ííÉê=Å~ëÉI=áí=áë=åçíK=qÜÉ=áëëìÉ=çÑ=äáåÉ~êáíó=Ü~ë=ä~êÖÉ=éê~ÅíáÅ~ä=
áãéäáÅ~íáçåëI=~ë=äáåÉ~êáíó=~ääçïë=Ñçê=íÜÉ=ìëÉ=çÑ=éçïÉêÑìä=äáåÉ~ê=~äÖÉÄê~K=^äíÜçìÖÜ=íÜÉêÉ=
~êÉ=ëçäìíáçåë=Ñçê=ãçÇÉäáåÖ=åçåJäáåÉ~ê=ÖêçìåÇï~íÉê=ëóëíÉãë=EÉKÖKI=íÜÉ=íÜêÉëÜçäÇ=çê=
q^opl=~ééêç~ÅÜI=ïÜáÅÜ=áë=~äëç=áåÅçêéçê~íÉÇ=áå=íÜÉ=ÅçãéìíÉê=éêçÖê~ã=jÉåó~åíÜÉë=
ÇÉëÅêáÄÉÇ=áå=ÅÜ~éíÉê=TFI=íÜáë=íÜÉëáë=ÉñÅäìëáîÉäó=ÇÉ~äë=ïáíÜ=äáåÉ~ê=Eçê=äáåÉ~êáòÉÇF=ëóëíÉãëK==



`Ü~éíÉê=O=

..…………………………………………………………………………………………….…. 

=
== OQ=

== =

P
H

Y
S

IC
A

L
M

O
D

E
L

S
S

T
O

C
H

A
S

T
IC

 M
E

T
H

O
D

S

S
ta

ti
s
c
a
l 
tr

e
a
tm

e
n
t 
o
f 
s
y
s
te

m
s

o
n
 t
h
e
 b

a
s
is

 o
f 
th

e
 v

a
ri
a
b
le

s
,

w
it
h
o
u
t 
re

fe
re

n
c
e
 t
o
 t
h
e
 s

y
s
te

m
o
n
 w

h
ic

h
 t
h
e
y
 o

p
e
ra

te
.

L
U

M
P

E
D

D
IS

T
R

IB
U

T
E

D

S
p

a
ti

a
ll
y
 a

n
d

 S
e
q

u
e
n

ti
a
ll
y

A
N

A
L

O
G

 C
O

M
P

U
T

E
R

S
O

L
U

T
IO

N
S

M
A

T
H

E
M

A
T

IC
A

L
M

O
D

E
L

S

D
IG

IT
A

L
C

O
M

P
U

T
E

R
S

O
L

U
T

IO
N

S

H
Y

D
R

O
L

O
G

IC
 S

IM
U

L
A

T
IO

N

P
A

R
A

M
E

T
R

IC
 M

E
T

H
O

D
S

S
ta

ti
s
c
a
l 
tr

e
a
tm

e
n
t 
o
f 
s
y
s
te

m
s

w
it
h
 d

e
te

rm
in

is
ti
c
 i
n
p
u
ts

 a
n
d

o
u
tp

u
ts

S
Y

S
T

E
M

 I
N

V
E

S
T

IG
A

T
IO

N
S

Y
S

T
E

M
 I
N

V
E

S
T

IG
A

T
IO

N
P

H
Y

S
IC

A
L

H
Y

D
R

O
L

O
G

Y

P
H

Y
S

IC
A

L
L
Y

-B
A

S
E

D
M

A
T

H
E

M
A

T
IC

A
L

M
E

T
H

O
D

S

B
o
u
n
d
a
ry

-v
a
lu

e
 p

ro
b
le

m
s
 u

s
in

g
p
a
rt

ia
l 
d
if
fe

re
n
ti
a
l 
e
q
u
a
ti
o
n
s

a
n
d
 p

o
te

n
ti
a
l 
th

e
o
ry

.

P
H

Y
S

IC
A

L
L
Y

-B
A

S
E

D
D

IG
IT

A
L

L
Y

- 
S

IM
U

L
A

T
E

D
H

Y
D

R
O

L
O

G
IC

 R
E

S
P

O
N

S
E

 M
O

D
E

L
=

= = fi
g
u
re
 2
.2
: B
lu
ep
ri
n
t 
fo
r 
a 
ph
y
si
ca
ll
y
-b
as
ed
, d
ig
it
al
ly
-s
im
u
la
te
d
 h
yd
ro
lo
g
ic
 r
es
p
on
se
 m
od
el
 [
B
lu
e 
li
n
e,
 F
re
ez
e 
an
d
 H
ar
la
n
, 
1
96
9,
 i
n
 p
ar
t 
af
te
r 
A
m
or
oc
h
o 

an
d
 H
ar
t,
 1
96
4
].
 ‘
S
y
st
em
 i
n
v
es
ti
g
at
io
n
’ 
is
 h
ol
d
ed
 t
o 
be
 t
h
e 
op
p
os
it
e 
of
 ‘
p
hy
si
ca
l 
h
yd
ro
lo
g
y
’.
 



_~ÅâÖêçìåÇ=~åÇ=íÜÉçêó=

KKÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁKÁK 

=
== OR=

få=íÜ~í=Å~ëÉI=íÜÉ=çéÉê~íáçå=çÑ=~=ëóëíÉã=áå=êÉëéçåëÉ=íç=~=ëáåÖäÉ=ëíáãìäìë=Å~å=ÄÉ=
ÇÉëÅêáÄÉÇ=Äó=~=ëáåÖäÉ=êÉëéçåëÉ=ÑìåÅíáçåK=

2.1.2 The ultimate system versus the elementary volume scale 

qç=Ç~íÉI=íÜÉ=ã~áåëíêÉ~ã=~ééêç~ÅÜ=Ñçê=ãçÇÉäáåÖ=íÜÉ=Çóå~ãáÅë=çÑ=ÜóÇêçäçÖáÅ=ëóëíÉãëI=
çê=~åó=éÜóëáÅ~ä=ëóëíÉã=Ñçê=íÜ~í=ã~ííÉêI=áë=Ä~ëÉÇ=çå=~å=~ééêçéêá~íÉ=é~êíá~ä=ÇáÑÑÉêÉåíá~ä=
Éèì~íáçå=Ñçê=íÜÉ=éêçÅÉëë=ìåÇÉê=ÅçåëáÇÉê~íáçå=EëÉÉ=~äëç=ëÉÅíáçå=OKPKOFK=dÉåÉê~ääóI=íÜÉ=
ÇáÑÑÉêÉåíá~ä=Éèì~íáçå=áë=Ä~ëÉÇ=çå=Åçåíáåììã=ãÉÅÜ~åáÅë=~åÇ=~ééäáÉë=íç=~=ëçJÅ~ääÉÇ=
oÉéêÉëÉåí~íáîÉ=bäÉãÉåí~êó=sçäìãÉ=EobsFK=fÑ=åç=ÇáêÉÅí=~å~äóíáÅ=ëçäìíáçå=áë=~î~áä~ÄäÉI=íÜÉ=
ëóëíÉã=áë=ãçÇÉäÉÇ=Äó=ÇáîáÇáåÖ=ëé~ÅÉ=áåíç=ÅÉääëI=ÉäÉãÉåíë=~åÇLçê=ä~óÉêëI=~åÇ=ÇÉÑáåáåÖ=
íÜÉáê=Çóå~ãáÅ~ääó=êÉäÉî~åí=éêçéÉêíáÉëK=^ÑíÉê=ëÉííáåÖ=íÜÉ=áåáíá~ä=~åÇ=ÄçìåÇ~êó=ÅçåÇáíáçåëI=
íÜÉ=ÇáÑÑÉêÉåíá~ä=Éèì~íáçå=áë=íÜÉå=ëçäîÉÇ=ìëáåÖ=íÜÉ=ÑáåáíÉ=ÇáÑÑÉêÉåÅÉ=çê=ÑáåáíÉ=ÉäÉãÉåí=
ãÉíÜçÇK=^ë=~=Ñáå~ä=ëíÉéI=íÜÉ=ã~íÅÜ=ÄÉíïÉÉå=ãçÇÉä=éêÉÇáÅíáçåë=~åÇ=~î~áä~ÄäÉ=
çÄëÉêî~íáçåë=áë=çéíáãáòÉÇ=ìëáåÖ=ëçãÉ=~ìíçã~íÉÇ=çéíáãáò~íáçå=êçìíáåÉK=cçê=ÜóÇêçäçÖáÅ=
éêçÅÉëëÉëI=íÜáë=~ééêç~ÅÜ=çê=ÚÄäìÉéêáåí=Ñçê=~=éÜóëáÅ~ääóJÄ~ëÉÇI=ÇáÖáí~ääóJëáãìä~íÉÇ=
ÜóÇêçäçÖáÅ=êÉëéçåëÉ=ãçÇÉä=EÑáÖìêÉ=OKOFÛ=Ü~ë=ÄÉÉå=ä~áÇ=Ççïå=Äó=xcêÉÉòÉ=~åÇ=e~êä~åI=
NVSVzK=^äíÜçìÖÜ=íÜÉ=~ÅÅçãéäáëÜãÉåíë=çÑ=íÜáë=~ééêç~ÅÜ=~êÉ=î~ëí=~åÇ=ìåÇáëéìíÉÇI=íÜÉêÉ=
~äëç=Ü~ë=ÄÉÉå=ëíêçåÖ=~åÇ=áåÅêÉ~ëáåÖ=ÅêáíáÅáëãK=få=ëÜçêíI=íÜÉ=ã~áå=éêçÄäÉãë=ïáíÜ=íÜÉ=
obsJëÅ~äÉ=~ééêç~ÅÜ=Äçáä=Ççïå=íç=íïç=éçáåíëW=
=

• cáêëíI=ÅçãéäÉíÉ=éÜóëáÅ~ä=ÇÉíÉêãáå~íáçå=çÑ=íÜÉ=éêçéÉêíáÉë=çÑ=ÅçãéäÉñ=ëóëíÉãë=áë=
åçí=çåäó=~=éê~ÅíáÅ~äI=Äìí=~äëç=~=ÑìåÇ~ãÉåí~ä=áãéçëëáÄáäáíóK=qç=ëí~êí=ïáíÜI=íÜÉ=
Åçåíáåììã=~ééêç~ÅÜ=~äêÉ~Çó=åÉÖäÉÅíë=íÜÉ=î~êá~Äáäáíó=ÄÉäçï=íÜÉ=obsJëÅ~äÉI=ÉKÖKI=
ÅçåëáëíáåÖ=çÑ=éçêÉë=~åÇ=Öê~áåë=áå=~=ëçáäI=çê=ãçäÉÅìäÉë=çå=~å=ÉîÉå=äçïÉê=ëÅ~äÉK=
i~ïë=~åÇ=éêçéÉêíáÉë=íÜ~í=~ééäó=íç=íÜÉ=obsJëÅ~äÉ=~êÉ=íÜÉêÉÑçêÉ=áå=ÉëëÉåÅÉ=
ëçãÉ=~îÉê~ÖÉ=çê=ëí~íáëíáÅ~ä=çìíÅçãÉ=çÑ=íÜÉ=ìåÇÉêäóáåÖ=äçïÉê=ëÅ~äÉ=éêçÅÉëëÉëI=
~ë=ÇÉëÅêáÄÉÇ=Äó=ëí~íáëíáÅ~ä=ãÉÅÜ~åáÅëK=sçäìãÉ=éêçéÉêíáÉë=íÜ~í=~êÉ=ÖÉåÉê~ääó=
ÅçåëáÇÉêÉÇ=íç=ÄÉ=éÜóëáÅ~ä=Å~å=áå=Ñ~Åí=çåäó=ÄÉ=ÇÉêáîÉÇ=ÉãéáêáÅ~ääóK=kÉñí=íç=íÜ~íI=
ãÉíÜçÇë=Ñçê=ÇáêÉÅíäó=ÇÉíÉêãáåáåÖ=íÜÉëÉ=éêçéÉêíáÉë=~êÉ=áåÜÉêÉåíäó=áåî~ëáîÉK=
tÜÉå=íÜÉ=obsJëÅ~äÉ=~ééêç~ÅÜ=áë=~ééäáÉÇ=íç=ÉåîáêçåãÉåí~ä=ëóëíÉãëI=ÅçãéäÉíÉ=
ÇÉíÉêãáå~íáçå=çÑ=~ää=éÜóëáÅ~ä=éêçéÉêíáÉë=ïçìäÇ=ãÉ~å=ãáåáåÖ=çìí=íÜÉ=ÉåíáêÉ=
êÉÖáçå=ÄÉáåÖ=ãçÇÉäÉÇI=~ë=éçáåíÉÇ=çìí=ÄóI=ÉKÖKI=xlêÉëâÉë=Éí=~äKI=NVVQzK=cçê=ìëÉ=
áå=~=ãçÇÉäI=íÜÉ=obsJëÅ~äÉ=éÜóëáÅ~ä=éêçéÉêíáÉë=íÜ~í=ïÉêÉ=ÇÉíÉêãáåÉÇ=~í=
áåÇáîáÇì~ä=äçÅ~íáçåë=Ü~îÉ=íç=ÄÉ=Éñíê~éçä~íÉÇ=íç=íÜÉ=ëÅ~äÉ=çÑ=íÜÉ=ÅÉääë=áå=íÜÉ=
ãçÇÉäI=~åÇ=íÜçëÉ=áå=íìêå=íç=ä~óÉêë=çê=çíÜÉê=ÉäÉãÉåíëK=få=íÜáë=ëíÉéI=Ä~ëÉÇ=çå=
íÜÉ=åÉÅÉëë~êáäó=äáãáíÉÇ=Ç~í~I=ãìÅÜ=çÑ=íÜÉ=ÜÉíÉêçÖÉåÉáíó=~ÄçîÉ=íÜÉ=obsJëÅ~äÉ=áë=
~äëç=äçëíI=~åÇ=íÜÉ=êÉã~áåÇÉê=áë=íÜÉ=êÉëìäí=çÑ=ÅçêêÉä~íáçåëI=Éñíê~éçä~íáçåë=~åÇ=
~ëëìãéíáçåëK=^ë=~=ÅçåëÉèìÉåÅÉI=íÜÉëÉ=ä~êÖÉê=ëÅ~äÉ=éêçéÉêíáÉë=~êÉ=~äãçëí=
åÉîÉê=ÉÑÑÉÅíáîÉäó=ÇÉêáîÉÇ=Ñêçã=éÜóëáÅ~ä=Ç~í~=~äçåÉK=^äíÉêå~íáîÉäóI=íÜÉó=~êÉ=
Éëíáã~íÉÇ=~ë=ãçÇÉä=é~ê~ãÉíÉêë=íÜêçìÖÜ=Å~äáÄê~íáçå=çê=áåîÉêëÉ=ãçÇÉäáåÖK=
_ÉÅ~ìëÉ=çÑ=íÜÉ=ìÄáèìáíçìë=ëáãéäáÑáÅ~íáçåë=~åÇ=Éêêçêë=áå=íÜÉ=ãçÇÉäI=ÖÉåÉê~ääó=
íÜÉ=é~ê~ãÉíÉêë=íÜÉêÉÄó=äççëÉ=íÜÉáê=ÇáêÉÅí=éÜóëáÅ~ä=ãÉ~åáåÖK=

• pÉÅçåÇ=~åÇ=ÄìáäÇáåÖ=çå=íÜÉ=Ñáêëí=éçáåíI=áåîÉêëÉ=ãçÇÉäáåÖ=ãÉíÜçÇë=ìëáåÖ=
çÄëÉêî~íáçåë=çå=ëí~íÉ=î~êá~ÄäÉë=~êÉ=áå=ãçëí=Å~ëÉë=åÉáíÜÉê=ëìÑÑáÅáÉåí=íç=ìåáèìÉäó=
ÇÉíÉêãáåÉ=íÜÉ=ÚéÜóëáÅ~äÛ=éêçéÉêíáÉë=çê=é~ê~ãÉíÉêëK=dÉåÉê~ääó=íÜÉêÉ=~êÉ=ãçêÉ=
ÇÉÖêÉÉë=çÑ=ÑêÉÉÇçã=áå=~=ãçÇÉä=íÜ~å=íÜ~í=íÜÉêÉ=áë=áåÇÉéÉåÇÉåí=áåÑçêã~íáçå=áå=
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íÜÉ=çÄëÉêî~íáçåëI=~åÇLçê=åçí=ÉîÉêó=ãçÇÉä=é~ê~ãÉíÉê=ÅçåíêáÄìíÉë=ãÉ~åáåÖÑìääó=
~åÇ=áåÇÉéÉåÇÉåíäó=íç=íÜÉ=ëçäìíáçåK=få=íÉÅÜåáÅ~ä=íÉêãëI=íÜÉ=áåîÉêëÉ=ãçÇÉäáåÖ=
éêçÄäÉã=áë=ë~áÇ=íç=ÄÉ=ã~íÜÉã~íáÅ~ääó=áääJéçëÉÇ=xe~Ç~ã~êÇI=NVMOzK=få=äáÖÜí=çÑ=
íÜáë=éêçÄäÉãI=íÜÉêÉ=Ü~ë=ÄÉÉå=ÇáëÅìëëáçå=çå=íÜÉ=~ãçìåí=çÑ=ÅçãéäÉñáíó=íÜ~í=Å~å=
ÄÉ=ï~êê~åíÉÇ=áå=~=ãçÇÉä=xÉKÖKI=g~âÉã~å=~åÇ=eçêåÄÉêÖÉêI=NVVPX=vçìåÖ=Éí=~äKI=
NVVSzK=^ë=~=éçëëáÄäÉ=ëçäìíáçåI=íÜÉêÉ=ïÉêÉ=Å~ääë=Ñçê=~=êÉîáî~ä=çÑ=ëáãéäÉêI=ä~êÖÉê=
ëÅ~äÉ=~åÇLçê=ãçêÉ=ëíêçåÖäó=Ç~í~=Ä~ëÉÇ=ãçÇÉäë=xÉKÖKI=vçìåÖI=NVVUX=p~îÉåáàÉI=
OMMNX=háêÅÜåÉêI=OMMSX=háêÅÜåÉêI=OMMVzK=^ë=ãçÇÉäë=íÜ~í=ëí~êí=ÄçííçãJìé=~í=íÜÉ=
obsJëÅ~äÉ=~äãçëí=áåÜÉêÉåíäó=áåîáíÉ=íÜÉ=áåÅçêéçê~íáçå=çÑ=~ää=ÇÉí~áä=~ÄçîÉ=áíI=áí=
Ü~ë=äÉ~Ç=ëçãÉ=íç=íÜÉ=éêçéÜÉÅó=íÜ~í=íÜÉ=cêÉÉòÉ=~åÇ=e~êä~å=ÄäìÉéêáåí=ïáää=ÄÉ=
~Ä~åÇçåÉÇ=áå=ÑìíìêÉI=~åÇLçê=íç=íÜÉ=ÇÉëáÖå=çÑ=~äíÉêå~íáîÉ=ÄäìÉéêáåíë=çå=ä~êÖÉê=
~ÖÖêÉÖ~íáçå=ëÅ~äÉë=xÉKÖKI=oÉÖÖá~åá=Éí=~äKI=NVVUX=oÉÖÖá~åá=Éí=~äKI=NVVVX=_ÉîÉåI=
OMMOzK==kÉñí=íç=íÜ~íI=íÜÉêÉ=Ü~îÉ=ÄÉÉå=éäÉ~ë=Ñçê=íêÉ~íáåÖ=ãìäíáéäÉ=ãçÇÉä=
ëíêìÅíìêÉë=~åÇ=é~ê~ãÉíÉê=ëÉíë=~ë=Éèì~ääó=~ÅÅÉéí~ÄäÉ=çê=ÉèìáÑáå~ä=EëÉÉ=åÉñí=
ëÉÅíáçåFK==

=
qÜÉ=éêçÄäÉãë=ãÉåíáçåÉÇ=~ÄçîÉ=Ü~îÉ=äÉ~Ç=ëçãÉ=íç=íÜÉ=ëçãÉïÜ~í=éÜáäçëçéÜáÅ~ä=
ÅçåÅäìëáçå=íÜ~í=ÉåîáêçåãÉåí~ä=ãçÇÉäë=~êÉ=áå=ÉëëÉåÅÉ=ëÅáÉåíáÑáÅ=ÜóéçíÜÉëÉëK=iáâÉ=íÜÉëÉ=
xmçééÉêI=NVRVzI=íÜÉó=Å~å=åçí=ÄÉ=îÉêáÑáÉÇ=çê=î~äáÇ~íÉÇI=çåäó=áåî~äáÇ~íÉÇ=xhçåáâçï=~åÇ=
_êÉÇÉÜçÉÑíI=NVVOX=lêÉëâÉë=Éí=~äKI=NVVQzK=_ÉáåÖ=~ë=áí=ã~óI=ãçÇÉäë=~êÉ=áå=éê~ÅíáÅÉ=
áåÇÉÉÇ=~äãçëí=åÉîÉê=áåî~äáÇ~íÉÇI=Äìí=çåäó=~ÇàìëíÉÇ=íç=ÄÉííÉê=Ñáí=åÉïäó=~î~áä~ÄäÉ=Ç~í~I=
ïÜáÅÜ=çÑ=ÅçìêëÉ=Ü~ë=~äëç=ÄÉÉå=~=ÇáëéìíÉ=ïáíÜ=êÉÖ~êÇ=íç=ëÅáÉåíáÑáÅ=íÜÉçêáÉë=áå=ÖÉåÉê~ä=
xhìÜåI=NVSOzK=^ë=çééçëÉÇ=íç=íÜÉ=ÚéÜóëáÅ~ä=ÜóÇêçäçÖóÛ=çê=obsJëÅ~äÉ=~ééêç~ÅÜ=çÑ=ÑáÖìêÉ=
OKOI=ïÜáÅÜ=áå=ÉëëÉåÅÉ=áë=ÄçííçãJìéI=ïÉ=Å~å=~äëç=~ééêç~ÅÜ=~=ëóëíÉã=íçéJÇçïå=~åÇ=
Ñáêëíäó=~ë=~=ïÜçäÉK=qÜáë=áë=éÉêÜ~éë=~=ÇáêÉÅí=ÅçåëÉèìÉåÅÉ=çÑ=íÜÉ=ÇÉÑáåáíáçå=~åÇ=ìë~ÖÉ=çÑ=
íÜÉ=íÉêã=ëóëíÉãI=~åÇ=íÜÉ=ÚÜçäáëíáÅÛ=å~íìêÉ=çÑ=ëóëíÉãë=íÜÉçêó=áë=çÑíÉå=ëíêÉëëÉÇ=EïÜáäÉ=
íêóáåÖ=íç=~îçáÇ=íÜÉ=Åçããçå=~åÇ=åÉÖ~íáîÉ=~ëëçÅá~íáçå=çÑ=Üçäáëã=ïáíÜ=ãÉí~éÜóëáÅë=xÉKÖKI=
sçå=_Éêí~ä~åÑÑóI=NVRMzFK=få=ÑáÖìêÉ=OKOI=íÜÉ=íÉêã=ÚëóëíÉã=áåîÉëíáÖ~íáçåÛ=éêáã~êáäó=êÉÑÉêë=
íç=ìåáí=ÜóÇêçÖê~éÜ=~åÇ=äáåÉ~ê=íÜÉçêó=çÑ=ÜóÇêçäçÖáÅ=ëóëíÉãë=xÉKÖKI=pÜÉêã~åI=NVPOX=
k~ëÜI=NVRUX=aççÖÉI=NVTPzI=éêáã~êáäó=~ééäáÉÇ=íç=ëìêÑ~ÅÉ=ï~íÉê=ÜóÇêçäçÖóK=pìÅÜ=
ãÉíÜçÇë=ïÉêÉ=Åçããçå=~í=íÜÉ=íáãÉI=~åÇ=íÜÉó=~êÉ=ÜáÖÜäó=Åçãé~ê~ÄäÉ=íç=íÜÉ=ãçêÉ=
ãçÇÉêåI=ãçêÉ=ÖÉåÉê~ä=~åÇ=ëí~íáëíáÅ~ääó=ÄÉííÉê=ÇÉîÉäçéÉÇ=ÑáÉäÇë=çÑ=íáãÉ=ëÉêáÉë=~å~äóëáë=
~åÇ=ëóëíÉã=áÇÉåíáÑáÅ~íáçå=EëÉÉ=ëÉÅíáçå=OKNKQFK=tÜÉêÉ~ë=xcêÉÉòÉ=~åÇ=e~êä~åI=NVSVz=
ÅÜ~ê~ÅíÉêáòÉ=íÜÉáê=~ééêç~ÅÜ=ïáíÜ=íÜÉ=íÉêã=ÚéÜóëáÅ~ääóJÄ~ëÉÇÛI=ìåáí=ÜóÇêçÖê~éÜ=~åÇ=
çíÜÉê=ä~êÖÉ=ëÅ~äÉ=ãÉíÜçÇë=~êÉ=çÑíÉå=ÇÉåçíÉÇ=Äó=íÉêãë=äáâÉ=ÚäìãéÉÇÛI=ÚÅçåÅÉéíì~äÛI=
ÚÇ~í~JÄ~ëÉÇÛ=çê=ÚÄä~ÅâJÄçñÛK=oÉëéçåëÉ=ÑìåÅíáçåëI=ÜçïÉîÉêI=ã~ó=ÄÉ=Éèì~ääó=ÇáêÉÅíäó=
ÇÉêáîÉÇ=Ñêçã=éÜóëáÅ~ä=ä~ïë=~åÇ=éêáåÅáéäÉë=EëÉÉ=ëÉÅíáçå=OKPFI=ïÜÉêÉ~ë=ÚéÜóëáÅ~ääóJÄ~ëÉÇÛ=
ãçÇÉäë=ã~ó=ÄÉ=Éèì~ääó=ëíêçåÖäó=Å~äáÄê~íÉÇ=çå=~î~áä~ÄäÉ=Ç~í~K=tÉ=íÜÉêÉÑçêÉ=ÅçåëáÇÉê=
íÜÉ=ÇáëíáåÅíáçå=ã~ÇÉ=íç=ÄÉ=éêáã~êáäó=~å=áëëìÉ=çÑ=ëÅ~äÉëI=ïÜÉêÉ~ë=Äó=ÇÉÑáåáíáçå=ÚëóëíÉãÛ=
ã~ó=ÄÉ=êÉÖ~êÇÉÇ=íç=ÄÉ=íÜÉ=ìäíáã~íÉ=ëÅ~äÉ=áå=~=ëÅáÉåíáÑáÅ=éêçÄäÉãK=cìêíÜÉêãçêÉI=íÜÉ=
ãçÇÉäáåÖ=~ééêç~ÅÜ=ÑçääçïÉÇ=Å~å=ëí~êí=íçéJÇçïå=Ñêçã=íÜÉ=ëóëíÉãJëÅ~äÉI=çê=Äçííçã=ìé=
Ñêçã=íÜÉ=obsEçê=~åó=çíÜÉêFJëÅ~äÉK=^äëçI=ãçÇÉäë=Å~å=ÄÉ=ÇáëíáåÖìáëÜÉÇ=íÜ~í=çåäó=ÇÉëÅêáÄÉ=
íÜÉ=íÉãéçê~ä=ÄÉÜ~îáçê=çÑ=ëóëíÉãë=Ñêçã=íÜçëÉ=íÜ~í=E~äëçF=ÇÉëÅêáÄÉ=íÜÉáê=ëé~íá~ä=ëíêìÅíìêÉK=
^å=áãéçêí~åí=~Çî~åí~ÖÉ=çÑ=íÜÉ=íçéJÇçïå=ëóëíÉã=îáÉïéçáåí=áë=íÜ~í=áí=å~íìê~ääó=äÉ~Çë=íç=
~=é~êëáãçåáçìë=~ééêç~ÅÜ=íç=ãçÇÉäáåÖK=qáãÉ=ëÉêáÉë=ãçÇÉäë=ÅçãÉ=ïáíÜ=êÉä~íáîÉäó=ÑÉï=
~ëëìãéíáçåëI=~ë=áå=éêáåÅáéäÉ=íÜÉó=Çç=åçí=êÉèìáêÉ=~åó=áåÑçêã~íáçå=çå=íÜÉ=éÜóëáÅ~ä=
ëíêìÅíìêÉ=çê=éêçéÉêíáÉë=çÑ=ëóëíÉãëK=_ÉÅ~ìëÉ=çÑ=íÜáëI=íÜÉó=~êÉ=É~ëó=íç=ÅçåëíêìÅí=~åÇ=~í=



_~ÅâÖêçìåÇ=~åÇ=íÜÉçêó=

KKÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁKÁK 

=
== OT=

íÜÉ=ë~ãÉ=íáãÉ=íÜÉó=ÖÉåÉê~ääó=ëÜçï=~=ÜáÖÜÉê=ãçÇÉä=Ñáí=íÜ~å=ëé~íá~ääó=ÇáëíêáÄìíÉÇ=ãçÇÉäëK=
^ë=ÄçíÜ=íÜÉ=ëóëíÉã=~åÇ=obsJëÅ~äÉ=~ééêç~ÅÜ=Ü~îÉ=íÜÉáê=çïå=~Çî~åí~ÖÉë=~åÇ=
äáãáí~íáçåë=EëÉÉ=~äëç=ëÉÅíáçå=OKOKPFI=íÜÉáê=áåíÉÖê~íáçå=ÅçìäÇ=ÄÉ=~=ãÉ~åë=íç=~Çî~åÅÉ=
ÜóÇêçäçÖáÅ=êÉëéçåëÉ=ãçÇÉäáåÖ=ãÉíÜçÇëK=tÉ=íÜÉêÉÑçêÉ=ÅçåëáÇÉê=íÜÉ=ÇáëíáåÅíáçå=ã~ÇÉ=
Äó=xcêÉÉòÉ=~åÇ=e~êä~åI=NVSVz=çå=íÜÉ=ÜáÖÜÉëí=äÉîÉä=çÑ=ÚÜóÇêçäçÖáÅ=ëáãìä~íáçåÛ=íç=ÄÉ=åçåJ
ÑìåÇ~ãÉåí~ä=çê=Öê~Çì~äI=~åÇ=íÜáë=íÜÉëáë=~áãë=íç=ÅçåíêáÄìíÉ=áå=ÄêáÇÖáåÖ=íÜÉ=Ö~éK==

2.1.3 Simple behavior versus complex structure (equifinality) 

^í=ã~åó=çÅÅ~ëáçåë=~åÇ=áå=ã~åó=ÇáÑÑÉêÉåí=ÑçêãëI=ëÅáÉåíáëíë=Ü~îÉ=åçíáÅÉÇ=íÜ~í=ÇáÑÑÉêÉåí=
éÜóëáÅ~ä=ëóëíÉãë=Å~å=ÉñÜáÄáí=ÄÉÜ~îáçê=íÜ~í=áë=íç=~=ä~êÖÉ=ÉñíÉåí=Åçãé~ê~ÄäÉK=få=Ñ~ÅíI=
ÇáÑÑÉêÉåí=éÜóëáÅ~ä=éêçÅÉëëÉë=äáâÉ=ÅçåÇìÅíáçå=çÑ=ÜÉ~íI=Ñäçï=çÑ=ï~íÉê=~åÇ=ÉäÉÅíêáÅ=
ÅìêêÉåíë=~êÉ=ÖçîÉêåÉÇ=Äó=ä~ïë=íÜ~í=~êÉ=êÉã~êâ~Ääó=Éèìáî~äÉåí=áå=~=ã~íÜÉã~íáÅ~ä=ëÉåëÉK=
qÜáë=Éèìáî~äÉåí=ÄÉÜ~îáçê=çÑ=éÜóëáÅ~ääó=îÉêó=ÇáÑÑÉêÉåí=ëóëíÉãë=Ü~ë=äÉÇ=íç=~å=~ííÉãéí=íç=
Ñçêãìä~íÉ=~=ëÅáÉåÅÉ=çÑ=ëóëíÉãë=áå=ÖÉåÉê~ä=~í=~=ÜáÖÜÉê=äÉîÉä=çÑ=~Äëíê~ÅíáçåI=å~ãÉÇ=
ÖÉåÉê~ä=ëóëíÉãë=íÜÉçêó=xsçå=_Éêí~ä~åÑÑóI=NVRMX=pâóííåÉêI=OMMRzK=låÉ=çÑ=íÜÉ=çìíÅçãÉë=
çÑ=ÖÉåÉê~ä=ëóëíÉãë=íÜÉçêó=íÜ~í=áë=ëíáää=ìëÉÇ=íçÇ~ó=áë=íÜÉ=ÅçåÅÉéí=çÑ=ÉèìáÑáå~äáíóK=sçå=
_Éêí~ä~åÑÑó=ÇÉÑáåÉë=ÉèìáÑáå~äáíó=~ë=íÜÉ=Ñ~Åí=íÜ~í=áå=çéÉå=íÜÉêãçÇóå~ãáÅ=ëóëíÉãëI=íÜÉ=
ë~ãÉ=Ñáå~ä=ëí~íÉ=Å~å=ÄÉ=êÉ~ÅÜÉÇ=áêêÉëéÉÅíáîÉ=çÑ=íÜÉ=áåáíá~ä=ÅçåÇáíáçåëK=få=ëìÅÜ=Å~ëÉëI=íÜÉ=
Ñáå~ä=ëí~íÉ=áë=ÇÉíÉêãáåÉÇ=çåäó=Äó=íÜÉ=áåÑäçï=~åÇ=çìíÑäçï=çÑ=íÜÉ=ëóëíÉã=~åÇ=íÜÉ=
Åçåëí~åíë=çÑ=êÉ~ÅíáçåK=qÜÉ=íÉêã=ÉèìáÑáå~äáíó=ï~ë=~ÇçéíÉÇ=Ñçê=íÜÉ=ÉåîáêçåãÉåí~ä=
ãçÇÉäáåÖ=ÅçåíÉñí=Äó=hÉáíÜ=_ÉîÉå=xÉKÖKI=_ÉîÉåI=NVVPX=_ÉîÉåI=OMMSzK=bèìáÑáå~äáíó=áë=ìëÉÇ=
Äó=_ÉîÉå=áå=~=Äêç~ÇÉê=ëÉåëÉI=~ë=íÜÉ=ÉñéÉÅí~íáçå=íÜ~í=íÜÉ=ë~ãÉ=~ÅÅÉéí~ÄäÉ=ãçÇÉä=
éêÉÇáÅíáçå=ãáÖÜí=ÄÉ=~ÅÜáÉîÉÇ=áå=ã~åó=ÇáÑÑÉêÉåí=ï~óëI=áKÉK=ïáíÜ=ã~åó=ÇáÑÑÉêÉåí=ãçÇÉä=
ëíêìÅíìêÉë=çê=é~ê~ãÉíÉê=ëÉíëK=fÑ=íÜÉ=ë~ãÉ=ÄÉÜ~îáçê=Å~å=ÄÉ=éêçÇìÅÉÇ=Äó=ëóëíÉãë=çÑ=
ÇáÑÑÉêÉåí=ëíêìÅíìêÉI=áåîÉêëÉäó=íÜÉ=ëíêìÅíìêÉ=çÑ=~=ëóëíÉã=Å~å=äçÖáÅ~ääó=åçí=ÄÉ=ÇÉíÉêãáåÉÇ=
ìåáèìÉäó=Ñêçã=áíë=ÄÉÜ~îáçêK=få=çíÜÉê=ïçêÇëI=íÜÉ=åçíáçå=çÑ=ÉèìáÑáå~äáíó=áãéäáÉë=íÜ~í=íÜÉ=
ìåÇÉêäóáåÖI=ÅçãéäÉñ=ëíêìÅíìêÉ=~åÇ=éêçéÉêíáÉë=çÑ=ÜóÇêçäçÖáÅ=ëóëíÉãë=Å~å=åçí=ÄÉ=
ÇÉíÉêãáåÉÇ=Ñêçã=íáãÉ=ëÉêáÉë=çÑ=çÄëÉêî~íáçåë=çå=ëí~íÉ=~åÇ=ÑçêÅáåÖ=î~êá~ÄäÉë=~äçåÉ=
EÖáîÉå=íÜ~í=íÜÉ=ëí~íÉ=Å~å=çåäó=ÄÉ=é~êíá~ääó=çÄëÉêîÉÇFK==_ÉîÉåÛë=éêáã~êó=ÅçåÅäìëáçå=çìí=
çÑ=íÜÉ=ÅçåÅÉéí=çÑ=ÉèìáÑáå~äáíó=áë=~=éäÉ~=~Ö~áåëí=íÜÉ=~ëëìãéíáçå=çÑ=~=ëáåÖäÉ=çéíáã~ä=
ãçÇÉä=~åÇ=Ñçê=~ääçïáåÖ=ãìäíáéäÉ=êÉéêÉëÉåí~íáçåë=çÑ=~=ëóëíÉã=EáåéìíëI=ãçÇÉä=ëíêìÅíìêÉëI=
é~ê~ãÉíÉê=ëÉíë=~åÇ=ÉêêçêëF=íç=ÄÉ=Éèì~ääó=~ÅÅÉéí~ÄäÉ=çê=ÚÄÉÜ~îáçê~äÛI=áå=íÜÉ=ëÉåëÉ=çÑ=
ÄÉáåÖ=ÅçåëáëíÉåí=ïáíÜ=íÜÉ=çÄëÉêî~íáçåëK=qÜáë=~ééêç~ÅÜ=Ñçêãë=íÜÉ=Ä~ëáë=çÑ=íÜÉ=
dÉåÉê~äáòÉÇ=iáâÉäáÜççÇ=råÅÉêí~áåíó=bëíáã~íáçå=EdirbF=ãÉíÜçÇçäçÖó=çÑ=x_ÉîÉå=~åÇ=
_áåäÉóI=NVVOzK=_ÉîÉåI=ÜçïÉîÉêI=~äëç=åçíáÅÉë=íÜ~í=ÜóÇêçäçÖáÅ=ëóëíÉãë=çÑíÉå=ëÜçï=
êÉä~íáîÉäó=ëáãéäÉ=êÉëéçåëÉ=ÅÜ~ê~ÅíÉêáëíáÅë=~åÇ=íÜ~í=ÚÁî~êáçìë=é~ê~ãÉíêáÅ=ãçÇÉäë=ïáíÜ=
~ää=íÜÉáê=éçíÉåíá~ä=Ñçê=ÉèìáÑáå~äáíó=~åÇ=ÇáÑÑÉêÉåí=éêçÅÉëë=áåíÉêéêÉí~íáçåëI=~êÉ=àìëí=
ÇáÑÑÉêÉåí=~ííÉãéíë=íç=ëáãìä~íÉ=íÜÉ=ë~ãÉ=êÉëéçåëÉ=ÅÜ~ê~ÅíÉêáëíáÅëÛ=x_ÉîÉåI=OMMSI=ëÉÉ=
~äëç=vçìåÖ=Éí=~äKI=NVVSzK=eÉ=ÑìêíÜÉêãçêÉ=áÇÉåíáÑáÉë=íÜÉ=éêçÄäÉã=çÑ=ãçÇÉä=
ÇáãÉåëáçå~äáíó=êÉÇìÅíáçå=~ë=~å=áãéçêí~åí=~êÉ~=Ñçê=ÑìêíÜÉê=êÉëÉ~êÅÜK==
=
m~ê~ääÉä=íç=íÜÉ=~ÄçîÉI=~äëç=áå=íÜÉ=ÑáÉäÇ=çÑ=ëçäìíÉ=íê~åëéçêí=ãçÇÉäáåÖ=áí=Ü~ë=ÄÉÉå=
êÉÅçÖåáòÉÇ=íÜ~í=ãÉêÉ=~ÖêÉÉãÉåí=ÄÉíïÉÉå=çÄëÉêîÉÇ=~åÇ=éêÉÇáÅíÉÇ=çìíéìí=áë=åçí=
ëìÑÑáÅáÉåí=íç=íÉëí=íÜÉ=î~äáÇáíó=çÑ=~=ãçÇÉä=xÉKÖKI=_ÉÅâI=NVUTX=gìêó=~åÇ=oçíÜI=NVVMX=
p•åÅÜÉòJsáä~=~åÇ=`~êêÉê~I=OMMQzK=gìêó=~åÇ=oçíÜ=ÅçåëáÇÉê=áí=~=Åìêáçìë=éÜÉåçãÉåçå=
íÜ~í=éÜóëáÅ~ääóJÄ~ëÉÇ=ä~ïë=äáâÉ=íÜÉ=ÅçåîÉÅíáçåJÇáëéÉêëáçå=Éèì~íáçå=ÄÉÅ~ãÉ=Åçããçåäó=



`Ü~éíÉê=O=

..…………………………………………………………………………………………….…. 

=
== OU=

~ÅÅÉéíÉÇ=ãÉêÉäó=ÄÉÅ~ìëÉ=ÉñéÉêáãÉåíë=Ü~îÉ=ëÜçïå=íÜ~í=áíë=
ëçäìíáçå=ÅçìäÇ=ÄÉ=ã~åáéìä~íÉÇ=áåíç=ã~íÅÜáåÖ=íÜÉ=ëÜ~éÉ=çÑ=íÜÉ=
çìíÑäçï=ÅçåÅÉåíê~íáçåëK=få=Ñ~ÅíI=xgìêóI=NVUOz=~åÇ=~äëç=xj~~ëI=
NVVQz=Öç=çåÉ=ëíÉé=ÑìêíÜÉêI=~åÇ=ëìÖÖÉëí=íÜÉ=ìëÉ=çÑ=ëí~íáëíáÅ~ä=
ÇáëíêáÄìíáçå=ÑìåÅíáçåë=Ñçê=ãçÇÉäáåÖ=íÜÉ=íê~åëÑÉê=çÑ=ëçäìíÉë=
íÜêçìÖÜ=ëçáäK=tÜÉå=ìëáåÖ=ëìÅÜ=ÇáëíêáÄìíáçå=ÑìåÅíáçåë=EÇáëÅìëëÉÇ=
~êÉ=íÜÉ=äçÖåçêã~äI=Ö~ãã~=~åÇ=mÉ~êëçå=íóéÉ=fff=ÇáëíêáÄìíáçåF=íÜÉ=
íÉãéçê~ä=ÄÉÜ~îáçê=çÑ=~=ëóëíÉã=áë=ÉñéäáÅáíäó=ÇÉÑáåÉÇI=Äìí=íÜÉ=Éñ~Åí=
éÜóëáÅ~ä=çê=ëé~íá~ä=ëíêìÅíìêÉ=áë=åçíK=få=xgìêó=~åÇ=oçíÜI=NVVMz=áí=áë=
ëÜçïå=íÜ~í=íÜÉ=ëÜ~éÉë=çÑ=íÜÉ=äçÖåçêã~ä=~åÇ=Ö~ãã~=
ÇáëíêáÄìíáçåë=Ü~îÉ=~=ëíêáâáåÖ=ëáãáä~êáíó=ïáíÜ=íÜ~í=çÑ=~å=áãéìäëÉ=
êÉëéçåëÉ=ëçäìíáçå=íç=íÜÉ=ÅçåîÉÅíáçåJÇáëéÉêëáçå=Éèì~íáçå=EëÉÉ=~äëç=
ëÉÅíáçå=OKPKRKPFK=^ë=~=ÅçåëÉèìÉåÅÉI=gìêó=~åÇ=oçíÜ=ëí~íÉ=íÜ~í=íÜÉ=
ã~áå=ÇáÑÑÉêÉåÅÉ=ÄÉíïÉÉå=ëí~íáëíáÅ~ä=ÇáëíêáÄìíáçå=ÑìåÅíáçåë=~åÇ=íÜÉ=
ÅçåîÉÅíáçåJÇáëéÉêëáçå=Éèì~íáçå=áë=íÜ~í=áå=íÜÉ=ä~ííÉêI=~äëç=íÜÉ=
êÉä~íáçåëÜáé=ÄÉíïÉÉå=íÜÉ=ëÜ~éÉ=çÑ=íÜÉ=íê~åëÑÉê=ÑìåÅíáçå=~åÇ=
Çáëí~åÅÉ=áë=ÇÉÑáåÉÇK=eçïÉîÉêI=íÜÉó=~äëç=éçáåí=çìí=íÜ~í=ã~åó=
ÉñéÉêáãÉåíë=Ü~îÉ=ëÜçïå=íÜ~í=íÜÉ=ÅçåîÉÅíáçåJÇáëéÉêëáçå=Éèì~íáçå=
áë=åçí=ÅçãéäÉíÉäó=~ÇÉèì~íÉ=~í=íÜáë=éçáåíI=~ë=íÜÉ=ÇáëéÉêëáçå=
ÅçÉÑÑáÅáÉåí=áë=åçí=Åçåëí~åí=Äìí=áåÅêÉ~ëÉë=ïáíÜ=Çáëí~åÅÉ=xëÉÉ=~äëç=
íÜÉ=êÉîáÉï=Äó=dÉäÜ~ê=Éí=~äKI=NVURzK=gìêó=~åÇ=j~~ë=áåÇÉéÉåÇÉåíäó=
ëìÖÖÉëíÉÇ=íÜÉ=ìëÉ=çÑ=ãçãÉåíë=íç=ÅÜ~ê~ÅíÉêáòÉ=íÜÉ=éêçéÉêíáÉë=çÑ=
íê~åëÑÉê=çê=êÉëéçåëÉ=ÑìåÅíáçåëI=~ë=áë=Åçããçå=éê~ÅíáÅÉ=Ñçê=
ÇáëíêáÄìíáçå=ÑìåÅíáçåë=áå=ëí~íáëíáÅë=E~åÇ=ï~ë=~äëç=éêçéçëÉÇ=Ñçê=ìåáí=
ÜóÇêçÖê~éÜë=áå=xk~ëÜI=NVRVzFK=^äíÜçìÖÜ=íÜÉëÉ=~ìíÜçêë=Çç=åçí=
êÉÑÉê=íç=íÜÉ=íê~åëÑÉê=ÑìåÅíáçå=åçáëÉ=ãçÇÉäë=ÇáëÅìëëÉÇ=áå=ëÉÅíáçå=
OKNKQI=íÜÉáê=ÅÜçáÅÉ=Ñçê=ÇÉëÅêáÄáåÖ=íÜÉ=íÉãéçê~ä=ÄÉÜ~îáçê=çÑ=
ëóëíÉãë=ïáíÜ=ÑìåÅíáçåë=áå=ïÜáÅÜ=åç=ÉñéäáÅáí=éÜóëáÅ~ä=ëíêìÅíìêÉ=áë=
~ëëìãÉÇI=áë=áå=Ñ~Åí=Éèìáî~äÉåí=íç=ïÜ~í=áë=Åçããçå=éê~ÅíáÅÉ=áå=íÜÉ=
ÑáÉäÇ=çÑ=ëí~íáëíáÅ~ä=íáãÉ=ëÉêáÉë=~å~äóëáë=EëÉÉ=åÉñí=ëÉÅíáçåëFK==

2.1.4 Time series analysis, signal processing and system 
identification 

qÜÉ=íÜÉçêó=çå=Çóå~ãáÅ=ëóëíÉãë=Å~å=ÄÉ=ëÉÉå=~ë=~=Äê~åÅÜ=çÑ=
ëóëíÉãë=íÜÉçêóK=^ë=Çóå~ãáÅ=ëóëíÉãë=~êÉ=ìÄáèìáíçìë=áå=çìê=
Eå~íìê~ä=~åÇ=ã~åJã~ÇÉF=ÉåîáêçåãÉåíI=íÜÉó=Ñçêã=íÜÉ=ëìÄàÉÅí=çÑ=
ã~åó=ÇáÑÑÉêÉåí=ëÅáÉåíáÑáÅ=ÇáëÅáéäáåÉëK=få=ëéáíÉ=çÑ=íÜÉ=ä~êÖÉ=
ÇáÑÑÉêÉåÅÉë=áå=íÜÉ=íóéÉ=çÑ=ëóëíÉã=~ÇÇêÉëëÉÇI=íÜÉáê=éÜóëáÅ~ä=
ÑìåÅíáçåáåÖI=íÜÉ=~î~áä~ÄäÉ=Ç~í~=~åÇ=íÜÉ=éêçÄäÉã=íç=ÄÉ=ëçäîÉÇI=íÜÉ=
íÜÉçêó=~åÇ=íÉÅÜåáèìÉë=ìëÉÇ=Ñçê=~å~äóòáåÖ=~åÇ=ãçÇÉäáåÖ=ÅçääÉÅíÉÇ=
íáãÉ=ëÉêáÉë=Ç~í~=~êÉI=ÜçïÉîÉêI=çÑíÉå=êÉã~êâ~Ääó=ëáãáä~êK=fÑ=ïÉ=
ÑçÅìë=çå=íÜÉ=~å~äóëáë=çÑ=ëÉé~ê~íÉ=íáãÉ=ëÉêáÉë=ÜÉêÉI=~åÇ=ÉñÅäìÇÉ=
ëé~íá~ääóJÇáëíêáÄìíÉÇ=ãçÇÉäëI=ïÉ=ã~ó=ÇáëíáåÖìáëÜ=íïç=ã~áå=
~ééêç~ÅÜÉë=áå=ÇÉ~äáåÖ=ïáíÜ=~åÇ=éêÉëÉåíáåÖ=íÜÉ=éêçÄäÉãI=áå=äáåÉ=
ïáíÜ=íÜÉ=ÖÉåÉê~ä=ÇáëíáåÅíáçå=ã~ÇÉ=áå=ëÉÅíáçåë=OKO=~åÇ=OKPK=qÜÉ=
îáÉïéçáåí=áå=íÜÉ=Ñáêëí=~ééêç~ÅÜ=áë=éêáã~êáäó=ëí~íáëíáÅ~ä=~åÇ=íÜÉ=

=
figure 2.3: Back 
of the textbook by 
the ‘founding 
fathers’ of time 
series analysis, 
Box and Jenkins.  
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=
== OV=

ÉãéÜ~ëáë=äáÉë=çå=íÜÉ=éêçéÉêíáÉë=çÑ=íÜÉ=Ç~í~=
áíëÉäÑK=qÜÉ=ëÉÅçåÇ=~ééêç~ÅÜ=áå=áíëÉäÑ=áë=ãçêÉ=
ÇáîÉêëÉI=Äìí=áí=ëÜ~êÉë=íÜÉ=åçíáçå=çÑ=~åÇ=ëíêçåÖÉê=
ÉãéÜ~ëáë=çå=íÜÉ=éÜóëáÅ~ä=ëóëíÉã=íÜ~í=
ÖÉåÉê~íÉÇ=íÜÉ=çÄëÉêî~íáçåëK==
=
få=íÜÉ=Ñáêëí=~ééêç~ÅÜI=ÖÉåÉê~ääó=êÉÑÉêêÉÇ=íç=~ë=
íáãÉ=ëÉêáÉë=~å~äóëáëI=~=íáãÉ=ëÉêáÉë=áë=ëáãéäó=
ÇÉÑáåÉÇ=~ë=~=ëÉí=çÑ=çÄëÉêî~íáçåë=çÑ=~=ÅÉêí~áå=
î~êá~ÄäÉ=íÜ~í=áë=~êê~åÖÉÇ=ÅÜêçåçäçÖáÅ~ääóK=^ë=
ëìÅÜI=íáãÉ=ëÉêáÉë=~êÉ=éêáã~êáäó=êÉÖ~êÇÉÇ=~ë=Ç~í~=
ëÉíë=~åÇ=ãÉíÜçÇë=~êÉ=éêÉëÉåíÉÇ=Ñçê=~å~äóòáåÖ=
~åÇ=ãçÇÉäáåÖ=íÜÉáê=ëí~íáëíáÅ~ä=éêçéÉêíáÉëK=qÜÉ=
~ééäáÅ~íáçå=çÑ=íáãÉ=ëÉêáÉë=~å~äóëáë=ãÉíÜçÇë=
ÇÉîÉäçéÉÇ=ê~éáÇäó=~ÑíÉê=íÜÉ=éìÄäáÅ~íáçå=çÑ=íÜÉ=
ÅçãéêÉÜÉåëáîÉ=íÉñí=Äççâ=Äó=_çñ=~åÇ=gÉåâáåë=
xNVTMI=ÑáÖìêÉ=OKPzK=qÜÉ=ëçJÅ~ääÉÇ=^ofj^=
E^ìíçoÉÖêÉëëáîÉ=fåíÉÖê~íÉÇ=jçîáåÖ=^îÉê~ÖÉF=
íáãÉ=ëÉêáÉë=ãçÇÉäë=ÇÉëÅêáÄÉÇ=áå=íÜáë=ÄççâI=çê=
ãçÇÉäë=Ü~îáåÖ=~=êÉä~íÉÇ=ëíêìÅíìêÉI=~êÉ=ëíáää=
éçéìä~ê=áå=ã~åó=ÑáÉäÇë=çÑ=ëÅáÉåÅÉ=äáâÉ=ëí~íáëíáÅëI=
ÉÅçåçãÉíêáÅë=çê=ëçÅá~ä=ëÅáÉåÅÉëK=pìÅÜ=ëÅáÉåÅÉë=
Ü~îÉ=áå=Åçããçå=íÜ~í=íÜÉ=ÄÉÜ~îáçê=çÑ=íÜÉ=ëóëíÉãë=íÜ~í=~êÉ=ëíìÇáÉÇ=Å~ååçí=Eçê=Å~ååçí=
É~ëáäóF=ÄÉ=ÇÉëÅêáÄÉÇ=Äó=éÜóëáÅ~ä=ä~ïëI=~åÇLçê=íÜÉáê=éÜóëáÅ~ä=éêçéÉêíáÉë=~êÉ=ä~êÖÉäó=
ìåâåçïåK=jçêÉçîÉêI=áí=áë=çÑíÉå=åçí=íÜÉ=ÑìåÅíáçåáåÖ=çÑ=íÜÉ=ëóëíÉã=íÜ~í=áë=çÑ=éêáã~êó=
áåíÉêÉëíI=Äìí=íÜÉ=ëí~íÉ=~åÇ=ÄÉÜ~îáçê=çÑ=íÜÉ=î~êá~ÄäÉ=áíëÉäÑK=få=ÉÅçåçãÉíêáÅëI=Ñçê=áåëí~åÅÉI=
~=Åä~ëëáÅ~ä=éêçÄäÉã=êÉëíë=áå=~ÇÉèì~íÉäó=éêÉÇáÅíáåÖ=íÜÉ=ÅçìêëÉ=çÑ=ÅìêêÉåÅáÉëI=ëíçÅâ=éêáÅÉë=
~åÇ=íÜÉ=äáâÉI=áå=çêÇÉê=íç=çéíáãáòÉ=íÜÉ=êÉíìêå=çå=áåîÉëíãÉåíëK=qÜÉ=êÉä~íáçåëÜáé=ÄÉíïÉÉå=
íÜÉ=Éñéä~áåÉÇ=î~êá~ÄäÉ=~åÇ=çíÜÉê=î~êá~ÄäÉë=äáâÉ=ÅçåëìãÉê=íêìëí=ã~ó=ÄÉ=çÑ=éêáã~êó=
áãéçêí~åÅÉ=áå=íÜ~í=êÉëéÉÅíI=ÄÉÅ~ìëÉ=çÑ=áíë=éêÉÇáÅíáîÉ=Å~é~ÄáäáíáÉëK=få=íóéáÅ~ä=íáãÉ=ëÉêáÉë=
äáíÉê~íìêÉ=xÉKÖKI=_çñ=~åÇ=gÉåâáåëI=NVTMX=eáéÉä=~åÇ=jÅiÉçÇI=NVVQzI=ãìÅÜ=~ííÉåíáçå=áë=
é~áÇ=íç=Éñéäçê~íçêó=Ç~í~=~å~äóëáëI=ãçÇÉä=áÇÉåíáÑáÅ~íáçåI=é~ê~ãÉíÉê=Éëíáã~íáçåI=íÜÉ=
ãçÇÉäáåÖ=çÑ=Éêêçêë=~åÇ=ìåÅÉêí~áåíáÉë=~åÇ=íÜÉ=Çá~ÖåçëíáÅ=ÅÜÉÅâáåÖ=çÑ=ãçÇÉä=êÉëìäíëK=
cìêíÜÉêãçêÉI=î~êáçìë=íóéÉë=çÑ=ëí~íáëíáÅ~ä=ÄÉÜ~îáçê=çÑ=íáãÉ=ëÉêáÉë=~êÉ=áÇÉåíáÑáÉÇ=EÉKÖKI=
éÉêáçÇáÅI=ëÉ~ëçå~äI=äçåÖ=ãÉãçêóI=ëÉêáÉë=ïáíÜ=áåíÉêîÉåíáçåë=çê=ÉñíÉêå~ä=ëíáãìäáFI=~åÇ=
ãçÇÉäë=~êÉ=éêÉëÉåíÉÇ=Ñçê=ÇÉ~äáåÖ=ïáíÜ=É~ÅÜ=çåÉ=çÑ=íÜÉãK=qÜÉ=ìåÇÉêäóáåÖ=ëóëíÉã=~åÇ=
î~êáçìë=éÜóëáÅ~ä=éêçÅÉëëÉë=ÖÉåÉê~íáåÖ=íÜÉ=çÄëÉêî~íáçåëI=ÜçïÉîÉêI=ÖÉåÉê~ääó=êÉÅÉáîÉ=
äáííäÉ=~ííÉåíáçåK=^å=ÉñÅÉéíáçå=íç=íÜáë=~êÉ=ëíìÇáÉë=çå=íÜÉ=éÜóëáÅ~ä=àìëíáÑáÅ~íáçå=çÑ=íáãÉ=
ëÉêáÉë=ãçÇÉäë=~åÇLçê=íÜÉ=ìëÉ=çÑ=éÜóëáÅ~ä=âåçïäÉÇÖÉ=Ñçê=áÇÉåíáÑóáåÖ=íÜÉ=~ééêçéêá~íÉ=
ãçÇÉä=çêÇÉê=áå=ÅÉêí~áå=Å~ëÉë=xëÉÉ=ÉKÖKI=häÉãÉëI=NVTUX=m~êä~åÖÉ=Éí=~äKI=NVVOX=håçííÉêë=
~åÇ=_áÉêâÉåëI=OMMMzK=cìêíÜÉêãçêÉI=~ë=ÇáÖáí~ä=êÉÅçêÇë=Åçåí~áå=ÇáëÅêÉíÉ=çÄëÉêî~íáçåëI=
ìëì~ääó=ÇáëÅêÉíÉJíáãÉ=ã~íÜÉã~íáÅë=~êÉ=ìëÉÇ=~åÇ=äáííäÉ=êÉÑÉêÉåÅÉ=áë=ã~ÇÉ=íç=ë~ãéäáåÖ=çê=
ÑêÉèìÉåÅó=áëëìÉëI=çê=íç=íÜÉ=çÑíÉå=Åçåíáåìçìë=íáãÉ=éêçÅÉëëÉë=çÅÅìêêáåÖ=áå=êÉ~ä=ïçêäÇK==
=
pÉÅçåÇI=íÜÉêÉ=~êÉ=íÜÉ=âáåÇêÉÇ=ÇáëÅáéäáåÉë=çÑ=ëóëíÉã=áÇÉåíáÑáÅ~íáçåI=Åçåíêçä=ÉåÖáåÉÉêáåÖI=
ëáÖå~ä=éêçÅÉëëáåÖ=~åÇ=ÑáäíÉêáåÖI=ïÜáÅÜI=~ë=ëí~íÉÇ=ÄÉÑçêÉI=Ü~îÉ=~=ëíêçåÖÉê=éÜóëáÅ~ä=
çêáÉåí~íáçåK=póëíÉã=áÇÉåíáÑáÅ~íáçåI=~=íÉêã=íÜ~í=Ü~ë=ÄÉÉå=ÅçáåÉÇ=Äó=xw~ÇÉÜI=NVRSzI=ÇÉ~äë=

figure 2.4: Textbook on system 
identification by Ljung, former vice 
president of IFAC (International 
Federation Of Automatic Control).  



`Ü~éíÉê=O=

..…………………………………………………………………………………………….…. 

=
== PM=

ïáíÜ=íÜÉ=éêçÄäÉã=çÑ=ÄìáäÇáåÖ=ã~íÜÉã~íáÅ~ä=
ãçÇÉäë=çÑ=Çóå~ãáÅ=ëóëíÉãë=Ä~ëÉÇ=çå=çÄëÉêîÉÇ=
Ç~í~K=få=ÖÉåÉê~äI=ëóëíÉã=áÇÉåíáÑáÅ~íáçå=ãÉíÜçÇë=
~êÉ=~ééäáÉÇ=ïÜÉå=~=éìêÉäó=éÜóëáÅ~ä=ãçÇÉä=
ïçìäÇ=ÄÉ=çîÉêäó=ÅçãéäÉñ=çê=áãéçëëáÄäÉ=íç=
çÄí~áå=áå=êÉ~ëçå~ÄäÉ=íáãÉI=ÇìÉ=íç=íÜÉ=ÅçãéäÉñ=
å~íìêÉ=çÑ=ã~åó=ëóëíÉãë=~åÇ=éêçÅÉëëÉëK=
cçêÉãçëí=~ÇîçÅ~íÉ=çÑ=íÜÉ=ëóëíÉã=áÇÉåíáÑáÅ~íáçå=
îáÉïéçáåí=áë=iÉåå~êí=iàìåÖK=iàìåÖ=áë=~äëç=ã~áå=
~ìíÜçê=çÑ=íÜÉ=éÉêÜ~éë=äÉ~ÇáåÖ=E~åÇ=çåÉ=çÑ=íÜÉ=
ÑÉïF=ëçÑíï~êÉ=íççäë=Ñçê=íáãÉ=ëÉêáÉë=~å~äóëáëI=áKÉK=
j~íä~ÄÛë=ëóëíÉã=áÇÉåíáÑáÅ~íáçå=íççäÄçñ=xiàìåÖI=
NVVVI=ÑáÖìêÉ=OKQzK=`çåíêçä=ÉåÖáåÉÉêáåÖ=çê=
ÅóÄÉêåÉíáÅëI=çå=íÜÉ=çíÜÉê=Ü~åÇI=áë=~=ÇáëÅáéäáåÉ=
íÜ~í=áë=îÉêó=ÅäçëÉ=íç=ëóëíÉã=áÇÉåíáÑáÅ~íáçåK=
`çåíêçä=ÉåÖáåÉÉêáåÖ=åçí=çåäó=ÇÉ~äë=ïáíÜ=íÜÉ=
ÄÉÜ~îáçê=çÑ=Çóå~ãáÅ=ëóëíÉãëI=Äìí=~å=~ÇÇáíáçå~ä=
áëëìÉ=ÜÉêÉ=áë=íÜ~í=ëóëíÉãë=~äëç=Ü~îÉ=~=ÇÉëáêÉÇ=
ÄÉÜ~îáçê=çê=çìíéìíI=Å~ääÉÇ=íÜÉ=êÉÑÉêÉåÅÉK=^å=
~êÅÜÉíóéáÅ~ä=éêçÄäÉã=áå=Åçåíêçä=ÉåÖáåÉÉêáåÖ=áë=
Üçï=íç=ã~åáéìä~íÉ=íÜÉ=áåéìíë=áåíç=~=ëóëíÉãI=íç=
çÄí~áå=íÜÉ=ÇÉëáêÉÇ=ÉÑÑÉÅí=çå=áíë=çìíéìíK=få=ëáÖå~ä=éêçÅÉëëáåÖI=~ë=áå=íáãÉ=ëÉêáÉë=~å~äóëáëI=
íÜÉ=ÑçÅìë=éêáã~êáäó=äáÉë=çå=íÜÉ=ëáÖå~ä=áíëÉäÑK=qÜÉ=íÉêã=ëáÖå~äI=ÜçïÉîÉêI=áãéäáÅáíäó=
~ÅâåçïäÉÇÖÉë=íÜÉ=éêÉëÉåÅÉ=çÑ=~=ëóëíÉãI=~åÇ=ã~ó=ÄÉ=ÇÉÑáåÉÇ=~ë=~=ÑìåÅíáçå=çÑ=íáãÉ=
íÜ~í=êÉéêÉëÉåíë=~=éÜóëáÅ~ä=î~êá~ÄäÉ=~ëëçÅá~íÉÇ=íç=áíK=^ë=ëìÅÜI=ëáÖå~ä=éêçÅÉëëáåÖ=áë=
éêáã~êáäó=~å=~êÉ~=çÑ=ÅçããìåáÅ~íáçå=íÜÉçêó=~åÇ=ÉäÉÅíêáÅ=ÉåÖáåÉÉêáåÖK==få=íÜÉ=íÜÉçêó=çå=
ëáÖå~äë=~åÇ=ëóëíÉãë=xÉKÖKI=wáÉãÉê=Éí=~äKI=NVVUI=ÑáÖìêÉ=OKRzI=~ííÉåíáçå=áë=Ñçê=áåëí~åÅÉ=é~áÇ=
íç=ëÉîÉê~ä=íê~åëÑçêã~íáçåë=~åÇ=êÉéêÉëÉåí~íáçåë=çÑ=ëáÖå~äë=EÉKÖKI=cçìêáÉêI=i~éä~ÅÉI=pí~íÉJ
î~êá~ÄäÉ=êÉéêÉëÉåí~íáçåF=~åÇ=íÜÉ=ÇáÑÑÉêÉåÅÉ=áå=Åçåíáåìçìë=~åÇ=ÇáëÅêÉíÉJíáãÉ=ëóëíÉãë=
ÅçãÉë=å~íìê~ääóK=cáäíÉêáåÖI=ä~ëí=Äìí=åçí=äÉ~ëíI=Å~å=ÄÉ=ëÉÉå=~ë=~=Äê~åÅÜ=çÑ=ÄçíÜ=ëóëíÉã=
áÇÉåíáÑáÅ~íáçåI=ëáÖå~ä=éêçÅÉëëáåÖ=~åÇ=Åçåíêçä=ÉåÖáåÉÉêáåÖI=~ë=áå=~ää=íÜÉëÉ=ÇáëÅáéäáåÉë=
ëÉé~ê~íáçå=çÑ=íÜÉ=ìëÉÑìä=ëáÖå~ä=Ñêçã=íÜÉ=ÅçêêìéíáåÖ=åçáëÉ=áë=ÉëëÉåíá~äK=cáäíÉêáåÖ=áå=ëÜçêí=
Å~å=ãÉ~å=êÉãçîáåÖ=ëçãÉ=ÑêÉèìÉåÅáÉë=Ñêçã=~=ëáÖå~ä=~åÇ=~ääçïáåÖ=çíÜÉêë=íç=é~ëëI=áå=
çêÇÉê=íç=ëìééêÉëë=áåíÉêÑÉêáåÖ=ëáÖå~äëK=eÉêÉI=íÜÉ=ÑêÉèìÉåÅó=Ççã~áå=êÉéêÉëÉåí~íáçå=~åÇ=
ÑêÉèìÉåÅó=êÉëéçåëÉ=çÑ=~=ÑáäíÉê=áë=~=ÅÉåíê~ä=áëëìÉK=^=ëÉÅçåÇ=~ééêç~ÅÜ=íç=ÑáäíÉêáåÖ=í~âÉë=~=
ëí~íáëíáÅ=çê=ëíçÅÜ~ëíáÅ=îáÉïéçáåíK=få=íÜ~í=~ééêç~ÅÜI=~å=çéíáã~ä=ÑáäíÉê=áë=ëçìÖÜí=ïÜçëÉ=
çìíéìí=ïçìäÇ=ÅçãÉ=~ë=ÅäçëÉ=íç=íÜÉ=çêáÖáå~ä=ëáÖå~ä=~ë=éçëëáÄäÉI=Äó=ãáåáãáòáåÖ=ëçãÉ=
Éêêçê=çê=éÉêÑçêã~åÅÉ=ÅêáíÉêáçåI=çê=ã~ñáãáòáåÖ=íÜÉ=äáâÉäáÜççÇK=tÉää=âåçïå=Éñ~ãéäÉë=~êÉ=
íÜÉ=táÉåÉê=~åÇ=h~äã~å=ÑáäíÉêI=çÑ=ïÜáÅÜ=íÜÉ=ä~ííÉê=~ääçïë=Ñçê=íÜÉ=ÇáëíáåÅíáçå=ÄÉíïÉÉå=
ëóëíÉã=~åÇ=ãÉ~ëìêÉãÉåí=åçáëÉ=~åÇ=Å~å=~äëç=ÄÉ=ìëÉÇ=Ñçê=~Ç~éíáîÉ=ÑáäíÉêáåÖ=EëÉÉ=~äëç=
ëÉÅíáçå=OKOKOFK==

figure 2.5: Textbook by Ziemer et al., 
representative of the signal processing 
viewpoint.  
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2.1.5 Hydrologic applications and 
physical insight 

^ë=ÇáëÅìëëÉÇ=áå=íÜÉ=éêÉîáçìë=ëÉÅíáçåI=^ofj^J
íóéÉ=íáãÉ=ëÉêáÉë=~å~äóëáë=ãÉíÜçÇë=Ü~îÉ=ÄÉÉå=
~êçìåÇ=Ñçê=èìáíÉ=ëçãÉ=íáãÉ=åçïK=^äíÜçìÖÜ=áí=
íççâ=~=ïÜáäÉ=ÄÉÑçêÉ=íÜÉ=ãÉíÜçÇë=~åÇ=éêáåÅáéäÉë=
ïÉêÉ=éáÅâÉÇ=ìé=áå=íÜÉ=ÜóÇêçäçÖáÅ=ëÅáÉåÅÉëI=íÜáë=
ï~ë=~ãéäó=ÅçãéÉåë~íÉÇ=Äó=íÜÉ=éìÄäáÅ~íáçå=çÑ=
íÜÉ=ÅçãéêÉÜÉåëáîÉ=Äççâ=Äó=xeáéÉä=~åÇ=jÅiÉçÇI=
NVVQI=ÑáÖìêÉ=OKSzK=få=íÜáë=ÄççâI=åçí=çåäó=ëÉîÉê~ä=
~ééäáÅ~íáçåë=Å~å=ÄÉ=ÑçìåÇI=Äìí=~äëç=ÉñíÉåëáçåë=
íç=íÜÉ=^ofj^=ãçÇÉäë=çÑ=_çñ=~åÇ=gÉåâáåëK=eÉêÉI=
ëéÉÅáÑáÅ=ãçÇÉäë=~êÉ=éìÄäáëÜÉÇ=~åÇ=ÇáëÅìëëÉÇ=Ñçê=
ÇÉ~äáåÖ=ïáíÜ=ëÉîÉê~ä=~ëéÉÅíë=Åçããçåäó=ÑçìåÇ=
áå=ÜóÇêçäçÖáÅ=~åÇ=ÉåîáêçåãÉåí~ä=íáãÉ=ëÉêáÉëI=
äáâÉ=äçåÖ=ãÉãçêó=ëóëíÉãë=çê=éÉêáçÇáÅ=áåÑäìÉåÅÉëK=
få=íÜÉ=kÉíÜÉêä~åÇëI=íáãÉ=ëÉêáÉë=~å~äóëáë=ãÉíÜçÇë=
ïÉêÉ=~ÇçéíÉÇ=êÉä~íáîÉäó=É~êäó=~åÇ=ïÉêÉ=~ééäáÉÇ=
çå=~=êÉä~íáîÉäó=ä~êÖÉ=ëÅ~äÉI=ïáíÜ=~å=ÉãéÜ~ëáë=çå=
ÖêçìåÇï~íÉê=äÉîÉä=ëÉêáÉë=xÉKÖKI=s~å=dÉÉê=Éí=~äKI=
NVUUX=oçäÑI=NVUVX=dÉÜêÉäë=Éí=~äKI=NVVQX=s~å=ÇÉ=
säáÉí=Éí=~äKI=OMMMzK=jçêÉ=êÉÅÉåíäóI=~ííÉåíáçå=áë=
é~áÇ=íç=íÜÉ=Ñ~Åí=íÜ~í=íÜÉ=íê~åëÑÉê=ÑìåÅíáçå=çÑ=
íáãÉ=ëÉêáÉë=ãçÇÉäëI=ïÜáÅÜ=ÇÉëÅêáÄÉë=íÜÉ=êÉëéçåëÉ=çÑ=ëóëíÉãë=íÜêçìÖÜ=íáãÉI=ëÜçìäÇ=
Ü~îÉ=~=éÜóëáÅ~ä=Ä~ëáëI=~í=äÉ~ëí=ïÜÉå=~ééäáÉÇ=íç=éÜóëáÅ~ä=éÜÉåçãÉå~=äáâÉ=ÖêçìåÇï~íÉê=
äÉîÉä=ÑäìÅíì~íáçåë=EíÜáëI=ÜçïÉîÉêI=ï~ë=~äêÉ~Çó=çåÉ=çÑ=íÜÉ=éêçéçëáíáçåë=áå=xs~å=dÉÉêI=
NVUTzFK=få=íÜÉ=éêçÅÉëë=çÑ=áåÅçêéçê~íáåÖ=éÜóëáÅ~ä=áåëáÖÜí=áå=íÜÉ=ìëÉ=çÑ=íáãÉ=ëÉêáÉë=ãçÇÉäëI=
íÜÉ=ÑçääçïáåÖ=~ééêç~ÅÜÉë=Å~å=ÄÉ=ÇáëíáåÖìáëÜÉÇW=
=

• tÜÉå=~ééäóáåÖ=^oj^=ãçÇÉäëI=íÜÉ=ëçJÅ~ääÉÇ=ãçÇÉä=çêÇÉê=çê=åìãÄÉê=çÑ=
é~ê~ãÉíÉêë=áå=ÜÉí=ãçÇÉä=Ü~ë=íç=ÄÉ=ÇÉÑáåÉÇ=EëÉÉ=ëÉÅíáçå=OKOKNFK=^ë=~=Ñáêëí=
~ééêç~ÅÜI=ïÜáÅÜ=áë=Å~ääÉÇ=Ç~í~JÄ~ëÉÇ=ãÉÅÜ~åáëíáÅ=ãçÇÉäáåÖI=éÜóëáÅ~ä=
âåçïäÉÇÖÉ=áë=ìëÉÇ=íç=ëÉäÉÅí=íÜÉ=ÅçêêÉÅí=ãçÇÉä=çêÇÉê=ìëáåÖ=êÉëìäíë=Ñêçã=~=ëÉí=
çÑ=Å~åÇáÇ~íÉë=~=éçëíÉêáçêáK=eÉêÉI=ëÉäÉÅíáçå=áë=Ä~ëÉÇ=çå=íÜÉ=èìÉëíáçå=ïÜÉíÜÉê=
íÜÉ=êÉëìäíë=~åÇ=íê~åëÑÉê=ÑìåÅíáçåë=ÑçìåÇ=~êÉ=éä~ìëáÄäÉ=Ñêçã=~=éÜóëáÅ~äJ
ÜóÇêçäçÖáÅ=éÉêëéÉÅíáîÉ=çê=åçí=xvçìåÖ=~åÇ=_ÉîÉåI=NVVQX=vçìåÖI=NVVUX=mêáÅÉ=Éí=
~äKI=OMMMzK=^=ëáãéäÉ=Éñ~ãéäÉ=áë=éêÉÅáéáí~íáçåI=ïÜáÅÜ=çÑ=ÅçìêëÉ=ëÜçìäÇ=äÉ~Ç=íç=~=
êáëÉ=~åÇ=åçí=~=äçïÉêáåÖ=çÑ=íÜÉ=ï~íÉê=äÉîÉäK==

• ^=ëÉÅçåÇ=~ééêç~ÅÜ=áë=íÜÉ=êÉîÉêë~ä=çÑ=íÜáë=éêçÅÉëëK=eÉêÉI=íÜÉ=ãçÇÉä=çêÇÉê=áë=
ëÉäÉÅíÉÇ=~=éêáçêá=Ä~ëÉÇ=çå=~=éÜóëáÅ~äJÜóÇêçäçÖáÅ=~å~äóëáë=çÑ=íÜÉ=ëóëíÉãK=få=íÜÉáê=
é~éÉêI=xhåçííÉêë=~åÇ=_áÉêâÉåëI=OMMMz=ëÉäÉÅíÉÇ=íÜÉ=^oENF=ãçÇÉä=EïÜáÅÜ=áë=
Éèìáî~äÉåí=íç=~å=ÉñéçåÉåíá~ä=êÉëéçåëÉ=ÑìåÅíáçåF=Ñçê=ãçÇÉäáåÖ=ÖêçìåÇï~íÉê=
äÉîÉä=ëÉêáÉëI=Ä~ëÉÇ=çå=~å=~å~äóëáë=çÑ=íÜÉ=ÑìåÅíáçåáåÖ=çÑ=~=ëáãéäáÑáÉÇ=ëçáä=Åçäìãå=
EëÉÉ=~äëç=ëÉÅíáçå=OKPKRKNFK=

figure 2.6: Comprehensive textbook by 
Hipel and McLeod, devoted to hydrologic 
and environmental time series. 
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• ^ë=~=íÜáêÇ=~ééêç~ÅÜI=áå=íÜáë=íÜÉëáë=íÜÉ=ëí~íáëíáÅ~ääó=çêáÉåíÉÇ=^oj^=ãçÇÉä=
ëíêìÅíìêÉ=áë=~Ä~åÇçåÉÇ=~åÇ=êÉéä~ÅÉÇ=Äó=~=ãçÇÉä=ëíêìÅíìêÉ=áå=ïÜáÅÜ=
Åçåíáåìçìë=íáãÉ=êÉëéçåëÉ=ÑìåÅíáçåë=~êÉ=ìëÉÇ=EëÉÉ=ÅÜ~éíÉê=PFK=_ó=ÇçáåÖ=ëçI=
ãçêÉ=ÅçãéäÉñI=~å~äóíáÅ=ëçäìíáçåë=íç=ÖÉçÜóÇêçäçÖáÅ=éêçÄäÉãë=Å~å=ÄÉ=ìëÉÇ=~ë=
êÉëéçåëÉ=ÑìåÅíáçåK=qÜÉ=éÜóëáÅ~ä=ÑìåÅíáçåáåÖ=çÑ=~=ëóëíÉãI=áå=êÉëéçåëÉ=íç=~=
ëéÉÅáÑáÅ=ÉñÅáí~íáçåI=Å~å=áå=éêáåÅáéäÉ=íÜìë=ÄÉ=áãéçëÉÇ=çå=íÜÉ=ãçÇÉäK=få=íÜÉ=
ÅçãéìíÉê=éêçÖê~ã=jÉåó~åíÜÉë=EëÉÉ=ÅÜ~éíÉê=TFI=e~åíìëÜÛ=ïÉää=Ñçêãìä~=áë=Ñçê=
áåëí~åÅÉ=ìëÉÇ=Ñçê=ãçÇÉäáåÖ=íÜÉ=ÉÑÑÉÅíë=çÑ=éìãéáåÖ=EëÉÉ=ëÉÅíáçå=OKPKRKRFI=Äìí=
ãçêÉ=ÖÉåÉê~ä=ÇáëíêáÄìíáçå=ÑìåÅíáçåë=ã~ó=ÄÉ=ìëÉÇ=~äëç=EëÉÉ=ëÉÅíáçå=OKQKNFK==

=
_ÉÅ~ìëÉ=çÑ=íÜÉ=áåÅêÉ~ëáåÖ=éÜóëáÅ~ä=çêáÉåí~íáçåI=~äëç=áå=íÜÉ=ÜóÇêçäçÖáÅ=ëÅáÉåÅÉë=íÜÉ=
ÑçÅìë=íÜìë=ëÜáÑíë=Ñêçã=íáãÉ=ëÉêáÉë=~å~äóëáë=íç=ëóëíÉã=áÇÉåíáÑáÅ~íáçåI=çê=Ñêçã=~å~äóòáåÖ=
íÜÉ=ÅçêêÉä~íáçåë=áå=~åÇ=ÄÉíïÉÉå=íáãÉ=ëÉêáÉë=íç=áÇÉåíáÑóáåÖ=íÜÉ=âÉó=é~ê~ãÉíÉêë=áå=~=
ëóëíÉã=~åÇ=íÜÉ=ÉÑÑÉÅíë=çÑ=ÉñÅáí~íáçåë=áãéçëÉÇ=íç=áíK=qáãÉ=ëÉêáÉë=~å~äóëáëI=~ë=ëìÅÜI=íÜÉå=
ÄÉÅçãÉë=~=íççä=áå=íÜÉ=ãçêÉ=ÖÉåÉê~ä=~êÉ~=çÑ=ëóëíÉã=áÇÉåíáÑáÅ~íáçå=E~å~äçÖçìë=íç=íÜÉ=
ï~ó=áí=áë=éêÉëÉåíÉÇ=áå=ÉKÖKI=xaççÖÉI=NVTPzFK=få=íÜÉ=åÉñí=ëÉÅíáçåëI=Ñáêëí=íÜÉ=ëí~íáëíáÅ~ä=çê=
Ää~ÅâJÄçñ=îáÉïéçáåí=çå=íáãÉ=ëÉêáÉë=ãçÇÉäë=áë=íêÉ~íÉÇK=pÉÅçåÇI=íÜÉ=éÜóëáÅ~ä=îáÉïéçáåí=
~åÇ=êÉëéçåëÉ=çÑ=ëÉîÉê~ä=ÉäÉãÉåí~êó=ÖêçìåÇï~íÉê=ëóëíÉãë=~êÉ=ÇáëÅìëëÉÇK=qÜáêÇ=~=ÚãáñÛ=
ÄÉíïÉÉå=íÜÉëÉ=ïçêäÇë=áë=éêÉëÉåíÉÇI=ïÜáÅÜ=áåîçäîÉë=íÜÉ=ìëÉ=çÑ=EÇáëíêáÄìíáçåF=ÑìåÅíáçåë=
íÜ~í=Çç=åçí=Ü~îÉ=~å=~éé~êÉåí=éÜóëáÅ~ä=ãÉ~åáåÖ=çê=ïÜçëÉ=éÜóëáÅ~ä=ãÉ~åáåÖ=áë=êÉä~ñÉÇK==
=



_~ÅâÖêçìåÇ=~åÇ=íÜÉçêó=
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2.2 Statistical, ‘black box‘ viewpoint 

2.2.1 ARMA models as linear regression equation 

cêçã=~=ëí~íáëíáÅ~ä=îáÉïéçáåíI=~=íáãÉ=ëÉêáÉë=ãçÇÉä=Å~å=ÄÉ=êÉÖ~êÇÉÇ=~ë=~=î~êá~åí=çÑ=äáåÉ~ê=
êÉÖêÉëëáçåK=qÜÉ=Éèì~íáçå=ÇÉÑáåáåÖ=~=ëáãéäÉ=êÉÖêÉëëáçå=äáåÉ=Å~å=ÄÉ=ïêáííÉå=~ëW===
=

y x nω µ= + +   (2.1) 

=
ïÜÉêÉ=
y = W=çÄëÉêî~íáçåë=çÑ=íÜÉ=Éñéä~áåÉÇ=î~êá~ÄäÉ=EÉKÖKI=ÖêçìåÇï~íÉê=ÜÉ~ÇF=

x = W=çÄëÉêî~íáçåë=çÑ=íÜÉ=Éñéä~å~íçêó=î~êá~ÄäÉ=EÉKÖKI=êÉÅÜ~êÖÉF=
ω = W=é~ê~ãÉíÉê=ÇÉÑáåáåÖ=íÜÉ=ëäçéÉ=çÑ=íÜÉ=êÉÖêÉëëáçå=äáåÉ=
µ = W=é~ê~ãÉíÉê=ÇÉÑáåáåÖ=íÜÉ=áåíÉêÅÉéí=ïáíÜ=íÜÉ=óJ~ñáë=

n = W=Éêêçê=çê=êÉëáÇì~ä=íÉêã=
=
cçê=åçïI=ïÉ=ïáää=áÖåçêÉ=íÜÉ=êÉëáÇì~ä=íÉêãI=çå=ïÜáÅÜ=ïÉ=ïáää=Éä~Äçê~íÉ=áå=íÜÉ=åÉñí=
ëÉÅíáçåK=lÑ=ÅçìêëÉI=äáåÉ~ê=êÉÖêÉëëáçå=Å~å=ÄÉ=~ééäáÉÇ=íç=~ää=ëçêíë=çÑ=î~êá~ÄäÉëI=áåÅäìÇáåÖ=
íáãÉ=ëÉêáÉëK=få=íÜÉ=ä~ííÉê=Å~ëÉI=íÜÉ=~î~áä~ÄäÉ=çÄëÉêî~íáçåë=~êÉ=áåÇÉñÉÇ=ïáíÜ=íáãÉ= t xJzI=
ïÜáÅÜ=ÖáîÉë=íÜÉ=ÑçääçïáåÖ=Çóå~ãáÅ=êÉÖêÉëëáçå=Éèì~íáçåW=
=

t ty xω µ= +   (2.2) 

=
få=ã~åó=Çóå~ãáÅ=ëóëíÉãëI=ÜçïÉîÉêI=íÜÉ=
ÉÑÑÉÅí=çÑ=çåÉ=î~êá~ÄäÉ=çåíç=íÜÉ=çíÜÉê=áë=
åçí=Eçê=åçí=çåäóF=áåëí~åí~åÉçìëK=få=ëìÅÜ=
Å~ëÉëI=íÜÉ=ëóëíÉã=áë=ë~áÇ=íç=Ü~îÉ=~=
ãÉãçêóK=qÜÉ=êáëÉ=áå=ï~íÉê=äÉîÉä=áå=~å=
~êÄáíê~êó=ÜóÇêçäçÖáÅ=ëóëíÉã=Å~ìëÉÇ=Äó=~=
ê~áå=ëÜçïÉêI=Ñçê=áåëí~åÅÉI=ïáää=åçí=
Çáë~ééÉ~ê=áããÉÇá~íÉäó=ïÜÉå=íÜÉ=ê~áå=
ëíçéëK=`çåëÉèìÉåíäó=~åÇ=îáÅÉ=îÉêë~I=íÜÉ=
ÅìêêÉåí=ï~íÉê=äÉîÉä=áå=ÜóÇêçäçÖáÅ=ëóëíÉãë=
áë=~=ÑìåÅíáçå=çÑ=éêÉëÉåí=•åÇ=éêÉîáçìë=
ê~áåÑ~ää=ÉîÉåíëK=j~íÜÉã~íáÅ~ääóI=íÜÉ=
ÉÑÑÉÅíë=çÑ=éêÉîáçìë=ëí~íÉë=çÑ=íÜÉ=
Éñéä~å~íçêó=î~êá~ÄäÉ=Å~å=ÄÉ=ëáãéäó=~ÇÇÉÇ=
íç=íÜÉ=êÉÖêÉëëáçå=Éèì~íáçå=áå=íÜÉ=
ÑçääçïáåÖ=ã~ååÉêW=
=

0 1 1.....t t t ns t nsy x x xω ω ω µ− −= + + +   (2.3) 

=

qÜÉ=é~ê~ãÉíÉêë= nsω ~êÉ=âåçïå=~ë=ãçîáåÖ=~îÉê~ÖÉ=Ej^F=é~ê~ãÉíÉêë=E~ë=EOKPF=

êÉëÉãÄäÉë=íÜÉ=Å~äÅìä~íáçå=çÑ=~=ïÉáÖÜíÉÇ=ãçîáåÖ=~îÉê~ÖÉ=çÑ= x FI=~åÇ=íÜÉ=êÉëìäíáåÖ=
ãçÇÉä=áë=ë~áÇ=íç=Ü~îÉ=çêÇÉê=j^E ns FK=fÑ=ïÉ=éäçí=ω =îÉêëìë= ns =EÑáÖìêÉ=OKTFI=íÜÉ=êÉëìäí=

0
w

1
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2
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3
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w

1 2 3 40

t
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figure 2.7: Transfer function of a hypothetical 
MA(4) system. 



`Ü~éíÉê=O=

..…………………………………………………………………………………………….…. 

=
== PQ=

ëÜçïë=ïÜ~í=áë=âåçïå=~ë=íÜÉ=íê~åëÑÉê=çê=áãéìäëÉ=êÉëéçåëÉ=ÑìåÅíáçå=çÑ=íÜÉ=ëóëíÉã=

ìåÇÉê=ÅçåëáÇÉê~íáçåI=ïÜáÅÜ=ïÉ=ÇÉåçíÉ=Äó= tΘ =K=qÜÉ=å~ãÉ=áãéìäëÉ=êÉëéçåëÉ=ÑìåÅíáçå=

ëíÉãë=Ñêçã=íÜÉ=Ñ~Åí=íÜ~íI=~ÑíÉê=~=ëçäÉ=ÚáãéìäëÉÛ=çÑ=ìåáí=î~äìÉ=çÑ= x ~í=íáãÉ= t I= y ïáää=

êÉëéçåÇ=ïáíÜ=íÜÉ=ëìÄëÉèìÉåí=î~äìÉë=çÑ=ω =áÑ=ïÉ=ãçîÉ=ÑçêíÜ=áå=íáãÉK==mäÉ~ëÉ=åçíÉI=

ÜçïÉîÉêI=íÜ~í=ïÜ~í=áë=í~âÉå=íç=ÄÉ=~å=áãéìäëÉ=çÑ= tx áå=ÇáëÅêÉíÉJíáãÉ=åçí~íáçåI=çÑíÉå=áë=~=

ã~íÜÉã~íáÅ~ä=~Äëíê~Åíáçå=çÑ=Åçåíáåìçìë=íáãÉ=êÉ~äáíó=áå=ïÜáÅÜ= tx áë=éÉêÜ~éë=~=ë~ãéäÉI=

íáãÉ=~îÉê~ÖÉ=çê=ëìã=çÑ= ( )x t K=_ÉÅ~ìëÉ=çÑ=íÜ~íI=ïÉ=ïáää=~îçáÇ=íÜÉ=íÉêã=ÚáãéìäëÉ=

êÉëéçåëÉÛ=ïÜÉå=ÇáëÅìëëáåÖ=ÇáëÅêÉíÉJíáãÉ=ã~íÜÉã~íáÅë=~åÇ=ìëÉ=Úíê~åëÑÉê=ÑìåÅíáçåÛ=áå=
ëíÉ~ÇK=få=íÜÉçêóI=íÜÉ=åìãÄÉê=çÑ=ëíÉéë= ns =ïáíÜ=ïÜáÅÜ=ïÉ=Å~å=äççâ=Ä~Åâ=áå=íáãÉ=áå=íÜáë=
ï~ó=ã~ó=ÄÉ=áåÑáåáíÉK=få=éê~ÅíáÅÉI=ÜçïÉîÉêI=ïÉ=Å~ååçí=ÇÉÇìÅÉ=~å=áåÑáåáíÉ=åìãÄÉê=çÑ=
é~ê~ãÉíÉêë=Ñêçã=~=ÑáåáíÉ=Ç~í~=ëÉíK=qÜÉêÉÑçêÉI=ÉëéÉÅá~ääó=ïÜÉå=íÜÉ=íáãÉ=ëíÉéë=~êÉ=ëã~ää=
~ë=Åçãé~êÉÇ=íç=íÜÉ=êÉëéçåëÉ=íáãÉ=çÑ=íÜÉ=ëóëíÉãI=íÜÉ=ÇáêÉÅí=ìëÉ=çÑ=Éèì~íáçå=EOKPF=~ë=~=
êÉÖêÉëëáçå=ãçÇÉä=Ü~ë=éê~ÅíáÅ~ä=äáãáí~íáçåëK==
=
^=ëÉÅçåÇ=çéíáçå=Ñçê=ÇÉ~äáåÖ=ïáíÜ=ãÉãçêó=áë=íç=ãçÇÉä=~=î~êá~ÄäÉ=~ë=~=ÑìåÅíáçå=çÑ=áíë=
î~äìÉ=~í=~=éêÉîáçìë=íáãÉ=ëíÉéI=áå=íÜÉ=ÑçääçïáåÖ=ã~ååÉêW=
=

1( )t t ty y xµ δ µ ω−− = − +   (2.4) 

=

eÉêÉI=δ áë=âåçïå=~ë=~å=~ìíçêÉÖêÉëëáîÉ=E^oF=é~ê~ãÉíÉêI=~åÇ=íÜÉ=ãçÇÉä=áë=êÉÑÉêêÉÇ=íç=~ë=
Ü~îáåÖ=çêÇÉê=^oENFK=fÑ=ïÉ=äççâ=~í=íÜÉ=íê~åëÑÉê=ÑìåÅíáçå=çÑ=ëìÅÜ=~=ëóëíÉã=EÑáÖìêÉ=OKUFI=
ïÉ=ÑáåÇ=íÜ~í=áí=ëÜçïë=ÉñéçåÉåíá~ä=ÇÉÅ~óI=ÖáîÉå=ÄóW=
=

t
t ωδ=Θ   (2.5) 

=
^äëç=ÜÉêÉI=ïÉ=Å~å=ÅÜççëÉ=íç=äççâ=ÑìêíÜÉê=
Ä~Åâ=áå=íáãÉ=~åÇ=~ÇÇ=ãçêÉ=^o=íÉêãë=íç=
Éèì~íáçå=EOKQFK=_ó=ÇçáåÖ=ëçI=íÜÉ=íê~åëÑÉê=
ÑìåÅíáçå=ïáää=í~âÉ=íÜÉ=ëÜ~éÉ=çÑ=~=ãáñíìêÉ=
çÑ=ÉñéçåÉåíá~äë=EëÉÉ=ëÉÅíáçå=OKPKNFK=
pìãã~êáòáåÖI=~=äáãáí~íáçå=çÑ=ìëáåÖ=j^=
íÉêãë=áå=Çóå~ãáÅ=êÉÖêÉëëáçå=Éèì~íáçåë=áë=
íÜÉ=Ñ~Åí=íÜ~í=íÜÉó=Å~å=çåäó=ãçÇÉä=íÜÉ=
êÉëéçåëÉ=çÑ=~=ëóëíÉã=Ñçê=~=äáãáíÉÇ=éÉêáçÇ=
Ä~Åâ=áå=íáãÉK=^å=~Çî~åí~ÖÉ=çÑ=j^=
é~ê~ãÉíÉêë=áë=íÜ~í=íÜÉó=Å~å=í~âÉ=çå=~åó=
î~äìÉI=ëç=íÜÉ=ëÜ~éÉ=çÑ=íÜÉ=íê~åëÑÉê=
ÑìåÅíáçå=áë=ÑêÉÉ=áå=íÜÉ=j^=é~êíK=^=
äáãáí~íáçå=çÑ=ìëáåÖ=^o=íÉêãëI=çå=íÜÉ=
çíÜÉê=Ü~åÇI=äáÉë=áå=íÜÉ=Ñ~Åí=íÜ~í=íÜÉó=äáãáí=
íÜÉ=ëÜ~éÉ=çÑ=íÜÉ=íê~åëÑÉê=ÑìåÅíáçå=íç=çåÉ=çê=ãçêÉ=ÉñéçåÉåíá~äëK=^=äçÖáÅ~ä=ëçäìíáçå=íç=
íÜáë=éêçÄäÉã=áë=íç=ìëÉ=ÄçíÜ=^o=~åÇ=j^=íÉêãë=áå=çåÉ=ãçÇÉäI=ïÜáÅÜ=êÉëìäíë=áå=íÜÉ=

ÖÉåÉê~ä=Éèì~íáçå=çÑ=~=íê~åëÑÉê=ÑìåÅíáçå=ãçÇÉä=çÑ=çêÇÉê= ( , )nr ns W==
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figure 2.8: Transfer function of a hypothetical 
AR(1) system. 
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=
== PR=

1 1 0 1 1( ) ... ( ) ...t t nr t nr t t ns t nsy y y x x xµ δ µ δ µ ω ω ω− − − −− − − − − − = + + +  (2.6) 

=

tÜÉå=ïÉ=áåíêçÇìÅÉ=íÜÉ=Ä~Åâï~êÇ=ëÜáÑí=çéÉê~íçê= B I=ÇÉÑáåÉÇ=ÄóW=
=

Bb
t t by y −=   (2.7) 

=
~åÇ=~ìíçêÉÖêÉëëáîÉ=~åÇ=ãçîáåÖ=~îÉê~ÖÉ=çéÉê~íçêë=çÑ=çêÇÉê= nr ~åÇ= ns I=ÇÉÑáåÉÇ=
êÉëéÉÅíáîÉäó=ÄóW=
=

2
1 2

2
1 2

(B) 1 B B ... B

(B) 1 B B ... B

nr
nr

ns
ns

δ δ δ δ

ω ω ω ω

 = − − − −


= + + + +
 (2.8) 

=
Éèì~íáçå=EOKSF=Å~å=ÄÉ=ïêáííÉå=ãçêÉ=ÉÅçåçãáÅ~ääó=~ëW=
=

(B) (B)t ty xδ ω=�   (2.9) 

=
çêW==
=

1(B) (B)t ty xδ ω−=�  (2.10) 

=

ïÜÉêÉ= ty� =~êÉ=ÇÉîá~íÉë=çÑ= ty =Ñêçã µ I=

~åÇ==
=

1(B) (B) (B)δ ω−=Θ  (2.11) 

=
áë=íÜÉ=íê~åëÑÉê=ÑìåÅíáçåK=tÜÉå=~=ëóëíÉã=
Ü~ë=~=ÇÉä~óÉÇ=êÉëéçåëÉI=çê=ÇÉ~Ç=íáãÉ=çÑ=

Çìê~íáçå= b I=íÜÉ=íê~åëÑÉê=ÑìåÅíáçå=
ÄÉÅçãÉëW=
=

1(B) (B) (B)Bbδ ω−=Θ  (2.12) 

=
^äíÉêå~íáîÉäóI=EOKNMF=ã~ó=ÄÉ=ïêáííÉå=~ë=~=ëçJÅ~ääÉÇ=ÇáëÅêÉíÉ=Åçåîçäìíáçå=éêçÇìÅí=EëÉÉ=
~äëç=ëÉÅíáçå=OKPKOFW=
=

0

(B) ( )
t

t t i i i t i t t

i i

y x x x x
∞

− −
=−∞ =

= ≡ ≡ ≡ ∗∑ ∑Θ Θ Θ Θ�  (2.13) 

=

ïÜÉêÉ= tΘ =áë=íÜÉ=íê~åëÑÉê=ÑìåÅíáçå=EÑáÖìêÉ=OKVFK=^oj^=íê~åëÑÉê=ÑìåÅíáçå=ãçÇÉäë=Å~å=

ëÉêîÉ=~ë=ÅäçëÉ=~ééêçñáã~íáçåë=Ñçê=ã~åó=èìáíÉ=ÅçãéäáÅ~íÉÇ=Çóå~ãáÅ=ëóëíÉãëK=^é~êí=
Ñêçã=íÜÉ=^oj^=ëíêìÅíìêÉI=ÜçïÉîÉêI=íïç=Ä~ëáÅ=~ëëìãéíáçåë=~êÉ=ã~ÇÉK=qÜÉ=Ñáêëí=áë=íÜÉ=

delay free (MA) part exponential (AR) part

1 2 3 40

t
5 6

tQ

=

figure 2.9: Transfer function of a hypothetical 
ARMA(1,2) system with delay 1. 
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=
== PS=

Ñ~Åí=íÜ~í=íê~åëÑÉê=ÑìåÅíáçå=ãçÇÉäë=~ëëìãÉ=íÜ~í=íÜÉ=ëóëíÉã=áë=äáåÉ~êI=çê=Å~å=ÄÉ=
äáåÉ~êáòÉÇK=få=ëÜçêíI=íÜáë=áãéäáÉë=íÜ~í=íÜÉ=ÉÑÑÉÅíë=çÑ=~ää=éìäëÉë=~åÇ=Éñéä~å~íçêó=î~êá~ÄäÉë=
Å~å=ÄÉ=~ÇÇÉÇI=êÉÖ~êÇäÉëë=çÑ=íÜÉ=ëí~íÉ=çÑ=íÜÉ=Éñéä~áåÉÇ=î~êá~ÄäÉK=pÉÅçåÇI=íÜÉ=ãçÇÉä=
~ëëìãÉë=íÜÉ=íê~åëÑÉê=ÑìåÅíáçå=íç=ÄÉ=íáãÉJáåî~êá~åí=çê=êÉã~áå=Åçåëí~åí=çîÉê=íáãÉK==

2.2.2 Effects of noise and noise model 

fÑ=ïÉ=äççâ=~í=íÜÉ=êÉ~ä=ïçêäÇI=íÜÉêÉ=~êÉ=ëÉîÉê~ä=êÉ~ëçåë=ïÜó=ã~íÜÉã~íáÅ=Éèì~íáçåë=ïáää=
åÉîÉê=ÄÉ=~ÄäÉ=íç=ã~íÅÜ=çÄëÉêî~íáçåë=Ñêçã=Çóå~ãáÅ=ëóëíÉãë=Éñ~ÅíäóK=lÄëÉêî~íáçåë=~êÉ=
ÄçìåÇ=íç=ÄÉ=~ÑÑÉÅíÉÇ=Äó=åçáëÉI=áÑ=çåäó=ÄÉÅ~ìëÉ=çÑ=Éêêçêë=~åÇ=ìåÅÉêí~áåíáÉë=áå=íÜÉ=
ãÉ~ëìêÉãÉåí=éêçÅÉëëK=låÉ=çÑ=íÜÉ=ã~áå=éêçÄäÉãë=áå=ëáÖå~ä=éêçÅÉëëáåÖ=çê=ëóëíÉã=
áÇÉåíáÑáÅ~íáçå=áë=íç=ëÉé~ê~íÉ=íÜÉ=ëáÖå~ä=çê=ìëÉÑìä=áåÑçêã~íáçå=Ñêçã=íÜÉ=åçáëÉ=çê=
ÇáëíìêÄ~åÅÉë=áå=~=ÖáîÉå=íáãÉ=ëÉêáÉëK=tÜÉå=ÅêÉ~íáåÖ=~=ãçÇÉä=çÑ=~=Çóå~ãáÅ=ëóëíÉãI=
éçëëáÄäÉ=ëçìêÅÉë=çÑ=åçáëÉI=É~ÅÜ=ïáíÜ=~=ÇáÑÑÉêÉåí=ÅÜ~ê~ÅíÉê=~åÇ=ÉÑÑÉÅíI=~êÉ=áå=ÖÉåÉê~ä=
EÑáÖìêÉ=OKNMFW=
=

• bêêçêë=áå=áåéìí=ãÉ~ëìêÉãÉåíë=

• bêêçêë=áå=ãçÇÉä=ÅçåÅÉéí=çê=é~ê~ãÉíÉêë=

• råâåçïå=ëóëíÉã=ÇáëíìêÄ~åÅÉë=

• bêêçêë=áå=çìíéìí=ãÉ~ëìêÉãÉåíë=
=
få=ãçÇÉä=íÉêãëI=íÜÉ=çìíéìí=çÑ=íÜÉ=EÇÉíÉêãáåáëíáÅ=é~êí=çÑ=íÜÉF=Éèì~íáçåë=áë=Å~ääÉÇ=íÜÉ=
ãçÇÉä=éêÉÇáÅíáçåK=qÜÉ=ÇáÑÑÉêÉåÅÉë=ÄÉíïÉÉå=ãçÇÉä=éêÉÇáÅíáçåë=~åÇ=íÜÉ=çÄëÉêîÉÇ=
çìíéìí=Ñçêã=~=íáãÉ=ëÉêáÉë=çÑ=íÜÉáê=çïåI=Å~ääÉÇ=íÜÉ=ÚêÉëáÇì~äëÛK=få=ÖÉåÉê~äI=~=êÉëáÇì~ä=
ëÉêáÉë=Å~ååçí=ëáãéäó=ÄÉ=ãçÇÉäÉÇ=çê=í~âÉå=íç=ÄÉ=~=ëÉí=çÑ=áåÇÉéÉåÇÉåí=d~ìëëá~å=
ÇÉîá~íÉëK=póëíÉã=ÇáëíìêÄ~åÅÉëI=ãçÇÉä=Éêêçêë=~åÇ=Éêêçêë=áå=íÜÉ=áåéìí=ïáääI=àìëí=~ë=íÜÉ=
áåéìí=áíëÉäÑI=Ü~îÉ=~å=ÉÑÑÉÅí=íÜ~í=áë=åçí=çê=åçí=çåäó=áåëí~åí~åÉçìëK=_ÉÅ~ìëÉ=ÉÑÑÉÅíë=äáåÖÉê=
çåI=íÜÉ=î~äìÉ=çÑ=~=ãçÇÉä=êÉëáÇì~ä=~í=~=ÅÉêí~áå=éçáåí=áå=íáãÉ=ïáää=ÄÉ=ÅçêêÉä~íÉÇ=ïáíÜ=áíë=
î~äìÉ=~í=éêÉîáçìë=íáãÉëK=qÜáë=éÜÉåçãÉåçå=áë=Å~ääÉÇ=~ìíçÅçêêÉä~íáçåK=^ìíçÅçêêÉä~íáçå=
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figure 2.10: Sources and effects of noise in models of (linear, open) systems. 

=
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=
== PT=

Å~ìëÉë=áåÇáîáÇì~ä=êÉëáÇì~äë=íç=ÄÉ=ÅçäçêÉÇ=çê=Ü~îÉ=~=äÉëëÉêI=åçåJìåáèìÉ=áåÑçêã~íáçå=
ÅçåíÉåíI=ÇÉéÉåÇáåÖ=çå=íÜÉ=çÄëÉêî~íáçå=ÑêÉèìÉåÅó=~åÇ=íÜÉ=êÉëéçåëÉ=íáãÉ=çÑ=íÜÉ=
ëóëíÉãK=fÑ=áí=áë=åçí=éêçéÉêäó=í~âÉå=áåíç=~ÅÅçìåíI=áí=Å~ìëÉë=é~ê~ãÉíÉê=Éëíáã~íáçå=
~äÖçêáíÜãë=íç=ÄÉ=áåÉÑÑáÅáÉåí=~åÇ=íÜÉ=é~ê~ãÉíÉê=Åçî~êá~åÅÉ=ã~íêáñ=íç=ÄÉ=
ìåÇÉêÉëíáã~íÉÇK=
=
qÜÉ=Ñ~Åí=íÜ~í=íÜÉ=êÉëéçåëÉ=çÑ=~=ëóëíÉã=áåíêçÇìÅÉë=~ìíçÅçêêÉä~íáçå=ÅêÉ~íÉë=íÜÉ=
éçëëáÄáäáíó=çÑ=êÉÖ~êÇáåÖ=íÜÉ=êÉëáÇì~ä=ëÉêáÉë=~ë=íÜÉ=çìíÅçãÉ=çÑ=~=ëíçÅÜ~ëíáÅ=éêçÅÉëëK=
_ÉÅ~ìëÉ=íÜÉ=~ìíçÅçêêÉä~íáçå=áë=~ÅÅçìåíÉÇ=Ñçê=Äó=íÜÉ=EëíçÅÜ~ëíáÅ=é~êí=çÑ=íÜÉF=ëóëíÉãI=
íÜÉ=ëíçÅÜ~ëíáÅ=áåéìí=ÚÅ~ìëáåÖÛ=íÜÉ=êÉëáÇì~äë=Å~å=ÄÉ=ãçÇÉäÉÇ=~ë=ìåÅçêêÉä~íÉÇ=çê=ïÜáíÉ=
åçáëÉ=EÑáÖìêÉ=OKNNFK=qÜÉ=åçáëÉ=ãçÇÉä=ìëÉÇ=áå=íê~Çáíáçå~ä=íê~åëÑÉê=ÑìåÅíáçåJåçáëÉ=EqckF=
ãçÇÉäë=Ñçääçïë=íÜáë=ÅçåÅÉéíK=bñéäáÅáí=ãçÇÉäáåÖ=çÑ=íÜÉ=ÄÉÜ~îáçê=çÑ=ãçÇÉä=êÉëáÇì~äë=Å~å=
Ü~îÉ=ëÉîÉê~ä=éìêéçëÉëW==
=

• cáêëíI=ïÜÉå=~=åçáëÉ=ãçÇÉä=áë=ÑáííÉÇ=íç=íÜÉ=êÉëáÇì~äëI=áí=Å~å=ÄÉ=ìëÉÇ=Ñçê=
ëíçÅÜ~ëíáÅ=ëáãìä~íáçåK=qÜáë=áë=ÉëéÉÅá~ääó=ìëÉÑìä=áå=Å~ëÉ=çåÉ=áë=áåíÉêÉëíÉÇ=áå=íÜÉ=
éêçÄ~Äáäáíó=çÑ=ÉñíêÉãÉëI=~ë=ëìÅÜ=éêçÄ~ÄáäáíáÉë=~êÉ=ìåÇÉêÉëíáã~íÉÇ=ïÜÉå=çåäó=
íÜÉ=ÇÉíÉêãáåáëíáÅ=ãçÇÉä=áë=ìëÉÇ=xÉKÖKI=håçííÉêë=~åÇ=s~å=t~äëìãI=NVVTzFK==

• pÉÅçåÇI=ÄÉÅ~ìëÉ=çÑ=íÜÉ=~ìíçÅçêêÉä~íáçå=áå=íÜÉ=ëáÖå~äI=íÜÉ=åçáëÉ=ãçÇÉä=Å~å=
~äëç=ÄÉ=ìëÉÇ=íç=óáÉäÇ=éêÉÇáÅíáçåë=çÑ=íÜÉ=êÉëáÇì~äë=~í=ìåçÄëÉêîÉÇ=íáãÉ=ëíÉéëI=
ÉáíÜÉê=Ñçê=ëãççíÜáåÖI=ÑçêÉÅ~ëíáåÖ=çê=ìéÇ~íáåÖ=éìêéçëÉëK=pìÅÜ=~ééäáÅ~íáçåë=~êÉ=
ïáÇÉäó=ìëÉÇ=áå=íÜÉ=ãÉíÉçêçäçÖáÅ=ëÅáÉåÅÉë=~åÇ=~êÉ=çÑíÉå=êÉÑÉêêÉÇ=íç=~ë=Ç~í~=
~ëëáãáä~íáçå=xjÅi~ìÖÜäáåI=NVVRX=h~äå~óI=OMMOzK=qÜÉó=ã~âÉ=çéíáã~ä=ìëÉ=çÑ=
ÄçíÜ=ãçÇÉä=éêÉÇáÅíáçå=~åÇ=çÄëÉêî~íáçåë=~åÇ=Å~å=ëáÖåáÑáÅ~åíäó=áãéêçîÉ=íÜÉ=
~ÅÅìê~Åó=çÑ=íÜÉ=éêÉÇáÅíáçåë=çÑ=íÜÉ=ÅçãÄáåÉÇ=ãçÇÉäK==

• qÜáêÇI=ÅçêêÉä~íáçåë=ÄÉíïÉÉå=íÜÉ=áåéìíI=éêÉÇáÅíÉÇ=çìíéìí=~åÇ=íÜÉ=êÉëáÇì~ä=
ëÉêáÉë=Ü~ãéÉê=~å=áåÇÉéÉåÇÉåí=Éëíáã~íÉ=çÑ=íÜÉ=ãçÇÉä=é~ê~ãÉíÉêëI=ïÜÉêÉ~ë=
~ìíçÅçêêÉä~íáçå=áå=íÜÉ=êÉëáÇì~äë=Å~ìëÉë=íÜÉ=î~êá~åÅÉ=çÑ=íÜÉ=é~ê~ãÉíÉêë=íç=ÄÉ=
ìåÇÉêÉëíáã~íÉÇK=ÚtÜáíÉåáåÖÛ=çÑ=íÜÉ=êÉëáÇì~äë=ïáíÜ=~=åçáëÉ=ãçÇÉä=Å~å=íÜìë=
áãéêçîÉ=Éëíáã~íÉë=çÑ=íÜÉ=é~ê~ãÉíÉêë=çÑ=íê~åëÑÉê=~åÇ=çíÜÉê=ÇÉíÉêãáåáëíáÅ=
ãçÇÉäë=~åÇ=íÜÉáê=Åçî~êá~åÅÉ=x_êóëçå=~åÇ=eÉåêáâëçåI=NVSRX=qÉ=píêçÉíI=NVVRzK=

=
få=íÜÉ=^oj^JíóéÉ=qck=ãçÇÉäë=~ë=áåíêçÇìÅÉÇ=Äó=x_çñ=~åÇ=gÉåâáåëI=NVTMzI=íÜÉ=ëçìêÅÉë=
íÜ~í=ÅçåíêáÄìíÉ=íç=íÜÉ=åçáëÉ=áå=çÄëÉêî~íáçåë=çÑ=íÜÉ=Éñéä~áåÉÇ=î~êá~ÄäÉ=~êÉ=ãçÇÉäÉÇ=
íçÖÉíÜÉê=~ë=~=ëáåÖäÉ=^oj^=éêçÅÉëëK=fÑ=íÜÉ=êÉëéçåëÉ=çÑ=íÜÉ=ëóëíÉã=íç=åçáëÉ=áë=~ëëìãÉÇ=
íç=ÄÉ=íÜÉ=ë~ãÉ=~ë=íÜÉ=ÇÉíÉêãáåáëíáÅ=êÉëéçåëÉ=EÉKÖKI=ëáíì~íáçåë=ïÜÉêÉ=íÜÉ=ÉÑÑÉÅí=çÑ=
Éêêçêë=áå=íÜÉ=áåéìí=ëÉêáÉë=~êÉ=Ççãáå~åíF=Éèì~íáçå=EOKNMF=ÄÉÅçãÉëW=
=

1(B) (B)( )t t ty x aδ ω−= +�   (2.14) 

=

ïÜÉêÉ= ta áë=ïÜáíÉ=çê=ìåÅçêêÉä~íÉÇ=åçáëÉ=ïÜáÅÜ=áë=~ëëìãÉÇ=íç=ÄÉ=åçêã~ääó=

áåÇÉéÉåÇÉåíäó=ÇáëíêáÄìíÉÇ=ïáíÜ=ãÉ~å=òÉêç=~åÇ=î~êá~åÅÉ
2
aσ I=~ÄÄêÉîá~íÉÇ=~ë=kfaE=MI

2
aσ FK=

pÉîÉê~ä=íÉëíëI=ÜçïÉîÉêI=~êÉ=~î~áä~ÄäÉ=~åÇ=êÉÅçããÉåÇÉÇ=Ñçê=íÉëíáåÖ=áÑ=íÜÉëÉ=
~ëëìãéíáçåë=ÜçäÇK=bèì~íáçå=EOKNQF=áë=âåçïå=~ë=~å=^oj^u=ãçÇÉä=E^oj^=ãçÇÉä=ïáíÜ=
ÉuçÖÉåçìë=î~êá~ÄäÉFK=fÑ=ÜçïÉîÉêI=íÜÉ=êÉëéçåëÉ=íç=åçáëÉ=áë=ÇáÑÑÉêÉåíI=~åÇ=íÜÉêÉ=áë=~äëç=~=
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=
== PU=

ÇÉä~óI=ïÉ=~êêáîÉ=~í=íÜÉ=ÖÉåÉê~ä=Éèì~íáçå=çÑ=~=ÅçãÄáåÉÇ=íê~åëÑÉê=ÑìåÅíáçå=~åÇ=åçáëÉ=
ãçÇÉäW=
=

1 1(B) (B)B (B) (B)b
t t ty x aδ ω ϕ θ− −= +�  (2.15) 

=

ïÜÉêÉ= (B)ϕ =~åÇ= ( )Bθ =~êÉ=íÜÉ=~ìíçêÉÖêÉëëáîÉ=~åÇ=ãçîáåÖ=~îÉê~ÖÉ=çéÉê~íçêë=Ñçê=íÜÉ=

åçáëÉ=éêçÅÉëëI=ïáíÜ=çêÇÉêë= np =~åÇ= nq =êÉëéÉÅíáîÉäóK=^=ãçêÉ=ÖÉåÉê~ä=ëçäìíáçå=íç=íÜáë=

éêçÄäÉã=áë=éêçîáÇÉÇ=Äó=íÜÉ=ëç=Å~ääÉÇ=h~äã~å=ÑáäíÉê=xh~äã~åI=NVSMzK=qÜÉ=h~äã~å=ÑáäíÉê=
~ääçïë=Ñçê=íÜÉ=ÇáëíáåÅíáçå=ÄÉíïÉÉå=ëóëíÉã=çê=ÅçêêÉä~íÉÇ=~åÇ=ãÉ~ëìêÉãÉåí=çê=
ìåÅçêêÉä~íÉÇ=åçáëÉI=~åÇ=Å~å=ÉîÉå=ÄÉ=ìëÉÇ=Ñçê=ïÜ~í=áë=Å~ääÉÇ=~Ç~éíáîÉ=ÑáäíÉêáåÖI=ïÜÉå=
íÜÉ=ëóëíÉã=é~ê~ãÉíÉêë=~êÉ=~ääçïÉÇ=íç=ÅÜ~åÖÉ=çîÉê=íáãÉK=^oj^JíóéÉ=íê~åëÑÉê=
ÑìåÅíáçåë=~åÇ=åçáëÉ=ãçÇÉäë=Å~å=ÄÉ=ÉãÄÉÇÇÉÇ=áå=~=h~äã~åJÑáäíÉê=xÉKÖKI==_áÉêâÉåë=Éí=~äKI=
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figure 2.11: Scheme of a combined single input, transfer function-noise model. 
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figure 2.12: Iterative model identification 
procedure as proposed by Box and Jenkins. 
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2.3 Physical, ‘white box’ viewpoint 

2.3.1 AR models as linear reservoir system 
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figure 2.13: Series of coupled, linear reservoirs 
according to [Box and Jenkins, 1970]. 
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=
^=ëÉÅçåÇ=çêÇÉê=íÉãéçê~ä=ÇáÑÑÉêÉåíá~ä=Éèì~íáçå=äáâÉ=EOKOMF=Å~å=ÄÉ=ïêáííÉå=~ë=~=íÉãéçê~ä=
ÇáÑÑÉêÉåÅÉ=Éèì~íáçå=áå=ÇáëÅêÉíÉ=íáãÉI=~åÇ=áå=íìêå=~ë=~å=^oEOF=ãçÇÉäK=pÉÉ=x_çñ=~åÇ=
gÉåâáåëI=NVTMI=é~ÖÉ=PQPz=Ñçê=ÇÉí~áäë=áå=íÜáë=êÉëéÉÅíK=mäÉ~ëÉ=åçíÉI=ÜçïÉîÉêI=íÜ~í=íÜÉ=
ëÉÅçåÇ=íÉêã=çå=íÜÉ=êáÖÜí=ëáÇÉ=çÑ=Éèì~íáçå=EOKNTF=áë=ÑçêÖçííÉå=Äó=_çñ=~åÇ=gÉåâáåëI=
ïÜÉå=íÜÉó=í~âÉ=íÜÉ=ëíÉé=çÑ=ÇÉêáîáåÖ=íÜÉáê=ëÉÅçåÇ=çêÇÉê=íÉãéçê~ä=ÇáÑÑÉêÉåíá~ä=Éèì~íáçåK=
qÜÉó=éä~ÅÉ=íÜÉ=ÇáÑÑÉêÉåíá~ä=Éèì~íáçå=çÑ=íÜÉ=íÜáêÇ=êÉëÉêîçáê=áå=íÜ~í=çÑ=~=íïç=êÉëÉêîçáê=
ëóëíÉãI=êÉëìäíáåÖ=áå=Éèì~íáçåë=ïáíÜ=ÉêêçåÉçìë=ÅçÉÑÑáÅáÉåíë=çåï~êÇëK==
=



`Ü~éíÉê=O=

..…………………………………………………………………………………………….…. 

=
== QO=

bèì~íáçå=EOKOMF=Å~å=ÄÉ=ëçäîÉÇ=Äó=~ééäóáåÖ=~=i~éä~ÅÉ=íê~åëÑçêãI=ìåÇÉê=áåáíá~ä=ÅçåÇáíáçå=

2 (0) 0y = K=eçïÉîÉêI=ÉëéÉÅá~ääó=Ñçê=ÜáÖÜÉê=çêÇÉê=ëóëíÉãëI=ã~íêáñ=ÇáÑÑÉêÉåíá~ä=Å~äÅìäìë=áë=

ãçêÉ=ÅçåîÉåáÉåíK=tÉ=ã~ó=ÅçãÄáåÉ=Éèì~íáçåë=EOKNTF=~åÇ=EOKNUF=áå=çåÉ=ã~íêáñ=
Éèì~íáçå=~ëW=
=

1 0

d 1

d t c A
= − +

y
Ay x   (2.21) 

=
ïÜÉêÉW==
=

1 1 2 1 2 21

2

2 1 2 2

1 1 1

,    
1 1

c A c A c Ay

y

c A c A

 + −    = =     − 
 

y A  (2.22) 

=
fÑ=íÜÉ=áåéìí= x =áë=ëí~íáçå~êó=~åÇ=Éèì~äëW==
=

1

0

 
=  
 

x   (2.23) 

=
~åÇ=ïÉ=ìëÉ=~ë=áåáíá~ä=ÅçåÇáíáçåW=
=

0
(0)

0

 
=  
 

y   (2.24) 

=
íÜÉ=ëçäìíáçå=íç=EOKONF=ïáää=óáÉäÇ=~=îÉÅíçê=çÑ=ëíÉé=êÉëéçåëÉ=ÑìåÅíáçåë= y K=kÉñíI=ïÉ=ïêáíÉ=

EOKONF=~ëW==
=

d

d t
= −
z

Az   (2.25) 

=
ïÜÉêÉW==
=

1

1 0

1

c A

−= −z y A x   (2.26) 

=
qÜÉ=ëçäìíáçå=íç=EOKORF=áëW=
=

exp( ) (0)t= −z A z   (2.27) 

=



_~ÅâÖêçìåÇ=~åÇ=íÜÉçêó=
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=
== QP=

çêW=
=

1 1

1 0 1 0

1 1
exp( ){ (0) }t

c A c A

− −− = − −y A x A y A x  (2.28) 

=
rëáåÖ=EOKOQFI=íÜáë=êÉÇìÅÉë=íçW=
=

1

1 0

1
{ exp( )}t

c A

−= − −y I A A x   (2.29) 

=

ïÜÉêÉ= I =áë=íÜÉ=áÇÉåíáíó=ã~íêáñK=_ó=ÇÉÑáåáíáçåI=íÜÉ=ÇÉêáî~íáîÉ=çÑ=íÜÉ=ëíÉé=êÉëéçåëÉ=

ÑìåÅíáçåë= y =íç= t =áë=~=îÉÅíçê=çÑ=áãéìäëÉ=êÉëéçåëÉ=ÑìåÅíáçåë=θ I=ïÜáÅÜ=Éèì~äëIìëáåÖ=

EOKOPFW=
=

1 0

1d 1
exp( )

0d
t

t c A

 
= = −  

 

y
θ A   (2.30) 

=
qÜÉ=ÉñéçåÉåíá~ä=áå=EOKPMF=áë=~=ëçJÅ~ääÉÇ=ã~íêáñ=ÉñéçåÉåíá~ä=íÜ~í=Å~å=ÄÉ=Éî~äì~íÉÇ=ìëáåÖ=
~=éêçÖê~ã=äáâÉ=j~íä~ÄK=få=Å~ëÉ=çÑ=áÇÉåíáÅ~ä=êÉëÉêîçáêëI=íÜÉ=ëçäìíáçå=çê=áãéìäëÉ=êÉëéçåëÉ=
çÑ=íÜÉ=áåÇáîáÇì~ä=êÉëÉêîçáêë=áë=EëÉÉ=~ééÉåÇáñ=^FW=
=

1

11 0

1
exp( )

nr

i ij j j

j

e e t
c A

θ λ
=

= −∑   (2.31) 

=

ïÜÉêÉ= i =áë=íÜÉ=éçëáíáçå=çÑ=íÜÉ=êÉëÉêîçáêI= nr =áë=íÜÉ=åìãÄÉê=çÑ=êÉëÉêîçáêë=~åÇ= ie =íÜÉ=
thi =

î~äìÉ=áå=ÉáÖÉåîÉÅíçê= j ïáíÜ=ÉáÖÉåî~äìÉ=λ K=få=Å~ëÉ=çÑ=åçåJáÇÉåíáÅ~ä=êÉëÉêîçáêëI=íÜÉ=

ëçäìíáçå=êÉ~Çë=EëÉÉ=~ééÉåÇáñ=^FW=
=

11 0

1
exp( )

nr

i ij j

j

t
c A

θ α λ
=

= −∑   (2.32) 

=
ïÜÉêÉ=íÜÉ=α Ûë=ïÉáÖÜ=íÜÉ=ÉñéçåÉåíá~ä=ÑìåÅíáçåëK=få=xp~ÜìèìáääçI=NVUPzI=~=ãÉíÜçÇ=áë=
éêÉëÉåíÉÇ=Ñçê=ëçäîáåÖ=íÜÉ=ÖêçìåÇï~íÉê=Ñäçï=ÇáÑÑÉêÉåíá~ä=Éèì~íáçå=ìëáåÖ=~=êÉä~íÉÇ=
~ééêç~ÅÜ=xëÉÉ=~äëç=päç~åI=OMMMX=mìäáÇçJsÉä~òèìÉò=Éí=~äKI=OMMRX=_áÇïÉääI=OMMRzK=få=Å~ëÉ=
çÑ=äáåÉ~êáíóI=íÜÉ=ÅÉääë=áå=~=ÑáåáíÉ=ÇáÑÑÉêÉåÅÉ=çê=ÑáåáíÉ=ÉäÉãÉåí=ãçÇÉä=Å~å=ÄÉ=ÅçåëáÇÉêÉÇ=íç=
ÄÉ=äáåÉ~ê=êÉëÉêîçáêëK=_~ëÉÇ=çå=íÜáëI=áãéìäëÉ=êÉëéçåëÉ=ÑìåÅíáçåë=Eçê=áåÑäìÉåÅÉ=ÑìåÅíáçåë=
áå=p~ÜìèìáääçÛë=íÉêãëF=Å~å=ÄÉ=ÇÉêáîÉÇ=ÇáêÉÅíäó=Ñêçã=íÜÉ=ã~íêáñ=çÑ=ÅÉääë=áå=~=ÖêçìåÇï~íÉê=
ãçÇÉä=ENI=O=çê=PaFI=~åÇ=ÄÉ=ëíçêÉÇ=Ñçê=ëáãìä~íáçå=éìêéçëÉëK=få=íÜáë=ï~óI=íÜÉ=ëçäìíáçå=íç=
íÜÉ=ÇáÑÑÉêÉåíá~ä=Éèì~íáçå=áë=Éñ~Åí=áå=íÜÉ=íáãÉ=Ççã~áåI=~åÇ=áí=áë=åçí=åÉÅÉëë~êó=íç=ëçäîÉ=
íÜÉ=ÉåíáêÉ=ã~íêáñ=Ñçê=ÉîÉêó=íáãÉ=ëíÉéK=kÉñí=íç=íÜÉ=Ñ~Åí=íÜ~í=íÜáë=ãÉíÜçÇ=áë=ìëÉÑìä=áå=
áíëÉäÑI=ÉëéÉÅá~ääó=ïÜÉå=êÉëìäíë=Ñêçã=çåäó=~=ÑÉï=äçÅ~íáçåë=~êÉ=åÉÉÇÉÇI=áí=~äëç=åáÅÉäó=



`Ü~éíÉê=O=

..…………………………………………………………………………………………….…. 

=
== QQ=

ëÜçïë=íÜ~í=~å=^o=ãçÇÉä=Eçê=~=ëìã=çÑ=ÉñéçåÉåíá~ä=ÑìåÅíáçåëF=áå=éêáåÅáéäÉ=Å~å=Ñçêã=~=
ëçäìíáçå=íç=~å=ÉåíáêÉ=ÖêçìåÇï~íÉê=ãçÇÉäK=

2.3.2 Differential equations and convolution  

få=íÜÉ=éêÉîáçìë=ëÉÅíáçåI=ïÉ=Ü~îÉ=êÉÖ~êÇÉÇ=^o=ãçÇÉäë=~ë=íÉãéçê~ä=ÇáÑÑÉêÉåÅÉ=Éèì~íáçå=
çÑ=~=ëÉí=çÑ=äáåÉ~ê=êÉëÉêîçáêëK=qÜÉ=ÇêáîáåÖ=ÑçêÅÉë=~åÇ=ëí~íÉ=î~êá~ÄäÉë=áå=ÖêçìåÇï~íÉê=
ëóëíÉãëI=ÜçïÉîÉêI=~êÉ=~=ÑìåÅíáçå=çÑ=ÄçíÜ=íáãÉ=~åÇ=ëé~ÅÉI=~åÇ=ëé~ÅÉ=áë=åçí=ÉñéäáÅáíäó=
ÇÉÑáåÉÇ=áå=~å=^oj^=ãçÇÉäK=få=çêÇÉê=íç=Ö~áå=ÄÉííÉê=áåëáÖÜí=áåíç=íÜÉ=éÜóëáÅ~ä=ãÉ~åáåÖ=
çÑ=íáãÉ=ëÉêáÉë=ãçÇÉäë=~åÇ=êÉëéçåëÉ=ÑìåÅíáçåëI=ÜÉêÉ=ïÉ=ëí~êí=Ñêçã=íÜÉ=ÄÉÖáååáåÖK=qÜÉ=
ÅçåëíêìÅíáçå=çÑ=~=éÜóëáÅ~ääóJÄ~ëÉÇ=ãçÇÉä=Ñçê=íÜÉ=Çóå~ãáÅë=çÑ=~å=~êÄáíê~êó=î~êá~ÄäÉ=
ëí~êíë=ïáíÜ=íÜÉ=ÇÉêáî~íáçå=çÑ=~å=~ééêçéêá~íÉ=ã~íÜÉã~íáÅ~ä=ÉñéêÉëëáçåI=Åçããçåäó=~=
ÇáÑÑÉêÉåíá~ä=Éèì~íáçåI=Ñçê=áíK=aáÑÑÉêÉåíá~ä=Éèì~íáçåë=~êÉ=ÇÉêáîÉÇ=Ñêçã=íïç=íóéÉë=çÑ=
Éèì~íáçåë=xÉKÖKI=_É~êI=NVTOzW=
=

• qÜÉ=Åçåíáåìáíó=Éèì~íáçåEëF=

• qÜÉ=ÅçåëíáíìíáîÉ=Éèì~íáçåEëF=
=
cçê=ÖêçìåÇï~íÉêI=íÜÉ=Åçåíáåìáíó=Éèì~íáçå=áë=ÑçìåÇ=Äó=~ééäóáåÖ=íÜÉ=éêáåÅáéäÉ=çÑ=ã~ëë=
ÅçåëÉêî~íáçå=EïÜáäÉ=áå=çíÜÉê=Å~ëÉëI=~äëç=çíÜÉê=ÅçåëÉêî~íáçå=ä~ïë=ã~ó=~ééäóI=äáâÉ=íÜçëÉ=
Ñçê=ÉåÉêÖó=çê=ãçãÉåíìãFK=få=ëáãéäÉ=ïçêÇëI=íÜáë=éêáåÅáéäÉ=ëí~íÉë=íÜ~í=åç=ã~ëë=Å~å=
Çáë~ééÉ~ê=ïáíÜçìí=êÉ~ëçå=~åÇ=áí=áë=î~äáÇ=Ñçê=~ää=íóéÉë=çÑ=ã~ëëÉëK=få=Å~ëÉ=çÑ=ï~íÉêI=áí=áë=
~äëç=âåçïå=~ë=íÜÉ=ï~íÉê=Ä~ä~åÅÉ=Éèì~íáçåK=qÜÉ=ÅçåëíáíìíáîÉ=Éèì~íáçå=ëéÉÅáÑáÉë=~=
éêçéÉêíó=çÑ=íÜÉ=ëéÉÅáÑáÅ=íóéÉ=çÑ=ã~ëë=ìåÇÉê=ÅçåëáÇÉê~íáçåI=ïÜáÅÜ=áå=Å~ëÉ=çÑ=
ÖêçìåÇï~íÉê=áë=a~êÅóÛë=ä~ïK=qÜáë=Éèì~íáçå=íêÉ~íë=~=êÉéêÉëÉåí~íáîÉ=ÉäÉãÉåí~êó=îçäìãÉ=
EobsF=çÑ=~=éçêçìë=ãÉÇáìã=~ë=~=ÅçåíáåììãI=íÜÉêÉÄó=ÇáëêÉÖ~êÇáåÖ=íÜÉ=ëé~íá~ä=î~êá~Äáäáíó=
ÄÉäçï=íÜáë=ëÅ~äÉ=EÅçåëáëíáåÖ=çÑ=Öê~áåë=~åÇ=éçêÉëI=çê=ãçäÉÅìäÉë=çå=~å=ÉîÉå=ëã~ääÉê=ëÅ~äÉFK=
=
^=ëí~åÇ~êÇ=íÉÅÜåáèìÉ=Ñçê=ëçäîáåÖ=ÇáÑÑÉêÉåíá~ä=Éèì~íáçåë=çÑ=äáåÉ~ê=Çóå~ãáÅ=ëóëíÉãë=

Éñ~Åíäó=áë=íç=ÇÉíÉêãáåÉ=íÜÉáê=ëçäìíáçå=Ñçê=~=aáê~Å=ÇÉäí~=ÑìåÅíáçå δ( )t xaáê~ÅI=NVQTz=Eåçí=

íç=ÄÉ=ÅçåÑìëÉÇ=ïáíÜ=δ I=íÜÉ=~ìíçêÉÖêÉëëáîÉ=é~ê~ãÉíÉêë=çÑ=^oj^=ãçÇÉäëF=~ë=

áåéìí ( )p t K=qÜÉ=ÇÉäí~=ÑìåÅíáçå=Ü~ë=íÜÉ=ÑçääçïáåÖ=éêçéÉêíáÉëW==

=

δ( )   0,          0

       
δ( )dt 1                    

t t

t

∞

−∞

= ≠



=

∫

  (2.33) 

=
~åÇ=Å~å=ÄÉ=ëÉÉå=~ë=íÜÉ=äáãáí=çÑ=EÑçê=áåëí~åÅÉF=íÜÉ=d~ìëëá~å=ÇáëíêáÄìíáçå=ÑìåÅíáçå=ïáíÜ=
ãÉ~å=òÉêç=~åÇ=~=î~êá~åÅÉ=íÜ~í=~äëç=~ééêç~ÅÜÉë=òÉêç=EïÜáÅÜI=áå=ã~íÜÉã~íáÅ~ä=íÉêãëI=áë=

~=ï~ó=çÑ=ÚãçääáÑóáåÖÛ= δ( )t FK=få=ïçêÇëI=íÜÉ=ÇÉäí~=ÑìåÅíáçå=áë=~å=áåëí~åí~åÉçìë=éìäëÉ=çê=

áãéìäëÉ=çÑ=ìåáí=~êÉ~K=qÜÉ=áãéìäëÉ=êÉëéçåëÉ=EfoF=ÑìåÅíáçå= ( )tθ áë=íÜÉå=ÇÉÑáåÉÇ=~ë=íÜÉ=

ÉÑÑÉÅí=çÑ=δ( )t =~ë=áåéìí= ( )p t =çå=íÜÉ=ëí~íÉ= ( )h t çÑ=~=ëóëíÉãI=áKÉK=íÜÉ=ÇÉîá~íáçå=áå=íáãÉ=

Ñêçã=~å=çíÜÉêïáëÉ=ëíÉ~Çó=ëí~íÉ= d K=få=íÉêãë=çÑ=ÖêçìåÇï~íÉê=ÜÉ~Ç=~åÇ=éêÉÅáéáí~íáçåI==



_~ÅâÖêçìåÇ=~åÇ=íÜÉçêó=
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=
== QR=

( )tθ =Å~å=ÄÉ=íÜçìÖÜí=çÑ=~ë=íÜÉ=êÉëéçåëÉ=íç=~=îÉêó=ëÜçêí=ëÜçïÉê=çÑ=ìåáí=ÜÉáÖÜíI=ïÜÉå=

íÜÉ=ÜÉ~Ç=áë=çíÜÉêïáëÉ=Åçåëí~åí=çê=Éèì~äë=íÜÉ=äçÅ~ä=Çê~áå~ÖÉ=Ä~ëÉK=få=ã~íÜÉã~íáÅ~ä=

íÉêãëI= ( )tθ =áë=ÇÉÑáåÉÇ=Äó=íÜÉ=ÑçääçïáåÖ=ÅçåÇáíáçåëW=

=

( ) ( )             

( ) ,              0

( ) δ( )                  

t h t d

h t d t

p t t

θ = −


= <
 =

  (2.34) 

=

fÑ= ( )tθ =~åÇ= d =~êÉ=âåçïåI= ( )h t Å~å=ÄÉ=çÄí~áåÉÇ=Ñçê=~å=áåéìí ( )p t íÜ~í=î~êáÉë=~êÄáíê~êáäó=

áå=íáãÉ=íÜêçìÖÜ=Åçåîçäìíáçå=EaìÜ~ãÉäÛë=éêáåÅáéäÉ=xaìÜ~ãÉäI=NUPPzFW=
=

0

( ) ( ) ( )d ( ) ( )d ( )( )

t

h t d t p t p t p tθ τ τ τ θ τ τ θ
∞

−∞

− = − ≡ − ≡ ∗∫ ∫  (2.35) 

=
bèì~íáçå=EOKPRF=áãéäáÉë=íÜ~í=íÜÉ=Çóå~ãáÅë=çÑ=~å=~êÄáíê~êóI=äáåÉ~ê=Çóå~ãáÅ=ëóëíÉã=~í=~=
ÅÉêí~áå=äçÅ~íáçå=~êÉ=ÅçãéäÉíÉäó=ÖçîÉêåÉÇ=Äó=íÜÉ=Çóå~ãáÅë=çÑ=íÜÉ=áåéìí=~åÇ=íÜÉ=
áãéìäëÉ=êÉëéçåëÉ=ÑìåÅíáçåK=qÜÉ=áãéìäëÉ=êÉëéçåëÉ=ÑìåÅíáçå=ÅçãéäÉíÉäó=ÅÜ~ê~ÅíÉêáòÉë=
íÜÉ=Çóå~ãáÅ~ääó=êÉäÉî~åíI=éÜóëáÅ~ä=éêçéÉêíáÉë=çÑ=íÜÉ=ëóëíÉã=~í=íÜ~í=äçÅ~íáçåI=~åÇ=áë=~ë=
ëìÅÜ=~å=áåíÉÖê~ä=éêçéÉêíó=íÜÉêÉçÑK==

2.3.3 Evaluation of a convolution integral 

lÑ=ÅçìêëÉI=íÜÉ=Ñáêëí=ëíÉé=áå=~ééäóáåÖ=~=ãçÇÉä=áë=Éî~äì~íáçå=çÑ=íÜÉ=Éèì~íáçåëK=cçê=
Éî~äì~íáåÖ=íÜÉ=Åçåîçäìíáçå=áåíÉÖê~ä=áå=EOKPRFI=Ñáêëí=íÜÉ=áåéìí=Ç~í~=Ü~ë=íç=ÄÉ=
íê~åëÑçêãÉÇ=íç=Åçåíáåìçìë=íáãÉI=~ë=ãçëí=Ç~í~=~êÉ=ÇáëÅêÉíÉ=ÇìÉ=íç=íÜÉ=çÄëÉêî~íáçå=~åÇ=
ÇáÖáí~ä=ëíçê~ÖÉ=éêçÅÉëëK=få=Å~ëÉ=çÑ=ÖêçìåÇï~íÉê=ëóëíÉãëI=Åçããçå=ÉñÅáí~íáçåë=~êÉ=
ÉáíÜÉê=äÉîÉäë=EëìêÑ~ÅÉ=ï~íÉê=çê=çíÜÉê=ÖêçìåÇï~íÉê=äÉîÉäëF=çê=ÑäìñÉë=EéêÉÅáéáí~íáçåI=
Éî~éçê~íáçåI=éìãéáåÖFK=cçê=ÑäìñÉëI=íÜÉ=ÇáëÅêÉíÉ=Ç~í~=ã~ó=çÑíÉå=ÄÉ=êÉÖ~êÇÉÇ=~ë=
ÅÜ~åÖÉë=áå=íÜÉ=éêáãáíáîÉ=ÑìåÅíáçå=çÑ=íÜÉ=ìåÇÉêäóáåÖ=Åçåíáåìçìë=Ñäìñ=çê=áåíÉåëáíóI=~ë=áë=

íÜÉ=Å~ëÉ=ïáíÜ=éêÉÅáéáí~íáçå=~ãçìåí=ëÉêáÉë tP xizW==

=

( ) ( ) = ( )d
i

i

i i

t

t i i i

t t

P P t P t t p τ τ
−∆

= − − ∆ ∫ (2.36) 

=
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figure 2.14: Transformation of input to output in case of an exponential impulse response and three 
block pulses of different height and duration. 
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figure 2.15: Role of the initial value, run-in and calibration period in the evaluation of a convolution 
integral. 
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figure 2.16: Skewed impulse response function 

with mean µ and variance 2σ . 
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figure 2.17: Well-known distributions with 
different kurtosis (resp. uniform, Wigner 
semicircle, normal, hyperbolic secant, Laplace 
double exponential (source: Wikipedia)). 
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2.3.5 Responses of elementary groundwater systems 
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ëíçê~ÖÉ=çÑ=ï~íÉê=Eáå=éÜêÉ~íáÅ=ëóëíÉãëFI=çê=
ÄÉÅ~ìëÉ=íÜÉ=éçêÉ=ëé~ÅÉ=Å~å=çåäó=ÅÜ~åÖÉ=~=
äáííäÉ=Äó=ÅçãéêÉëëáçå=çê=Éñé~åëáçå=çÑ=íÜÉ=
Öê~áå=ëâÉäÉíçåI=ï~íÉêI==çê=áåÅäìÇÉÇ=Ö~ë=
ÄìÄÄäÉë=Eáå=ÅçåÑáåÉÇ=~èìáÑÉêëFK=bèì~íáçå=
EOKQPF=Åçåí~áåë=íïç=ÇáÑÑÉêÉåí=î~êá~ÄäÉëI=

q ~åÇ= h I=íÜ~í=~êÉ=åçêã~ääó=ÄçíÜ=

ìåâåçïåI=ïÜáäÉ=íÜÉ=íÜáêÇ=E r F=áë=åçêã~ääó=ÖáîÉåK=få=çêÇÉê=íç=ëçäîÉ=íÜÉ=Éèì~íáçåI=ïÉ=

åÉÉÇ=~=ëÉÅçåÇI=áåÇÉéÉåÇÉåí=êÉä~íáçåëÜáé=ÄÉíïÉÉå= q ~åÇ= h I=ïÜáÅÜ=ïÉ=ÑáåÇ=Ñêçã=

a~êÅóÛë=ä~ïW==
=

h d
q

c

−
=   (2.44)  
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ïÜÉêÉ= c =áë=íÜÉ=Çê~áå~ÖÉ=êÉëáëí~åÅÉ=xqz=~åÇ d íÜÉ=Çê~áå~ÖÉ=äÉîÉä=xizK=bäáãáå~íáçå=çÑ= q =

Ñêçã=EOKQPF=óáÉäÇë=íÜÉ=ÑçääçïáåÖ=Ñáêëí=çêÇÉê=ÇáÑÑÉêÉåíá~ä=Éèì~íáçåW=
=

h t( )

h t+  t( d )
dh

r

qd c

figure 2.18: Water balance of a linear reservoir 
system. 
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=
fí=áë=åçíÉÇ=íÜ~í=Éèì~íáçå=EOKQRF=ÇçÉë=åçí=
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áåíìáíáîÉäóI=ÜçïÉîÉêI=áí=ã~ó=ÄÉ=
ÅçåîÉåáÉåí=íç=éáÅíìêÉ=íÜÉ=ÜÉ~Ç=
ÇáÑÑÉêÉåÅÉ=~ë=~=îÉêíáÅ~ä=Åçäìãå=çÑ=ï~íÉêI=
ïÜáÅÜ=çÑ=ÅçìêëÉ=êÉèìáêÉë=íÜÉ=îÉêíáÅ~ä=
ÇáãÉåëáçåK=fÑ=ïÉ=ëçäîÉ=EOKQRF=Ñçê=~å=
áãéìäëÉ=çÑ=êÉÅÜ~êÖÉ=~åÇ=ìëÉ=EOKPQF=I=ïÉ=
ÑáåÇ=íÜ~í=íÜÉ=áãéìäëÉ=êÉëéçåëÉ=ÑìåÅíáçå=xJz=áë=~å=ÉñéçåÉåíá~ä=~åÇ=Éèì~äë=íÜ~í=çÑ=~=
ëáåÖäÉI=äáåÉ~ê=êÉëÉêîçáê=EëÉÉ=~äëç=ëÉÅíáçå=OKPKNFW=
=

1
( ) exp( )

t
t

S cS
θ = −   (2.46) 

=
^ë=Ñçê=~åó=äáåÉ~ê=ëóëíÉãI=~äëç=áå=íÜáë=Å~ëÉ=íÜÉ=ÖêçìåÇï~íÉê=äÉîÉä=ÑäìÅíì~íáçåë=Å~å=åçï=
ÄÉ=ÑçìåÇ=íÜêçìÖÜ=ÅçåîçäìíáçåK=qÜÉ=äáåÉ~ê=êÉëÉêîçáêI=ÜçïÉîÉêI=Ü~ë=íÜÉ=êÉã~êâ~ÄäÉ=~åÇ=
ìëÉÑìä=éêçéÉêíó=íÜ~í=íÜÉ=ÑäìÅíì~íáçåë=áå=äÉîÉä=ã~ó=~äëç=ÄÉ=ÅçãéìíÉÇ=êÉÅìêëáîÉäóK=få=

çíÜÉê=ïçêÇëI=íÜÉ=î~äìÉ=çÑ= ( )h t =~í=~åó=íáãÉ=ëíÉé=ã~ó=ÄÉ=ÅçãéìíÉÇ=Ñêçã= ( )h t t− ∆ =

~åÇ=íÜÉ=íçí~ä=áåéìí=çîÉê=íÜÉ=íáãÉ=ëíÉé tR I=~ë=xaÉ=wÉÉìï=~åÇ=eÉääáåÖ~I=NVRUzW=

=

( ) { ( ) }exp( ) {1 exp( )}t

t t
h t h t t d R c d

cS cS

∆ ∆
= − ∆ − − + − − +  (2.47) 

=
bèì~íáçå=EOKQTF=áë=Éèìáî~äÉåí=íç=~å=^ouENF=ãçÇÉä=EÉèì~íáçå=EOKQF=F=áå=ÇáëÅêÉíÉ=íáãÉ=

xhåçííÉêë=~åÇ=_áÉêâÉåëI=OMMMzK=qÜÉ=Ñ~Åí=íÜ~í= h Å~å=ÄÉ=ÅçãéìíÉÇ=êÉÅìêëáîÉäóI=~ääçïë=íÜÉ=

êÉëéçåëÉ=é~ê~ãÉíÉêë=x ,c S z=íç=ÅÜ~åÖÉ=éáÉÅÉïáëÉ=çîÉê=íáãÉK=`çåëÉèìÉåíäóI=Éèì~íáçå=

EOKQTF=Å~å=~äëç=ÄÉ=~ééäáÉÇ=íç=åçåJëí~ÄäÉ=çê=åçåJäáåÉ~ê=ëóëíÉãë=EïÜÉêÉ= c =~åÇLçê= S ~êÉ=

~=ÑìåÅíáçå=çÑ= h FK==

2.3.5.2 Recharge on a system with a one-dimensional head gradient 

få=~=ëóëíÉã=ïáíÜ=~=çåÉJÇáãÉåëáçå~äI=Üçêáòçåí~ä=ÜÉ~Ç=Öê~ÇáÉåíI=íÜÉ=ï~íÉê=Ä~ä~åÅÉ=
Éèì~íáçå=áë=ÖáîÉå=ÄóW=
=

xq h
S r

x t

∂ ∂
− = −
∂ ∂

  (2.48)  
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figure 2.19: Example IR functions of the reservoir 

system of figure 2.18 for different values of cS .  
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råÇÉê=éÜêÉ~íáÅ=ÅçåÇáíáçåëI=íÜÉ=ë~íìê~íÉÇ=íÜáÅâåÉëë H xiz=çÑ=~å=~èìáÑÉê=ÇÉéÉåÇë=

çå h E~åÇ=íÜÉêÉÑçêÉ=çå= t ~åÇ= x FK=fÑ= H h− áë=ëã~ää=êÉä~íáîÉ=íç H I=ÜçïÉîÉêI=ïÉ=Å~å=
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~åÇ=~=Çáëí~åÅÉ=ÄÉíïÉÉå=íÜÉ=ëìêÑ~ÅÉ=ï~íÉêë L xiz=íÜ~í=áë=ãìÅÜ=ä~êÖÉê=íÜ~å= H I=ïÉ=Å~å=
~äëç=~ééêçñáã~íÉ=íÜÉ=Ñäçï=~ë=Üçêáòçåí~ä=xaìéìáíJcçêÅÜÜÉáãÉê=~ééêçñáã~íáçåI=aìéìáíI=
NUSPX=cçêÅÜÜÉáãÉêI=NVMNzK=a~êÅóÛë=ä~ï=ã~ó=áå=ëìÅÜ=~=Å~ëÉ=ÄÉ=ïêáííÉå=~ëW==
=

d

d
x

h
q KH

x
= −   (2.49)  

=
ïÜÉêÉ==

KH =W=íê~åëãáëëáîáíó=xi
O
q

JN
z=

K = W=éÉêãÉ~Äáäáíó=xiq
JN
z=

=
bäáãáå~íáçå=çÑ= q =Ñêçã=EOKQUF=~åÇ=EOKQVF=óáÉäÇë=íÜÉ=ÑçääçïáåÖ=ëÉÅçåÇ=çêÇÉê=ÇáÑÑÉêÉåíá~ä=
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=
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figure 2.20: Water balance of a system with a one-dimensional, horizontal head gradient and parallel 

surface waters. 
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eÉêÉI=íÜÉ=ÇáÑÑÉêÉåíá~ä=Éèì~íáçå=Åçåí~áåë=
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figure 2.21: Example IR functions of the system of 

figure 2.20 for different values of C .  
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2.3.5.3 From infiltration to recharge in the unsaturated zone 
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figure 2.22: Schematic representation of the unsaturated 
zone. 
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figure 2.23: Example IR functions of a linearized 
unsaturated zone (convection-dispersion equation) 
for different values of σ .  
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~êÉ~=çê=òÉêçíÜ=ãçãÉåí=Éèì~äë=çåÉ=ÄÉÅ~ìëÉ=çÑ=íÜÉ=éêáåÅáéäÉ=çÑ=ã~ëë=ÅçåëÉêî~íáçåK==
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ëóããÉíêáÅI=ïÜáÅÜ=áë=~=ÅçåëÉèìÉåÅÉ=çÑ=íÜÉ=äáåÉ~êáò~íáçå=çÑ=oáÅÜ~êÇëÛ=Éèì~íáçå=~êçìåÇ=
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2.3.5.4 Convolution of response functions 
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figure 2.24: Combination of the responses of the unsaturated and saturated zones. 
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2.3.5.5 Other situations and excitations 
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~å=~èìáÑÉê=ïáíÜ=íê~åëãáëëáîáíó KH ~åÇ=ëíçê~íáîáíó= S =~åÇ=~å=~èìáí~êÇ=ïáíÜ=êÉëáëí~åÅÉ= c I=
ïáíÜçìí=ëíçê~ÖÉK=cìêíÜÉêãçêÉI=ÄçíÜ=íÜÉ=éìãéáåÖ=ïÉää=~åÇ=íÜÉ=êáîÉê=Ñìääó=éÉåÉíê~íÉ=íÜÉ=
~èìáÑÉêK=^=ÇáÑÑÉêÉåÅÉI=ÜçïÉîÉêI=áë=íÜ~í=áå=íÜÉ=ÇáÑÑÉêÉåíá~ä=Éèì~íáçå=Ñçê=ïÜáÅÜ=e~åíìëÜÛ=
ïÉää=ÑìåÅíáçå=áë=ÇÉêáîÉÇ=~=ê~Çá~ä=ëóããÉíêáÅ=ÜÉ~Ç=Öê~ÇáÉåí=áë=~ëëìãÉÇI=ïÜÉêÉ~ë=áå=íÜÉ=
ëáíì~íáçå=çÑ=íÜÉ=éçäÇÉê=ÑìåÅíáçå=íÜÉ=ÜÉ~Ç=Öê~ÇáÉåí=Ü~ë=Äáä~íÉê~ä=ëóããÉíêóK=^ë=~=
ëí~åÇ~êÇ=ïÉää=íÉëí=óáÉäÇë=~=ëíÉé=êÉëéçåëÉI=ÜÉêÉ=ïÉ=ëÉÉâ=íÜÉ=áãéìäëÉ=êÉëéçåëÉ=çê=
ÇÉêáî~íáîÉ=çÑ=e~åíìëÜÛ=ïÉää=ÑìåÅíáçå=ïáíÜ=êÉëéÉÅí=íç=íáãÉK=qÜÉ=áãéìäëÉ=êÉëéçåëÉ=
ÑìåÅíáçå=ÇÉëÅêáÄÉë=íÜÉ=êÉëéçåëÉ=íç=~å=áåëí~åí~åÉçìë=Éñíê~Åíáçå=çÑ=~=ìåáí=îçäìãÉ=çÑ=
ï~íÉê=~åÇ=Éèì~äëW=
=
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( ) exp( )

4 4

r S t
t

KHt KHt cS
θ

π
= − − −   (2.65) 

=
=
få=íÜÉ=éçäÇÉê=ÑìåÅíáçåI=íÜÉ=ÉñÅáí~íáçå=áë=åçí=~=éìãéÉÇ=~ãçìåí=Äìí=~=êáëÉ=áå=ëìêÑ~ÅÉ=
ï~íÉê=äÉîÉäK=^äëç=ÜÉêÉI=íÜÉ=éçäÇÉê=ÑìåÅíáçå=áë=~=ëíÉé=êÉëéçåëÉI=ïÜçëÉ=ÇÉêáî~íáîÉ=Éèì~äëW=
=
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3
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1
( ) exp( )
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x S t
t

KHt cSKHt

x S

θ
π

= − − −  (2.66) 

=

2.4 Distribution functions as response models 

2.4.1 The skew-Gaussian convolutional limits 

få=ëí~íáëíáÅë=~åÇ=éêçÄ~Äáäáíó=íÜÉçêóI=~ëëìãéíáçåë=~Äçìí=íÜÉ=éêçÄ~Äáäáíó=ÇáëíêáÄìíáçå=çê=
ÚÄÉÜ~îáçêÛ=çÑ=î~êá~ÄäÉë=~êÉ=Åçããçåäó=ã~ÇÉ=ïáíÜçìí=éÜóëáÅ~ä=àìëíáÑáÅ~íáçå=çê=éÜóëáÅ~ä=
~å~äóëáë=çÑ=íÜÉ=ëóëíÉã=íç=ïÜáÅÜ=íÜÉó=~êÉ=êÉä~íÉÇK=^å=~ééêçéêá~íÉ=ÇáëíêáÄìíáçå=áë=ëáãéäó=
ëÉäÉÅíÉÇ=Ñêçã=~=äáãáíÉÇ=ëÉí=çÑ=Å~åÇáÇ~íÉëI=Ä~ëÉÇ=çå=íÜÉáê=ã~íÅÜ=ïáíÜ=íÜÉ=~î~áä~ÄäÉ=
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c
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figure 2.25: Schematization of a pumping well according to Hantush (left), and a river according to 
the Polder function of Bruggeman (right). 
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çÄëÉêî~íáçåëK=lå=íÜÉ=çåÉ=Ü~åÇI=ëìÅÜ=~=éê~ÅíáÅÉ=áë=ÑçêãÉÇ=çìí=çÑ=åÉÅÉëëáíóI=~ë=
éêçÄ~Äáäáíó=íÜÉçêó=áë=ÖÉåÉê~ääó=~ééäáÉÇ=íç=î~êá~ÄäÉë=ÖÉåÉê~íÉÇ=Äó=ÚëóëíÉãëÛ=ïÜçëÉ=
éÜóëáÅ~ä=éêçéÉêíáÉë=~åÇ=éêçÅÉëëÉë=~êÉ=åçí=çê=çåäó=áåÅçãéäÉíÉäó=âåçïå=E~åÇ=ëçãÉ=
éêçÅÉëëÉë=~êÉ=áåíêáåëáÅ~ääó=çÑ=~=ëíçÅÜ~ëíáÅ=å~íìêÉFK=lå=íÜÉ=çíÜÉê=Ü~åÇI=íÜáë=éê~ÅíáÅÉ=áë=
~äëç=~ÇÉèì~íÉI=~ë=~=äáãáíÉÇ=ëÉí=çÑ=éêçÄ~Äáäáíó=ÇáëíêáÄìíáçåë=éêçîÉ=íç=ã~íÅÜ=~=ïáÇÉ=
î~êáÉíó=çÑ=Å~ëÉëI=íÜÉ=d~ìëëá~å=ÇáëíêáÄìíáçå=ÄÉáåÖ=íÜÉ=ãçëí=éêçãáåÉåí=Éñ~ãéäÉK=cçê=
ÜóÇêçäçÖáÅ=~ééäáÅ~íáçåëI=íÜÉ=ìëÉ=çÑ=ãçÇÉäë=íÜ~í=Çç=åçí=êÉèìáêÉ=íÜÉ=ÉñéäáÅáí=ÇÉÑáåáíáçå=
~åÇ=é~ê~ãÉíÉêáò~íáçå=çÑ=íÜÉ=éÜóëáÅ~äI=ëé~íá~ä=ëíêìÅíìêÉ=çÑ=~=ëóëíÉã=áë=îÉêó=~ééÉ~äáåÖK=
_ó=ÉñÅäìÇáåÖ=íÜÉ=ëé~íá~ä=ëíêìÅíìêÉI=íÜÉ=ÇÉÖêÉÉ=çÑ=ÑêÉÉÇçã=áå=íÜÉ=ãçÇÉäáåÖ=éêçÄäÉã=áë=
ëíêçåÖäó=êÉÇìÅÉÇI=~åÇ=ëç=áë=íÜÉ=éêçÄäÉã=çÑ=ÉèìáÑáå~äáíó=ÇÉëÅêáÄÉÇ=áå=ëÉÅíáçå=OKNKPK=kÉñí=
íç=íÜ~íI=çåäó=Ñçê=~=äáãáíÉÇ=åìãÄÉê=çÑ=ëÅÜÉã~íáò~íáçåë=Éñ~ÅíI=~å~äóíáÅ=ëçäìíáçåë=~êÉ=
âåçïåK=få=éê~ÅíáÅÉI=Ñçê=ìëÉ=áå=~=íáãÉ=ëÉêáÉë=ãçÇÉäI=íÜÉêÉÑçêÉ=íÜÉêÉ=áë=çÑíÉå=åç=êÉëéçåëÉ=
ÑìåÅíáçå=íÜ~í=~ÇÉèì~íÉäó=ã~íÅÜÉë=íÜÉ=éÜóëáÅ~ä=ëíêìÅíìêÉ=çÑ=íÜÉ=ëóëíÉãI=âåçïå=çê=
ìåâåçïåI=ìåÇÉê=ÅçåëáÇÉê~íáçåK=eÉêÉI=ïÉ=íÜÉêÉÑçêÉ=Ñçääçï=çå=íÜÉ=é~íÜ=ä~áÇ=Ççïå=Äó=
gìêó=~åÇ=j~~ë=áå=íêóáåÖ=íç=ÇÉëÅêáÄÉ=íÜÉ=ÄÉÜ~îáçê=çÑ=ÖêçìåÇï~íÉê=ëóëíÉãë=ïáíÜ=ëáãéäÉ=
ÑìåÅíáçåëI=ïáíÜçìí=~ëëìãáåÖ=çê=ÉñéäáÅáíäó=êÉÑÉêêáåÖ=íç=~=éÜóëáÅ~ä=ëíêìÅíìêÉK=få=ëçäìíÉ=
íê~åëéçêí=ãçÇÉäáåÖI=íÜÉ=éêçÄäÉã=áë=êÉëíêáÅíÉÇ=íç=ã~ííÉê=ÖçáåÖ=áå=~åÇ=ÅçãáåÖ=çìí=çÑ=~=
ëóëíÉãI=ïÜáäÉ=íÜÉ=íê~îÉä=íáãÉ=çÑ=áåÇáîáÇì~ä=é~êíáÅäÉë=ÇáÑÑÉêë=ÄÉÅ~ìëÉ=çÑ=íÜÉ=
ÜÉíÉêçÖÉåÉáíó=çÑ=íÜÉ=éçêçìë=ãÉÇáìãK=eÉêÉI=áí=ã~ó=ëÉÉã=äçÖáÅ~ä=íç=ãçÇÉä=íÜÉ=íê~åëÑÉê=
çÑ=ëçäìíÉë=~ë=~=Eíê~îÉä=íáãÉF=ÇáëíêáÄìíáçå=ÑìåÅíáçåK=qÜÉ=ìëÉ=çÑ=ÇáëíêáÄìíáçå=ÑìåÅíáçåë=áå=
ãçÇÉäáåÖ=ÖêçìåÇï~íÉê=äÉîÉä=êÉëéçåëÉëI=ÜçïÉîÉêI=áë=éÉêÜ~éë=äÉëë=çÄîáçìë=~åÇ=íç=íÜáë=
Ç~íÉ=êÉã~áåë=ëçãÉïÜ~í=ÜÉìêáëíáÅK=^ää=áå=~ääI=íÜÉêÉ=~êÉ=íÜêÉÉ=ã~áå=~êÖìãÉåíë=Ñçê=
~ëëìãáåÖ=íÜ~í=EëâÉïÉÇF=ÇáëíêáÄìíáçå=ÑìåÅíáçåë=Å~å=~äëç=ÄÉ=ìëÉÇ=Ñçê=ãçÇÉäáåÖ=íÜÉ=
ÄÉÜ~îáçê=çÑ=ëóëíÉãë=áå=Å~ëÉ=çÑ=ÖêçìåÇï~íÉê=ÜÉ~ÇëW=
=

• qÜÉ=ÅçãÄáåÉÇI=éÜóëáÅ~ääóJÄ~ëÉÇ=êÉëéçåëÉ=çÑ=ÉäÉãÉåí~êó=îÉêëáçåë=çÑ=íÜÉ=
ë~íìê~íÉÇ=~åÇ=ìåë~íìê~íÉÇ=òçåÉ=í~âÉë=íÜÉ=ëÜ~éÉ=çÑ=~=ëâÉïÉÇ=ÇáëíêáÄìíáçå=
ÑìåÅíáçåI=~ë=ëÜçïå=áå=ëÉÅíáçå=OKPKRK=^äëçI=e~åíìëÜÛ=ïÉää=ÑìåÅíáçå=~åÇ=
_êìÖÖÉã~åëÛ=éçäÇÉê=ÑìåÅíáçå=~êÉ=ÉëëÉåíá~ääó=ëâÉïÉÇ=ÇáëíêáÄìíáçå=ÑìåÅíáçåë=
EëÉÉ=ä~íÉê=çåFK=

• ^ë=ãçãÉåíë=çÑ=ÜáÖÜÉê=çêÇÉê=~êÉ=çÑ=ÇÉÅêÉ~ëáåÖ=ëáÖåáÑáÅ~åÅÉ=áå=ÅÜ~ê~ÅíÉêáòáåÖ=
éêçÄ~Äáäáíó=ÇáëíêáÄìíáçåëI=ëç=ÇçÉë=íÜÉ=ÉÑÑÉÅí=çå=íÜÉ=éÉêÑçêã~åÅÉ=çÑ=~=íáãÉ=
ëÉêáÉë=ãçÇÉä=ÇÉÅêÉ~ëÉ=ïáíÜ=íÜÉ=çêÇÉêK=`çåëÉèìÉåíäóI=~=ÖáîÉå=ÑìåÅíáçå=ÇçÉë=
åçí=Ü~îÉ=íç=ã~íÅÜ=íÜÉ=ÚíêìÉÛ=êÉëéçåëÉ=çÑ=~=ëóëíÉã=Éñ~Åíäó=áå=çêÇÉê=íç=óáÉäÇ=
~ÅÅÉéí~ÄäÉ=êÉëìäíëI=~ë=äçåÖ=~ë=íÜÉ=Ñáêëí=ÑÉï=ãçãÉåíë=ã~íÅÜK=

• tÜÉå=ÅçåëáÇÉêáåÖ=íÜÉ=íê~åëÑÉê=çÑ=~=ëáÖå~ä=íÜêçìÖÜ=~=éçêçìë=ãÉÇáìãI=íÜÉ=
ä~ííÉê=Å~å=ÄÉ=íÜçìÖÜí=íç=Åçåëáëí=çÑ=~=ëÉêáÉë=çÑ= n =ëÉÅíáçåë=çê=ëìÄëóëíÉãëK=få=

xj~~ëI=NVVQz=áí=áë=ëÜçïå=íÜ~í=íê~åëÑÉêêáåÖ=~=ëáÖå~ä=íÜêçìÖÜ= n =äáåÉ~êI=
áåÇÉéÉåÇÉåí=ëóëíÉãë=áë=ã~íÜÉã~íáÅ~ääó=Éèìáî~äÉåí=íç=~ÇÇáåÖ=ìé= n =ê~åÇçãI=
áåÇÉéÉåÇÉåí=î~êá~ÄäÉëK=få=ÄçíÜ=Å~ëÉëI=íÜÉ=ÅçãÄáåÉÇ=êÉëéçåëÉ=çê=éêçÄ~Äáäáíó=
ÇáëíêáÄìíáçå=áë=~=Åçåîçäìíáçå=çÑ=íÜÉ=áåÇáîáÇì~ä=ÇáëíêáÄìíáçåë=EëÉÉ=~äëç=ëÉÅíáçå=
OKPKRKQFK=`çåëÉèìÉåíäóI=íÜÉ=ÅÉåíê~ä=äáãáí=íÜÉçêÉã=çÑ=ëí~íáëíáÅë=~äëç=~ééäáÉëI=
ìåÇÉê=Ñ~áêäó=ÖÉåÉê~ä=ÅçåÇáíáçåëI=íç=íÜÉ=íê~åëÑÉê=çÑ=ëáÖå~äëK=qÜáë=ãÉ~åë=íÜ~í=äáâÉ=
éêçÄ~Äáäáíó=ÇáëíêáÄìíáçå=ÑìåÅíáçåëI=~äëç=áãéìäëÉ=êÉëéçåëÉë=ïáää=~ééêç~ÅÜ=~=

d~ìëëá~å=ÇáëíêáÄìíáçå=ïáíÜ=ãÉ~å= nµ ~åÇ=î~êá~åÅÉ=
2nσ ïÜÉå= n ~ééêç~ÅÜÉë=

áåÑáåáíó=~åÇ=íÜÉ=ëóëíÉãë=~êÉ=áåÇÉéÉåÇÉåí=~åÇ=áÇÉåíáÅ~ä=Eáå=äáåÉ=ïáíÜ=Éèì~íáçå=
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EOKSQFFK=j~~ë=~äëç=ëÜçïë=íÜ~í=ÄÉÑçêÉ=êÉ~ÅÜáåÖ=íÜáë=äáãáíI=áãéìäëÉ=êÉëéçåëÉë=
ïáää=íÉåÇ=íç=~=ëâÉïJd~ìëëá~å=ëÜ~éÉK=cìêíÜÉêãçêÉI=ÜÉ=ëÜçïë=íÜ~í=íÜÉëÉ=
Åçåîçäìíáçå~ä=äáãáíë=~äëç=ÜçäÇ=Ñçê=é~ê~ääÉä=ëÉêáÉë=çÑ=ëóëíÉãë=ïáíÜ=ä~íÉê~ä=
áåíÉê~ÅíáçåëK==

=
qÜÉ=ÅÉåíê~ä=äáãáí=íÜÉçêÉã=~åÇ=ëâÉïJd~ìëëá~å=Åçåîçäìíáçå~ä=äáãáí=çÑ=xj~~ëI=NVVQzI=
ÜçïÉîÉêI=~êÉ=åçí=ÇáêÉÅíäó=~ééäáÅ~ÄäÉ=íç=íÜÉ=Å~ëÉ=çÑ=ÖêçìåÇï~íÉê=ÜÉ~ÇëK=fÑ=ïÉI=
~å~äçÖçìë=íç=j~~ëI=ÅçåëáÇÉê=~=éçêçìë=ãÉÇáìã=~ë=~=ëÉêáÉë=çÑ=áÇÉåíáÅ~ä=ëÉÅíáçåë=çê=
ëìÄëóëíÉãëI=ïÉ=Å~å=ÇáëíáåÖìáëÜ=íÜêÉÉ=íóéÉë=çÑ=áåéìíJçìíéìí=êÉä~íáçåëÜáéë=EÑáÖìêÉ=OKOSFK=
få=íÜÉ=Ñáêëí=Å~ëÉI=íÜÉ=êÉëéçåëÉ=çÑ=áåÇáîáÇì~ä=ëÉÅíáçåë=áë=áåÇÉéÉåÇÉåí=çÑ=íÜÉ=çíÜÉêëK=qÜáë=
áë=~ééêçñáã~íÉäó=íÜÉ=Å~ëÉ=Ñçê=íê~åëéçêí=çÑ=ëçäìíÉë=~åÇ=éÉêÅçä~íáçå=áå=íÜÉ=ìåë~íìê~íÉÇ=
òçåÉK=låäó=áå=íÜáë=Å~ëÉI=íÜÉ=êÉëéçåëÉ=çÑ=íÜÉ=ÅçãÄáåÉÇ=ëóëíÉã=áë=ëáãéäó=~=Åçåîçäìíáçå=
çÑ=íÜÉ=ëÉé~ê~íÉ=êÉëéçåëÉë=~åÇ=íÜÉ=Åçåîçäìíáçå~ä=äáãáíë=ÇáêÉÅíäó=~ééäóK=få=íÜÉ=ëÉÅçåÇ=
Å~ëÉI=íÜÉ=êÉëéçåëÉ=çÑ=áåÇáîáÇì~ä=ëÉÅíáçåë=ÇÉéÉåÇë=çå=íÜÉ=éêçéÉêíáÉë=çÑ=íÜÉ=ëóëíÉã=áå=
íçí~ä=Eçê= n =áå=Å~ëÉ=çÑ=áÇÉåíáÅ~ä=ëÉÅíáçåë=çÑ=ÑáñÉÇ=ëáòÉFI=ïÜáÅÜ=áë=ÖÉåÉê~ääó=íÜÉ=Å~ëÉ=áå=
ë~íìê~íÉÇ=Ñäçï=éêçÄäÉãëK=tÜÉåI=Ñçê=Éñ~ãéäÉI=ÜóéçíÜÉíáÅ~ääó=Ú~ÇÇáåÖÛ=ëÉÅíáçåë=íç=~=
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figure 2.26: Three types of input-output relationships, when considering a porous medium as a series 

of identical sections: a) signal ( )h t  travels through sections with independent ( )tθ , b) as a), but 

with dependent ( , )t nθ , c) as b) but with ( )outh t  and ( )inq t (partly) at the same location. 
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^äëçI=éÜóëáÅ~ääó=áÇÉåíáÅ~ä=ëÉÅíáçåë=Çç=åçí=

åÉÅÉëë~êáäó=Ü~îÉ=íÜÉ=ë~ãÉ= 0,iM =áå=ëìÅÜ=Å~ëÉëK=

^ë=íÜÉ=áåÇáîáÇì~ä=êÉëéçåëÉë=~êÉ=åçí=
áåÇÉéÉåÇÉåí=~åÇ=áÇÉåíáÅ~äI=íÜÉ=ÅÉåíê~ä=äáãáí=
íÜÉçêÉã=~åÇ=ëâÉïJd~ìëëá~å=äáãáí=~êÉ=åçí=
ÇáêÉÅíäó=~ééäáÅ~ÄäÉK=oÉã~êâ~ÄäóI=ÜçïÉîÉêI=
áãéìäëÉ=êÉëéçåëÉë=çÑ=ëÉîÉê~ä=ëóëíÉãë=íÜ~í=Ñ~ää=áå=
íÜáë=Å~íÉÖçêóI=äáâÉ=íÜÉ=mçäÇÉê=ÑìåÅíáçåI=e~åíìëÜÛ=
tÉää=ÑìåÅíáçå=~åÇ=ÅçåîÉÅíáçåJÇáëéÉêëáçå=
Éèì~íáçåI=~êÉ=~äëç=çÑ=ëâÉïJd~ìëëá~å=å~íìêÉ=~åÇ=
~êÉ=ëéÉÅá~ä=Å~ëÉë=çÑ=çåÉ=ÇáëíêáÄìíáçå=ÑìåÅíáçå=

EëÉÉ=ä~íÉê=çåFK=få=íÜÉ=íÜáêÇ=Å~ëÉI= ( , )i t nθ =

ÇÉéÉåÇë=çå=íÜÉ=éêçéÉêíáÉë=çÑ=íÜÉ=ëóëíÉã=áå=
íçí~ä=~äëçK=eÉêÉI=ÜçïÉîÉêI=íÜÉ=çìíéìí=ëáÖå~ä=

( )outh t =áë=çÄí~áåÉÇ=Ñêçã=íÜÉ=ë~ãÉ=äçÅ~íáçå=~ë=

ïÜÉêÉ=íÜÉ=áåéìí= ( )inq t E~í=äÉ~ëí=é~êíäóF=ÉåíÉêë=

íÜÉ=ëóëíÉãK=qÜáë=áë=Ñçê=Éñ~ãéäÉ=íÜÉ=Å~ëÉ=ïáíÜ=
áåéìíë=íÜ~í=Ü~îÉ=~êÉ~ä=ÅçîÉê~ÖÉI=äáâÉ=êÉÅÜ~êÖÉ=
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2.4.2 The Pearson type III, scaled gamma and generalized moving Gaussian 
distribution 
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figure 2.27: Cascade of reservoirs as 
physical analog of the gamma distribution. 
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figure 2.28: Example curves of the scaled gamma distribution, illustrating its variability. In a) the 

drainage resistance ( 1, 1Aa n= = ), in b) the ‘storage coefficient’ ( 0.01, 1a n= = ) and in c) the 

‘centrality’ of the location and/or ‘influence’ of the unsaturated zone ( 400 , 0.01A n a= ⋅ = ) were 

varied. 
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figure 2.29: East to west cross-section of the dune area near Wijk aan Zee (The Netherlands), 

showing the surface level and the course of 0M  [Van de Vliet & Boekelman, 1998]. 



_~ÅâÖêçìåÇ=~åÇ=íÜÉçêó=

KKÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁKÁK 

=
== ST=

=

2
0

2
1

1
       ,       0

,       0n n

M n
KH

S
M M n

KH
−

∇ = − =

∇ = − >


  (2.73) 

=

kçíÉ=íÜ~í=íÜÉ=Ñ~Åíçê=íáãÉ=áë=åçí=éêÉëÉåí=áå=Éèì~íáçå=EOKTPFK=cçê= 0n = I=Éèì~íáçå=EOKTPF=
áë=ã~íÜÉã~íáÅ~ääó=áÇÉåíáÅ~ä=íç=íÜÉ=Éèì~íáçå=çÑ=ëí~íáçå~êó=ÖêçìåÇï~íÉê=Ñäçï=~åÇ=Å~å=ÄÉ=
ëçäîÉÇ=ìëáåÖ=~å=çêÇáå~êó=ÖêçìåÇï~íÉê=ãçÇÉä=ìëáåÖ=íÜÉ=ÑáåáíÉ=ÇáÑÑÉêÉåÅÉI=ÑáåáíÉ=ÉäÉãÉåí=

çê=~å~äóíáÅ=ÉäÉãÉåí=ãÉíÜçÇK=cçê=ÜáÖÜÉê= n I= nM =Å~å=ÄÉ=ëçäîÉÇ=ìëáåÖ=íÜÉ=ãçãÉåíë=çÑ=

çêÇÉê= 1n − =~ë=áåéìíK=xs~å=ÇÉ=säáÉí=~åÇ=_çÉâÉäã~åI=NVVUz=ìëÉÇ=íÜÉ=ÑáåáíÉ=ÉäÉãÉåí=

ÅçÇÉ=qoft^`l=íç=çÄí~áå= 0M =~åÇ= 1M =Ñêçã=~=ÇìåÉ=~êÉ~=áå=qÜÉ=kÉíÜÉêä~åÇëK=få==

ÑáÖìêÉ=OKOVI=~å=É~ëí=íç=ïÉëí=ÅêçëëJëÉÅíáçå=çÑ=íÜÉ=ãçÇÉäÉÇ=ÇìåÉ=~êÉ~=áë=ÖáîÉåK=qÜÉ=

î~äìÉë=Ñçê= 0M =çÄí~áåÉÇ=Ñêçã=qoft^`l=éêçîÉÇ=íç=ÄÉ=ÜáÖÜäó=Åçãé~ê~ÄäÉ=Eãçëí=

ÇáÑÑÉêÉåÅÉë=ïÉêÉ=äÉëë=íÜ~å=RBF=íç=íÜÉ=î~äìÉë=çÄí~áåÉÇ=Ñêçã=~å~äóëáë=çÑ=íáãÉ=ëÉêáÉë=

ÖÉåÉê~íÉÇ=Äó=íÜÉ=ë~ãÉ=ÖêçìåÇï~íÉê=ãçÇÉäK=qÜÉ=êÉëìäíë=Ñçê= 1M =ïÉêÉ=åçí=Åçãé~ê~ÄäÉI=

éÉêÜ~éë=ÄÉÅ~ìëÉ=íÜÉ=êÉí~êÇ~íáçå=áå=íÜÉ=ìåë~íìê~íÉÇ=òçåÉ=ï~ë=åçí=~ÇÉèì~íÉäó=íêÉ~íÉÇK=
^å=~Çî~åí~ÖÉ=çÑ=íÜÉ=~å~äóíáÅ=ÉäÉãÉåí=ãÉíÜçÇ=áë=íÜ~í=áíë=Åçåíáåìçìë=ëé~íá~ä=
ã~íÜÉã~íáÅë=ÅçãÄáåÉ=ÉäÉÖ~åíäó=ïáíÜ=íÜÉ=Åçåíáåìçìë=íáãÉ=mfocf`q=ãÉíÜçÇ=çÑ=íáãÉ=

=
 

figure 2.30: Color image of 0M created with the analytic element method [Bakker et al., 2007] in an 

area with shallow water tables and a detailed drainage pattern (created with TimML by Frans Schaars, 
Artesia (www.artesia-water.nl) 
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In this chapter, a method of transfer function-noise (TFN) modeling is presented that
operates in continuous time and uses predefined impulse response (IR) functions. The
resulting class of models is referred to as PIRFICT (Predefined IR Function In Continuous
Time). It provides a useful tool for standardized analysis of time series, as it can be
calibrated using irregularly spaced data and does not require a model identification phase
prior to calibration. In the methodological section, the discrete ARMA (AutoRegressive-
Moving Average)-type TFN model of Box and Jenkins [1970] is presented and transformed
into continuous time to obtain the PIRFICT model. The discrete ARMA transfer function,
which is made up of a variable number of parameters, is replaced by a simple analytic
expression that defines the IR function. From the IR function, block response functions are
derived that enable the model to handle irregularly spaced data. In the example
application, the parameter estimates and performance of the ARMA and PIRFICT model
are compared using a data set of 15 piezometers and a simulated series. It was found that
the estimated transfer and BR functions of both models follow the same general pattern,
although the ARMA transfer functions are partly irregular. The performance of both
models proves to be highly comparable for all piezometers.
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gÉåâáåë=xNVTMzK=få=ìåáî~êá~íÉ=íáãÉ=ëÉêáÉë=ãçÇÉäëI=íÜÉ=ãçÇÉäÉÇ=íáãÉ=ëÉêáÉë=áë=~ëëìãÉÇ=íç=
ÄÉ=ÖÉåÉê~íÉÇ=Äó=~=äáåÉ~ê=íê~åëÑçêã~íáçå=çÑ=~=ê~åÇçã=áåéìí=ëáÖå~äK=qÜÉ=áåéìí=ëáÖå~ä=áë=
ÅçåëáÇÉêÉÇ=íç=ÄÉ=~=ÇáëÅêÉíÉ=ïÜáíÉ=ëíçÅÜ~ëíáÅ=éêçÅÉëëI=ïÜáäÉ=íÜÉ=ÅÜ~ê~ÅíÉêáëíáÅ=êÉëéçåëÉ=
çÑ=íÜÉ=~å~äóòÉÇ=ëóëíÉã=áë=Éëíáã~íÉÇ=Äó=ãáåáãáòáåÖ=íÜÉ=äáâÉäáÜççÇ=ÑìåÅíáçåI=çê=~=äÉ~ëí=
ëèì~êÉë=ÅêáíÉêáçåI=çÑ=íÜÉ=åçáëÉ=ëÉêáÉëK=qê~åëÑÉê=cìåÅíáçåJkçáëÉ=EqckF=íáãÉ=ëÉêáÉë=ãçÇÉäë=
~êÉ=ìëÉÇ=ïÜÉåÉîÉê=~=íáãÉ=ëÉêáÉë=Å~å=ÄÉ=ãçÇÉäÉÇ=Äó=äáåÉ~êäó=íê~åëÑçêãáåÖ=çåÉ=çê=ãçêÉ=
ÇÉíÉêãáåáëíáÅ=áåéìí=ëÉêáÉëI=ïÜáäÉ=íÜÉ=êÉëáÇì~äë=çÑ=íÜÉ=íê~åëÑÉê=ãçÇÉä=~êÉ=~ìíçJÅçêêÉä~íÉÇK=
^ë=íÜÉëÉ=ÅçåÇáíáçåë=~êÉ=çÑíÉå=ãÉí=áå=ÜóÇêçäçÖóI=qck=ãçÇÉäë=Ü~îÉ=ÄÉÉå=ìëÉÇ=çå=ã~åó=
ÜóÇêçäçÖáÅ=î~êá~ÄäÉëI=áåÅäìÇáåÖ=íáãÉ=ëÉêáÉë=çÑ=ÖêçìåÇï~íÉê=ÜÉ~Ç=xq~åâÉêëäÉó=Éí=~äKI=
NVVPX=dÉÜêÉäë=Éí=~äKI=NVVQX=s~å=dÉÉê=~åÇ=wììêI=NVVTzK=jçëí=íáãÉ=ëÉêáÉë=Å~å=~äëç=ÄÉ=
ãçÇÉäÉÇ=Äó=ãÉÅÜ~åáëíáÅ=ãçÇÉäë=íÜ~í=çéÉê~íÉ=~ÅÅçêÇáåÖ=íç=íÜÉ=éÜóëáÅ~ä=ä~ïë=çÑ=íÜÉ=
~å~äóòÉÇ=ëóëíÉãI=Ñçê=Éñ~ãéäÉ=Äó=~=íê~åëáÉåí=ÇáëíêáÄìíÉÇ=ÖêçìåÇï~íÉê=ãçÇÉä=ëìÅÜ=~ë=
jlacilt=áå=íÜÉ=Å~ëÉ=çÑ=íáãÉ=ëÉêáÉë=çÑ=ÖêçìåÇï~íÉê=ÜÉ~ÇK=qÜÉ=ìëÉ=çÑ=qck=ãçÇÉäë=áëI=
ÜçïÉîÉêI=çÑíÉå=éêÉÑÉêêÉÇ=çîÉê=íÜÉ=ìëÉ=çÑ=ãÉÅÜ~åáëíáÅ=ãçÇÉäëI=ÄÉÅ~ìëÉ=qck=ãçÇÉäë=
çÑíÉå=óáÉäÇ=ãçêÉ=~ÅÅìê~íÉ=éêÉÇáÅíáçåë=~åÇ=~êÉ=äÉëë=ÅçãéäáÅ~íÉÇ=íÜ~å=ãÉÅÜ~åáëíáÅ=
ãçÇÉäë=xeáéÉä=~åÇ=jÅiÉçÇI=NVVQzK=få=~ÇÇáíáçåI=ÄÉÅ~ìëÉ=çÑ=íÜÉáê=ëíçÅÜ~ëíáÅ=å~íìêÉI=qck=
ãçÇÉäë=~êÉ=ïÉää=ÉèìáééÉÇ=íç=ãçÇÉä=íÜÉ=ÄÉÜ~îáçê=~åÇ=ìåÅÉêí~áåíó=çÑ=éÜÉåçãÉå~=íÜ~í=
~êÉ=åçí=ïÉää=Éñéä~áåÉÇ=Äó=éÜóëáÅ~ä=ä~ïë=çåäóK=^é~êí=Ñêçã=íÜÉëÉ=Ñ~îçê~ÄäÉ=éêçéÉêíáÉëI=
íÜÉêÉ=~êÉ=~äëç=Çê~ïÄ~Åâë=íç=íÜÉ=ìëÉ=çÑ=qck=ãçÇÉäë=~ë=ÇÉëÅêáÄÉÇ=Äó=_çñ=~åÇ=gÉåâáåëK=
cáêëíI=qck=ãçÇÉäë=êÉèìáêÉ=îÉêó=ëéÉÅáÑáÅ=âåçïäÉÇÖÉ=Ñêçã=íÜÉ=~å~äóëíI=~ë=ÜÉ=çê=ëÜÉ=Ü~ë=íç=
ÄÉ=~ÄäÉ=íç=éÉêÑçêã=~å=áíÉê~íáîÉ=ãçÇÉä=áÇÉåíáÑáÅ~íáçå=éêçÅÉÇìêÉK=cìêíÜÉêãçêÉI=
íê~Çáíáçå~ä=íáãÉ=ëÉêáÉë=ãçÇÉäë=Å~å=çåäó=çéÉê~íÉ=çå=íáãÉ=ëÉêáÉë=íÜ~í=~êÉ=Éèì~ääó=ëé~ÅÉÇ=
áå=íáãÉ=~åÇ=~êÉ=åçåJáåíÉêêìéíÉÇI=ïÜáäÉ=íÜÉ=ÑêÉèìÉåÅó=çÑ=~ää=áåéìí=~åÇ=çìíéìí=î~êá~ÄäÉë=
áë=ÅçìéäÉÇ=~åÇ=Ü~ë=íç=ÄÉ=Éèì~äK=
=
få=íáãÉ=ëÉêáÉë=äáíÉê~íìêÉ=xÉKÖKI=_çñ=~åÇ=gÉåâáåëI=NVTMX=eáéÉä=~åÇ=jÅiÉçÇI=NVVQX=iàìåÖI=
NVVVz=çÑíÉå=äáííäÉ=~ííÉåíáçå=áë=é~áÇ=íç=íÜÉ=Ñ~Åí=íÜ~í=íáãÉ=áë=~=Åçåíáåìçìë=éÜÉåçãÉåçåK=
jçëí=íáãÉ=ëÉêáÉë=ãçÇÉäë=ëáãéäó=ÇáîáÇÉ=íáãÉ=áåíç=ÑáñÉÇ=éçêíáçåëI=~åÇ=çåäó=éÉêÑçêã=
Å~äÅìä~íáçåë=ïáíÜ=íáãÉ=ëÉêáÉë=íÜ~í=~êÉ=çÄëÉêîÉÇ=áå=~ÅÅçêÇ~åÅÉ=ïáíÜ=íÜÉáê=íáãÉ=
ÇáëÅêÉíáò~íáçåK=cçê=ã~åó=~ééäáÅ~íáçåëI=íÜáë=ÇçÉë=åçí=éçëÉ=~=ëÉêáçìë=éêçÄäÉãI=~ë=íÜÉ=
ÑêÉèìÉåÅó=çÑ=íÜÉ=ãÉ~ëìêáåÖ=ÉèìáéãÉåí=Å~å=É~ëáäó=ÄÉ=~Ç~éíÉÇ=íç=ã~íÅÜ=íÜÉ=ÇÉã~åÇë=
çÑ=íÜÉ=íáãÉ=ëÉêáÉë=ãçÇÉäK=få=ÜóÇêçäçÖáÅ=éê~ÅíáÅÉI=ÜçïÉîÉêI=íÜÉ=~å~äóëí=ïáää=çÑíÉå=Ü~îÉ=
íç=ã~âÉ=Çç=ïáíÜ=íÜÉ=Ç~í~=~î~áä~ÄäÉK=qáãÉ=ëÉêáÉë=çÑ=íÜÉ=ÖêçìåÇï~íÉê=äÉîÉäI=Ñçê=Éñ~ãéäÉI=
~êÉ=çÑíÉå=ÅçääÉÅíÉÇ=ã~åì~ääó=~åÇ=íÉåÇ=íç=ÄÉ=åçåJÉèìáÇáëí~åí=~åÇ=Åçåí~áå=ãáëëáåÖ=Ç~í~K=
x_áÉêâÉåë=Éí=~äKI=NVVVz=éìÄäáëÜÉÇ=~=éçëëáÄäÉ=ëçäìíáçå=íç=íÜáë=éêçÄäÉãK=få=íÜÉáê=~êíáÅäÉ=
íÜÉó=ëÜçï=íÜ~í=~å=^ouENIMF=ãçÇÉä=EáKÉK=~å=^ìíçoÉÖêÉëëáîÉJÉuçÖÉåçìë=î~êá~ÄäÉ=ãçÇÉä=
xeáéÉä=~åÇ=jÅiÉçÇI=NVVQzF=íÜ~í=çéÉê~íÉë=çå=~=Ç~áäó=ÑêÉèìÉåÅó=Å~å=ÄÉ=ÑáííÉÇ=çå=
áêêÉÖìä~êäó=çÄëÉêîÉÇ=íáãÉ=ëÉêáÉë=ïáíÜ=íÜÉ=~áÇ=çÑ=~=h~äã~å=ÑáäíÉêI=ÄÉÅ~ìëÉ=íÜÉ=h~äã~å=



rëáåÖ=Åçåíáåìçìë=êÉëéçåëÉ=ÑìåÅíáçåë=

KKÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁKÁK 

=
== TN=

ÑáäíÉê=Éëíáã~íÉë=íÜÉ=î~êá~åÅÉ=çÑ=íÜÉ=çåÉJëíÉé=~ÜÉ~Ç=éêÉÇáÅíáçå=Éêêçê=çê=áååçî~íáçå=ëÉêáÉë=
~í=åçåJçÄëÉêîÉÇ=íáãÉ=ëíÉéëK=^äíÜçìÖÜ=íÜáë=Úh^ij^uÛ=~ééêç~ÅÜ=íç=~=ä~êÖÉ=ÉñíÉåí=
~ääÉîá~íÉë=íÜáë=éêçÄäÉã=Ñçê=ëáãéäÉ=ÉñéçåÉåíá~ä=ëóëíÉãëI=áí=ÇçÉë=åçí=çÑÑÉê=~=ë~íáëÑ~Åíçêó=
ëçäìíáçå=Ñçê=íáãÉ=ëÉêáÉë=çÑ=ëäçï=ëóëíÉãë=ïáíÜ=~=åçåJÉñéçåÉåíá~ä=êÉëéçåëÉI=ÉKÖKI=ä~êÖÉ=
ÖêçìåÇï~íÉê=ëóëíÉãë=ïáíÜ=íÜáÅâ=ìåë~íìê~íÉÇ=òçåÉë=xdÉÜêÉäë=Éí=~äKI=NVVQzK=^å=
~ÇÉèì~íÉ=Ç~áäó=ÑêÉèìÉåÅó=qck=ãçÇÉä=Ñçê=ëìÅÜ=ÅçãéäÉñI=ëäçï=ëóëíÉãë=ïçìäÇ=êÉèìáêÉ=~å=
^oj^u=EáKÉK=~å=^ìíçoÉÖêÉëëáîÉJjçîáåÖ=^îÉê~ÖÉJÉuçÖÉåçìë=î~êá~ÄäÉ=xeáéÉä=~åÇ=
jÅiÉçÇI=NVVQzF=çê=Ñìää=ëÅ~äÉ=qck=ãçÇÉä=ïáíÜ=íçç=ã~åó=é~ê~ãÉíÉêë=íç=ÄÉ=Å~äáÄê~íÉÇ=
ëãççíÜäóI=~ë=íÜÉ=åìãÄÉê=çÑ=é~ê~ãÉíÉêë=áë=ÅçìéäÉÇ=íç=íÜÉ=ãçÇÉä=ÑêÉèìÉåÅóK=jçêÉçîÉêI=
ìëáåÖ=íÜÉ=h^ij^u=~ééêç~ÅÜI=~ää=áåéìí=ëÉêáÉë=ëíáää=Ü~îÉ=íç=ÄÉ=~î~áä~ÄäÉ=ïáíÜ=ÉèìáÇáëí~åíI=
Äìí=ëã~ääI=íáãÉ=ëíÉéëK=^åçíÜÉê=ÅçåëÉèìÉåÅÉ=çÑ=íáãÉ=ÇáëÅêÉíáò~íáçå=áë=íÜ~í=íÜÉ=ãçÇÉä=
çêÇÉê=~åÇ=é~ê~ãÉíÉê=î~äìÉë=ÇÉéÉåÇ=çå=íÜÉ=ÑêÉèìÉåÅó=çÑ=çÄëÉêî~íáçåK=_ÉÅ~ìëÉ=çÑ=íÜáë=
ÇÉéÉåÇÉåÅóI=~=íê~åëÑçêã~íáçå=áë=åÉÅÉëë~êó=íç=ÅçìéäÉ=íáãÉ=ëÉêáÉë=ãçÇÉäë=ïáíÜ=ÇáÑÑÉêÉåí=
ÑêÉèìÉåÅáÉë=xhçìíëçóá~ååáëI=OMMNzK=mêçÄäÉãë=Å~å=~äëç=çÅÅìê=ïáíÜ=íÜÉ=ëÅ~äáåÖ=çÑ=
éçëëáÄäÉ=~ìíçêÉÖêÉëëáîÉ=E^oF=é~ê~ãÉíÉêëI=~ë=íÜÉó=~ëóãéíçíáÅ~ääó=~ééêç~ÅÜ=~=î~äìÉ=çÑ=N=
ïÜÉå=íÜÉ=ÑêÉèìÉåÅó=áåÅêÉ~ëÉëK=
=
qÜÉ=íçéáÅ=çÑ=ãçÇÉä=áÇÉåíáÑáÅ~íáçå=Ü~ë=êÉÅÉáîÉÇ=ãìÅÜ=~ííÉåíáçå=áå=íáãÉ=ëÉêáÉë=äáíÉê~íìêÉI=
~ë=áí=áë=~å=áãéçêí~åí=~åÇ=ÇáÑÑáÅìäí=é~êí=çÑ=íáãÉ=ëÉêáÉë=~å~äóëáëK=få=ÖÉåÉê~äI=íÜÉ=
~ééêç~ÅÜÉë=~åÇ=ãÉíÜçÇë=éêçéçëÉÇ=Äó=ëÉîÉê~ä=~ìíÜçêë=~êÉ=îÉêó=ÇáîÉêëÉK=cçääçïáåÖ=
xhåçííÉêëI=OMMNzI=íÜÉó=Å~å=ÄÉ=ëìÄÇáîáÇÉÇ=áåíç=íÜêÉÉ=ã~áå=Å~íÉÖçêáÉëK=qÜÉ=Ñáêëí=Å~íÉÖçêó=
áë=ÑçêãÉÇ=Äó=áíÉê~íáîÉ=éêçÅÉÇìêÉë=çÑ=áÇÉåíáÑáÅ~íáçåI=Å~äáÄê~íáçå=~åÇ=Çá~ÖåçëíáÅ=ÅÜÉÅâáåÖK=
pìÅÜ=éêçÅÉÇìêÉë=~êÉ=åçêã~ääó=Ä~ëÉÇ=çå=ëíçÅÜ~ëíáÅ=êÉ~äáò~íáçå=íÜÉçêó=~åÇLçê=ëí~íáëíáÅ~ä=
ÜóéçíÜÉëáë=íÉëíáåÖI=~åÇ=áåÅäìÇÉ=íÜÉ=íê~Çáíáçå~ä=~åÇ=ëíáää=ãìÅÜ=éê~ÅíáÅÉÇ=éêçÅÉÇìêÉ=íÜ~í=
ï~ë=éêçéçëÉÇ=Äó=_çñ=~åÇ=gÉåâáåë=xNVTMzK=^=ÖÉåÉê~ä=Çáë~Çî~åí~ÖÉ=çÑ=íÜáë=~ééêç~ÅÜ=áë=
íÜ~í=íÜÉ=êÉëìäíë=çÑ=íÜÉ=ãçÇÉä=áÇÉåíáÑáÅ~íáçå=éêçÅÉÇìêÉ=Å~å=ÄÉ=~ãÄáÖìçìë=xeáéÉä=~åÇ=
jÅiÉçÇI=NVVQz=~åÇ=íÜÉ=éêçÅÉëë=áíëÉäÑ=áë=ê~íÜÉê=ÜÉìêáëíáÅ=~åÇ=Å~å=ÄÉ=îÉêó=âåçïäÉÇÖÉ=
~åÇ=ä~Äçê=áåíÉåëáîÉ=xaÉ=dççáàÉê=Éí=~äKI=NVURzK=pÉÅçåÇI=íÜÉ=ãçÇÉä=çêÇÉê=Å~å=ÄÉ=
áÇÉåíáÑáÉÇ=ìëáåÖ=~ìíçã~íáÅ=ãçÇÉä=ëÉäÉÅíáçå=éêçÅÉÇìêÉëI=ìëáåÖ=áåÑçêã~íáçå=ãÉ~ëìêÉëI=
_~óÉëá~å=ãÉíÜçÇë=~åÇLçê=íÜÉ=çåÉJëíÉéJ~ÜÉ~Ç=éêÉÇáÅíáçå=ÉêêçêK=^ãçåÖ=íÜÉ=ãçëí=ìëÉÇ=
ÅêáíÉêá~=~êÉ=^â~áâÉÛë=Ñáå~ä=éêÉÇáÅíáçå=Éêêçê=EcmbF=ÅêáíÉêáçåI=áåÑçêã~íáçå=ÅêáíÉêáçå=E^f`F=
~åÇ=_~óÉë=áåÑçêã~íáçå=ÅêáíÉêáçå=E_f`F=x^â~áâÉI=NVTMX=^â~áâÉI=NVTQX=^â~áâÉI=NVTVzK=
_çíÜ=^f`=~åÇ=cmbI=ÜçïÉîÉêI=~êÉ=åçí=ÅçåëáëíÉåí=Äìí=~ëóãéíçíáÅ~ääó=çîÉêÉëíáã~íÉ=íÜÉ=
íêìÉ=çêÇÉê=çÑ=íáãÉ=ëÉêáÉë=ãçÇÉäë=xpÜáÄ~í~I=NVTSzK=^äíÜçìÖÜ=ã~åó=çÑ=íÜÉ=~î~áä~ÄäÉ=
ãÉ~ëìêÉë=Ü~îÉ=ÇÉëáê~ÄäÉ=ÅÜ~ê~ÅíÉêáëíáÅëI=íÜÉêÉ=áë=åçí=çåÉ=ÇÉÑáåáíÉäó=ëìéÉêáçê=ãÉíÜçÇI=
~åÇ=~=ÅçÜÉêÉåí=~åÇ=ëóëíÉã~íáÅ=Ñê~ãÉïçêâ=ïÜáÅÜ=áåÇáÅ~íÉë=ïÜÉå=íç=ìëÉ=~=é~êíáÅìä~ê=
ãÉíÜçÇ=áë=ä~ÅâáåÖ=xaÉ=dççáàÉê=Éí=~äKI=NVURzK=^=íÜáêÇ=Å~íÉÖçêó=çÑ=ãçÇÉä=áÇÉåíáÑáÅ~íáçå=
éêçÅÉÇìêÉë=áë=ÑçêãÉÇ=Äó=éêçÅÉÇìêÉë=íÜ~í=ìëÉ=éÜóëáÅ~ä=áåëáÖÜí=áåíç=íÜÉ=ëóëíÉãI=áå=
Åçåíê~ëí=íç=íÜÉ=~ÄçîÉ=ãÉåíáçåÉÇ=ãÉíÜçÇë=íÜ~í=~êÉ=Ä~ëÉÇ=çåäó=çå=íÜÉ=Ç~í~=áíëÉäÑK=få=
íÜÉ=Ç~í~JÄ~ëÉÇ=ãÉÅÜ~åáëíáÅ=ãçÇÉäáåÖ=ãÉíÜçÇçäçÖó=xÉKÖKI=vçìåÖ=~åÇ=_ÉîÉåI=NVVQX=
mêáÅÉ=Éí=~äKI=OMMMz=éÜóëáÅ~ä=~å~äóëáë=áë=ÅçãÄáåÉÇ=ïáíÜ=ëí~íáëíáÅ~ä=ãçÇÉä=áÇÉåíáÑáÅ~íáçåK=
qck=ãçÇÉäë=~êÉ=áÇÉåíáÑáÉÇ=ÇáêÉÅíäó=Ñêçã=íÜÉ=Ç~í~=Äìí=~êÉ=çåäó=~ÅÅÉéíÉÇ=~ë=~=êÉ~ëçå~ÄäÉ=
êÉéêÉëÉåí~íáçå=çÑ=íÜÉ=ëóëíÉã=áÑ=íÜÉó=Ü~îÉ=~=î~äáÇ=éÜóëáÅ~ä=áåíÉêéêÉí~íáçåK=xhåçííÉêë=~åÇ=
_áÉêâÉåëI=OMMMz=ïÉåí=çåÉ=ëíÉé=ÑìêíÜÉê=~åÇ=ìëÉÇ=éÜóëáÅ~ä=~å~äóëáë=íç=äáãáí=íÜÉ=ëÉí=çÑ=
Å~åÇáÇ~íÉ=qck=ãçÇÉäë=íç=çåÉK=få=íÜÉáê=ëíìÇóI=íÜÉ=^ouENIMF=ãçÇÉä=áë=ÅÜçëÉå=~ë=íÜÉ=
ãçëí=~ééêçéêá~íÉ=äáåÉ~ê=íáãÉ=ëÉêáÉë=ãçÇÉä=Ñçê=íáãÉ=ëÉêáÉë=çÑ=íÜÉ=ÖêçìåÇï~íÉê=äÉîÉä=çå=
íÜÉ=Ä~ëáë=çÑ=~=ï~íÉê=Ä~ä~åÅÉ=çÑ=íÜÉ=éÜêÉ~íáÅ=ÖêçìåÇï~íÉê=òçåÉK==



`Ü~éíÉê=P=

..…………………………………………………………………………………………….…. 

=
== TO=

=
få=íÜáë=é~éÉê=ïÉ=éêÉëÉåí=~=ãÉíÜçÇ=çÑ=íê~åëÑÉê=ÑìåÅíáçåJåçáëÉ=ãçÇÉäáåÖ=áå=Åçåíáåìçìë=
íáãÉI=ïÜáÅÜ=ìëÉë=éêÉÇÉÑáåÉÇ=áãéìäëÉ=êÉëéçåëÉ=EfoF=ÑìåÅíáçåëK=qÜÉ=êÉëìäíáåÖ=Åä~ëë=çÑ=qck=
ãçÇÉäë=áë=êÉÑÉêêÉÇ=íç=~ë=mfocf`q=ãçÇÉäë=Emfocf`q=ëí~åÇë=Ñçê=mêÉÇÉÑáåÉÇ=fo=cìåÅíáçå=få=
`çåíáåìçìë=qáãÉFI=~åÇ=ÅáêÅìãîÉåíë=~=åìãÄÉê=çÑ=äáãáí~íáçåë=çÑ=ÇáëÅêÉíÉ=qck=ãçÇÉäë=
äáåâÉÇ=íç=íáãÉ=ÇáëÅêÉíáò~íáçå=~åÇ=ãçÇÉä=áÇÉåíáÑáÅ~íáçåK=qÜÉ=é~éÉê=áë=çêÖ~åáòÉÇ=~ë=
ÑçääçïëK=cáêëíI=íÜÉ=íÜÉçêó=~åÇ=Ä~ëáÅ=Éèì~íáçåë=çÑ=ÇáëÅêÉíÉ=qck=ãçÇÉäë=~êÉ=ÖáîÉå=~åÇ=
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3.2 Methods and theory 

3.2.1 The discrete ARMA TFN model 
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figure 3.1: Example ARMA transfer function of a model 
with order [10 1 0 1 3][30.4], illustrating the portions of 
the transfer function that are determined by the MA and 
AR parameters. 
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0t t= =íç Nt FI=ÇáîáÇáåÖ=áíë=êÉëìäí=Äó= N I=~åÇ=~ëëìãáåÖ=íÜ~í=íÜÉ=Çê~áå~ÖÉ=äÉîÉä=áë=

Åçåëí~åíI=ïÜáÅÜ=ÖáîÉëW=
=

0 0 0

ˆ( ) ( ) ( )
ˆ

N N N

i i i

i i i

h t h t n t

d h h n
N N N

= = == − − = − −
∑ ∑ ∑

 (3.9) 

=
`çãÄáåáåÖ=Éèì~íáçåë=EPKRF=~åÇ=EPKVF=ÖáîÉë=~å=çîÉê~ää=Éèì~íáçå=Ñçê=~=Åçåíáåìçìë=qck=
ãçÇÉä=çÑ=ïÜáÅÜ=íÜÉ=ÅçãéçåÉåíë=~êÉ=~ää=ÅÉåíÉêÉÇ=~Äçìí=íÜÉáê=êÉëéÉÅíáîÉ=íÉãéçê~ä=

~îÉê~ÖÉë=EíÜÉ=çîÉêÄ~ê=ëóãÄçäëFI=~åÇ=áå=ïÜáÅÜ= d =áë=åç=äçåÖÉê=éêÉëÉåíW==
=

ˆ ˆ{ ( ) } { ( ) } { ( ) }h t h h t h n t n− = − + −   (3.10) 

=
få=íÜÉ=Åçåíáåìçìë=Å~ëÉI=íÜÉ=ãçÇÉä=çêÇÉê=áë=ÇÉÑáåÉÇ=Äó=ÅÜççëáåÖ=Åçåíáåìçìë=
ã~íÜÉã~íáÅ~ä=ÑìåÅíáçåë=íç=êÉéêÉëÉåí=íÜÉ=fo=ÑìåÅíáçåëK=qÜÉ=ã~íÜÉã~íáÅ~ä=ÑìåÅíáçåë=~êÉ=
ëÉäÉÅíÉÇ=çå=éÜóëáÅ~ä=ÖêçìåÇëI=Äó=~å=áíÉê~íáîÉ=éêçÅÉÇìêÉ=çÑ=ãçÇÉä=áÇÉåíáÑáÅ~íáçåI=
Éëíáã~íáçå=~åÇ=Çá~ÖåçëíáÅ=ÅÜÉÅâáåÖI=çê=ïáíÜ=íÜÉ=ìëÉ=çÑ=~ìíçã~íáÅ=ãçÇÉä=ëÉäÉÅíáçå=
ÅêáíÉêá~K=qÜÉêÉ=~êÉI=ÜçïÉîÉêI=ëÉîÉê~ä=áãéçêí~åí=ÇáÑÑÉêÉåÅÉë=ïáíÜ=íÜÉ=ÇáëÅêÉíÉ=ãçÇÉä=
áÇÉåíáÑáÅ~íáçå=éêçÅÉÇìêÉK=cáêëí=çÑ=~ääI=ïÜÉå=ÅÜçëÉå=Å~êÉÑìääóI=~=Åçåíáåìçìë=fo=ÑìåÅíáçå==
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=
== TS=

Å~å=Ü~îÉ=~=ÑäÉñáÄäÉ=ëÜ~éÉ=~åÇ=ÄÉ=Éèìáî~äÉåí=íç=~=ëÉêáÉë=çÑ=^oj^=íê~åëÑÉê=ÑìåÅíáçåëK=
pÉÅçåÇI=íÜÉ=ãçÇÉä=áÇÉåíáÑáÅ~íáçå=éêçÅÉÇìêÉ=áë=ëáãéäáÑáÉÇI=ÄÉÅ~ìëÉ=íÜÉ=ãçÇÉä=ÑêÉèìÉåÅó=
ÇçÉë=åçí=áåíÉêÑÉêÉ=ïáíÜ=íÜÉ=ãçÇÉä=çêÇÉêK=qÜáêÇI=~=Åçåíáåìçìë=fo=ÑìåÅíáçå=Å~å=ÄÉ=
çÄàÉÅíáîÉäó=ÅÜçëÉå=~ë=íÜÉ=ÑìåÅíáçå=íÜ~í=êÉéêÉëÉåíë=íÜÉ=éÜóëáÅë=çÑ=íÜÉ=~å~äóòÉÇ=ëóëíÉã=
ÄÉëíK=^=éÜóëáÅ~ääóJÄ~ëÉÇ=fo=ÑìåÅíáçå=çå=íÜÉ=çåÉ=Ü~åÇ=êÉÇìÅÉë=íÜÉ=ëÉåëáíáîáíó=çÑ=íÜÉ=
ãçÇÉä=íç=ÅçáåÅáÇÉåí~ä=ÅçêêÉä~íáçåë=áå=íÜÉ=Ç~í~I=Äìí=çå=íÜÉ=çíÜÉê=Ü~åÇ=áí=Å~å=êÉÇìÅÉ=íÜÉ=
Ñáí=áÑ=Ñçê=ëçãÉ=êÉ~ëçå=íÜÉ=éÜóëáÅ~ä=~ëëìãéíáçåë=éêçîÉ=áåÅçêêÉÅíK=få=^oj^=qck=ãçÇÉäë=
íÜÉ=ãçÇÉä=çêÇÉê=Å~å=ÄÉ=ÅÜçëÉå=çå=éÜóëáÅ~ä=ÖêçìåÇë=xvçìåÖ=~åÇ=_ÉîÉåI=NVVQzI=Äìí=
ïáíÜ=ãçÇÉäë=íÜ~í=Åçåí~áå=j^=é~ê~ãÉíÉêë=íÜÉ=Éñ~Åí=ëÜ~éÉ=çÑ=íÜÉ=íê~åëÑÉê=ÑìåÅíáçå=
Å~ååçíK==
=
eÉêÉ=ïÉ=ÅÜççëÉ=íÜÉ=mÉ~êëçå=íóéÉ=fff=ÇáëíêáÄìíáçå=ÑìåÅíáçå=Emfff=ÇÑFI=ïáíÜ=~å=Éñíê~=
é~ê~ãÉíÉê=^=íÜ~í=~Çàìëíë=íÜÉ=~êÉ~I=íç=ÇÉëÅêáÄÉ=íÜÉ=êÉëéçåëÉ=çÑ=íÜÉ=ï~íÉê=í~ÄäÉ=íç=
éêÉÅáéáí~íáçå=ëìêéäìëW==
=

1( ) exp{ ( )}
( )

( )

n na t b a t b
t A

n
θ

−− − −
=

Γ
  (3.11) 

=

ïáíÜ=[ , , , ]a n b A ÄÉáåÖ=é~ê~ãÉíÉêëK=qÜÉ=éÜóëáÅ~ä=Ä~ëáë=çÑ=íÜÉ=mfff=ÇÑ=äáÉë=áå=íÜÉ=Ñ~Åí=íÜ~í=áí=

ÇÉëÅêáÄÉë=íÜÉ=íê~åëÑÉê=ÑìåÅíáçå=çÑ=~=ëÉêáÉë=çÑ=ÅçìéäÉÇ=äáåÉ~ê=êÉëÉêîçáêë=xk~ëÜI=NVRUzI=
íÜÉ=é~ê~ãÉíÉê= n =ÇÉåçíáåÖ=íÜÉáê=åìãÄÉêI= a =Éèì~äáåÖ=íÜÉ=áåîÉêëÉ=çÑ=íÜÉ=êÉëÉêîçáê=

ÅçÉÑÑáÅáÉåí=åçêã~ääó=ìëÉÇI=~åÇ= b =ÄÉáåÖ=íÜÉ=ÇÉä~ó=íáãÉK=qÜÉ=Éñíê~=é~ê~ãÉíÉê A ==áë=
åÉÅÉëë~êó=ÄÉÅ~ìëÉ=áå=íÜÉ=Å~ëÉ=çÑ=Éèì~íáçå=EPKSFI=ïÜÉêÉ=~=éêÉÅáéáí~íáçå=ëìêéäìë=ëÉêáÉë=áë=
íê~åëÑçêãÉÇ=áåíç=~=ÖêçìåÇï~íÉê=äÉîÉä=ëÉêáÉëI=íÜÉ=ä~ï=çÑ=ÅçåëÉêî~íáçå=çÑ=ã~ëë=ÇçÉë=åçí=
~ééäóK=j~íÜÉã~íáÅ~ääóI= n =áë=åçí=êÉëíêáÅíÉÇ=íç=áåíÉÖÉê=î~äìÉëI=ïÜáÅÜ=ÑìêíÜÉê=áåÅêÉ~ëÉë=
íÜÉ=ÑäÉñáÄáäáíó=çÑ=íÜÉ=mfff=ÇÑ=fo=
ÑìåÅíáçåK=qÜÉ=mfff=ÇÑ=Å~å=í~âÉ=
ëÜ~éÉë=Öê~Çì~ääó=ê~åÖáåÖ=Ñêçã=
ëíÉÉéÉê=íÜ~å=ÉñéçåÉåíá~äI=îá~=
ÉñéçåÉåíá~ä=íç=d~ìëëá~å=EëÉÉ=
ÑáÖìêÉ=PKOFK=få=ÇáëÅêÉíÉ=íÉêãëI=áí=
Å~å=ÄÉ=Éèìáî~äÉåí=íç=~å=^oENF=
ãçÇÉäI=Äìí=~äëç=íç=~ää=^oj^=
ãçÇÉäë=çÑ=ïÜáÅÜ=íÜÉ=ïÉáÖÜíë=çÑ=
íÜÉ=íê~åëÑÉê=ÑìåÅíáçå=íçÖÉíÜÉê=
Ñçêã=çåÉ=çÑ=íÜÉ=ÅìêîÉë=áå=íÜÉ=mfff=
ÇÑ=Ñ~ãáäóK=håçííÉêë=~åÇ=_áÉêâÉåë=
xOMMMz=ëÜçïÉÇ=íÜ~í=~å=^ouENIMF=
ãçÇÉä=áë=~=ÇáëÅêÉíáòÉÇ=îÉêëáçå=çÑ=~=
ëáåÖäÉ=äáåÉ~ê=êÉëÉêîçáêI=~åÇ=
ëìÄëÉèìÉåíäó=áÇÉåíáÑáÉÇ=áí=~ë=íÜÉ=
ãçëí=~ééêçéêá~íÉ=äáåÉ~ê=íáãÉ=
ëÉêáÉë=ãçÇÉä=Ñçê=íáãÉ=ëÉêáÉë=çÑ=
ÖêçìåÇï~íÉê=äÉîÉäK=qÜÉáê=ÅÜçáÅÉ=çÑ=
íÜÉ=^ou=ãçÇÉäI=ÜçïÉîÉêI=ï~ë=
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figure 3.2: A selection of curves of the Pearson type III df 

( n  = [0.5 1 1.3 1.7 2.3], 100A n= ⋅ , 0.01a = , 

0b = ), giving examples of the range of shapes the PIII df 
can take. 



rëáåÖ=Åçåíáåìçìë=êÉëéçåëÉ=ÑìåÅíáçåë=
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=
== TT=

Ä~ëÉÇ=çå=~=ëáãéäÉ=éÜóëáÅ~ä=ãçÇÉä=çÑ=~=çåÉ=ÇáãÉåëáçå~ä=ëçáä=ÅçäìãåI=ÇáëÅ~êÇáåÖ=ä~íÉê~ä=
Ñäçï=~åÇ=íÜÉ=ÑìåÅíáçåáåÖ=çÑ=íÜÉ=ìåë~íìê~íÉÇ=òçåÉK=få=íÜáë=ëÉåëÉ=íÜÉ=mfff=ÇÑ=Ñçêãë=~å=
ÉñíÉåëáçå=íç=íÜÉáê=ãÉíÜçÇI=~ë=áí=áåÅäìÇÉë=íÜÉ=^ou=ãçÇÉä=Äìí=Å~å=Ñçê=Éñ~ãéäÉ=~äëç=
ÇÉëÅêáÄÉ=íÜÉ=ÅçãÄáåÉÇ=êÉëéçåëÉ=çÑ=~=ë~íìê~íÉÇ=~åÇ=ä~óÉêÉÇ=ìåë~íìê~íÉÇ=òçåÉK===
=
^ë=íÜÉ=êÉëáÇì~äëI=ïÜáÅÜ=~êÉ=íÜçìÖÜí=íç=ÄÉ=íÜÉ=çìíéìí=çÑ=íÜÉ=åçáëÉ=ãçÇÉäI=~êÉ=íÜÉ=
êÉëìäí=çÑ=~=î~êáÉíó=çÑ=Å~ìëÉë=EÉKÖKI=Éêêçêë=áå=íÜÉ=çÄëÉêî~íáçåë=çÑ=íÜÉ=áåéìí=~åÇ=çìíéìí=
ëÉêáÉëI=Éêêçêë=áå=íÜÉ=ãçÇÉä=é~ê~ãÉíÉêëI=ëáãéäáÑáÅ~íáçåë=çê=Éêêçêë=áå=íÜÉ=ãçÇÉä=ÅçåÅÉéíFI=
áí=áë=ÇáÑÑáÅìäí=íç=ã~âÉ=~=ÅäÉ~ê=ÅÜçáÅÉ=çÑ=íÜÉ=åçáëÉ=fo=ÑìåÅíáçå=çå=éÜóëáÅ~ä=ÖêçìåÇëK=tÉ=
íÜÉêÉÑçêÉ=ÅÜççëÉ=~=ëáãéäÉ=^oENF=åçáëÉ=ãçÇÉäI=~åÇ=êÉäó=çå=Çá~ÖåçëíáÅ=ÅÜÉÅâë=íç=íÉëí=áíë=
~ÇÉèì~ÅóK=qÜÉ=ÅÜçáÅÉ=çÑ=~å=^oENF=ãçÇÉä=Éèì~äë=íÜÉ=ÅÜçáÅÉ=çÑ=~å=ÉñéçåÉåíá~ä=fo=
ÑìåÅíáçå=áå=Åçåíáåìçìë=íáãÉ=xÉKÖKI=_çñ=~åÇ=gÉåâáåëI=NVTMX=`Ü~íÑáÉäÇI=NVUVzK=få=çêÇÉê=íç=
ÖÉí=~å=ÉñéçåÉåíá~ä=åçáëÉ=ãçÇÉä=ïáíÜ=~å=~ééêçéêá~íÉ=áååçî~íáçå=î~êá~åÅÉ=ÑìåÅíáçåI=
ÜÉêÉ=ïÉ=ìëÉ=~å=fo=ÑìåÅíáçå=çÑ=íÜÉ=ÑçääçïáåÖ=Ñçêã=xsçå=^ëãìíÜ=~åÇ=_áÉêâÉåëI=OMMRzW==
=

2  ( ) 2 exp( )  nt tφ ασ α= −   (3.12) 

=

ïáíÜ=íÜÉ=é~ê~ãÉíÉê=α =ÇÉíÉêãáåáåÖ=íÜÉ=ÇÉÅ~ó=ê~íÉ=çÑ=φ =~åÇ=
2
nσ =ÇÉåçíáåÖ=íÜÉ=

î~êá~åÅÉ=çÑ=íÜÉ=êÉëáÇì~äëK==

3.2.3 Evaluation, parameter estimation and diagnostic checking 

tÜÉå=íÜÉ=fo=ÑìåÅíáçåë=Ü~îÉ=ÄÉÉå=ÅÜçëÉåI=íÜÉ=mfocf`q=ãçÇÉä=áë=áÇÉåíáÑáÉÇ=~åÇ=Å~å=ÄÉ=
Éî~äì~íÉÇK=få=íÜÉ=ÑçääçïáåÖI=ïÉ=ïáää=ÇÉëÅêáÄÉ=íÜÉ=ÇáÑÑÉêÉåí=ëíÉéë=áå=íÜÉ=áãéäÉãÉåí~íáçå=
çÑ=íÜÉ=mfocf`q=ãçÇÉäK=cáêëíI=íÜÉ=~î~áä~ÄäÉ=íáãÉ=ëÉêáÉë=Ü~îÉ=íç=ÄÉ=íê~åëÑçêãÉÇ=íç=
Åçåíáåìçìë=ëÉêáÉëI=~ë=ãçëí=íáãÉ=ëÉêáÉë=~êÉ=åçí=~î~áä~ÄäÉ=~ë=Åçåíáåìçìë=ëÉêáÉë=ÇìÉ=íç=íÜÉ=
ÇáëÅêÉíÉ=çÄëÉêî~íáçå=éêçÅÉëëK=j~åó=ÅçääÉÅíÉÇ=íáãÉ=ëÉêáÉëI=ÜçïÉîÉêI=Å~å=ÄÉ=êÉÖ~êÇÉÇ=~ë=
íÜÉ=ÅÜ~åÖÉ=áå=íÜÉ=éêáãáíáîÉ=ÑìåÅíáçå=çÑ=ëçãÉ=ìåÇÉêäóáåÖ=Åçåíáåìçìë=éêçÅÉëëI=~ë=áë=íÜÉ=
Å~ëÉ=ïáíÜ=éêÉÅáéáí~íáçå=ëìêéäìëW=
=

1

1( ) ( ) = ( )d
i

i

t

t i i

t

p P t P t p τ τ
−

−= − ∫   (3.13) 

=
tÜÉå=éêÉÅáéáí~íáçå=ëìêéäìë=Ç~í~=~êÉ=çåäó=~î~áä~ÄäÉ=~í=ÇáëÅêÉíÉ=áåíÉêî~äëI=íÜÉ=Åçåíáåìçìë=

ëÉêáÉë= ( )p τ =Å~ååçí=ÄÉ=êÉÅçåëíêìÅíÉÇ=Éñ~ÅíäóI=Äìí=áí=Å~å=ÄÉ=~ééêçñáã~íÉÇ=Äó=~ëëìãáåÖ=

íÜ~í=íÜÉ=ÇáëíêáÄìíáçå=çÑ= p =áë=ìåáÑçêã=ÇìêáåÖ=íÜÉ=éÉêáçÇ= 1it − íç= it =xwáÉãÉê=Éí=~äKI=NVVUzK=

bèì~íáçå=EOKPSF=Å~å=íÜÉå=ÄÉ=ïêáííÉå=~ëW=
=

1

1

( )  ,     t
i i

i i

p
p t t

t t
τ τ−

−

= ≥ >
−

  (3.14) 

=

få=íÜáë=ï~óI=íÜÉ=ÜáÖÜÉê=íÜÉ=ÑêÉèìÉåÅó=çÑ=çÄëÉêî~íáçåI=íÜÉ=ãçêÉ= 1i it t −− =~ééêç~ÅÜÉë=
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=
== TU=

òÉêç=~åÇ=íÜÉ=ÄÉííÉê=íÜÉ=

~ééêçñáã~íáçå=çÑ= ( )p τ =EïáíÜ=

ìåáíë=xiq
JN
zF=ïáää=ÄÉK=kçíÉ=íÜ~í=íÜÉ=

Éêêçê=ã~ÇÉ=Äó=íÜáë=~ëëìãéíáçå=ïáää=
î~êó=áå=íáãÉ=ïÜÉå=åçåJÉèìáÇáëí~åí=
éêÉÅáéáí~íáçå=ëìêéäìë=çÄëÉêî~íáçåë=
~êÉ=ìëÉÇI=ïÜáÅÜ=ïáää=áåíêçÇìÅÉ=
åçåJëí~íáçå~êáíó=áå=íÜÉ=ãçÇÉä=
êÉëáÇì~äëK=eçïÉîÉêI=ïÉ=~ëëìãÉ=
íÜ~íI=ïÜÉå=íÜÉ=íáãÉ=ëíÉéë=~êÉ=åçí=
íçç=ä~êÖÉ=~åÇ=áêêÉÖìä~êI=íÜáë=ÉÑÑÉÅí=
áë=ëã~ää=ïÜÉå=Åçãé~êÉÇ=íç=íÜÉ=
çíÜÉê=ëçìêÅÉë=çÑ=ãçÇÉä=Éêêçê=~åÇ=
Å~å=íÜÉêÉÑçêÉ=ÄÉ=åÉÖäÉÅíÉÇK==
=
pÉÅçåÇI=~ë=Éèì~íáçå=EPKSF=~åÇ=
EPKTF=Åçåí~áå=íáãÉ=Ñêçã= −∞ I=ïÉ=
Ü~îÉ=íç=ÇÉÑáåÉ=~å=áåáíá~ä=î~äìÉ=íç=
ÄÉ=~ÄäÉ=íç=Éî~äì~íÉ=íÜÉ=Éèì~íáçåë=
ïáíÜ=çÄëÉêî~íáçåë=ëí~êíáåÖ=Ñêçã=

0t = K=eÉêÉ=ïÉ=ÇÉÑáåÉ=íÜÉ=áåáíá~ä=

î~äìÉ=çÑ= p =Ñêçã= t = −∞ íç= 0t = íç=ÄÉ= p I=íÜÉ=íÉãéçê~ä=~îÉê~ÖÉ=çÑ=íÜÉ=éêÉÅáéáí~íáçå=

ëìêéäìë=ëÉêáÉë=ìëÉÇ=Ñçê=íÜÉ=ëáãìä~íáçåë=EÄìí=ïÜÉå=~î~áä~ÄäÉ=~=ÜáëíçêáÅ~ä=~îÉê~ÖÉ=ÅçìäÇ=
~äëç=ÄÉ=ìëÉÇFK=táíÜ=íÜÉ=~áÇ=çÑ=Éèì~íáçå=EPKNQFI=íÜÉ=íê~åëÑÉê=ãçÇÉä=EÉèì~íáçå=EPKSFF=Å~å=

åçï=ÄÉ=Éî~äì~íÉÇ=ìëáåÖ=íÜÉ=ÄäçÅâ=êÉëéçåëÉ=E_oF=ÑìåÅíáçåK=qÜÉ=_o=ÑìåÅíáçå= ( )tΘ Å~å=ÄÉ=

çÄí~áåÉÇ=Äó=ÅçåîçäìíáåÖ=íÜÉ=fo=ÑìåÅíáçå=ïáíÜ=~=ÚÄäçÅâÛ=çÑ=éêÉÅáéáí~íáçå=ëìêéäìë=ïáíÜ=

ìåáí=áåíÉåëáíó=çîÉê=~=éÉêáçÇ= t∆ I=ïÜáÅÜ=Éèì~äëW=
=

( ) ( )d

t

t t

t θ τ τ
−∆

= ∫Θ   (3.15) 

=
qç=ã~âÉ=íÜÉ=_o=ÑìåÅíáçå=Éèìáî~äÉåí=íç=íÜÉ=ÇáëÅêÉíÉ=íê~åëÑÉê=ÑìåÅíáçåI=áí=Ü~ë=íç=ÄÉ=

ÇáîáÇÉÇ=Äó= t∆ =áå=çêÇÉê=íç=ëÅ~äÉ=áí=íç=~=ÄäçÅâ=áåéìí=ïáíÜ=ìåáí=~êÉ~K=få=ÑáÖìêÉ=PKP=ëçãÉ=
Éñ~ãéäÉ=_o=ÑìåÅíáçåë=çÑ=~=ëáåÖäÉ=äáåÉ~ê=êÉëÉêîçáê=~êÉ=éäçííÉÇ=Ñçê=ÇáÑÑÉêÉåí=íáãÉ=ëíÉéëK=

qÜÉ=éêÉÇáÅíÉÇ=ÖêçìåÇï~íÉê=äÉîÉä=ëÉêáÉë=
*h Å~å=ÄÉ=çÄí~áåÉÇ=Äó=~ÇÇáåÖ=íÜÉ=êÉëéçåëÉë=çÑ=

~ää=ÚÄäçÅâëÛ=çÑ=éêÉÅáéáí~íáçåK=_ÉÅ~ìëÉ=Θ =áë=~=Åçåíáåìçìë=ÑìåÅíáçåI=
*h =áë=~äëç=Åçåíáåìçìë=

~åÇ=Ñçê=ÉîÉêó=çÄëÉêî~íáçå=çÑ= h =~=ë~ãéäÉ=çÑ=íÜÉ=êÉëáÇì~ä=ëÉêáÉë= n =áë=çÄí~áåÉÇK==
=
kÉñíI=íÜÉ=åçáëÉ=ãçÇÉä=EÉèì~íáçå=EPKTFF=áë=Éî~äì~íÉÇ=áå=çêÇÉê=íç=çÄí~áå=~=ëÉêáÉë=çÑ=
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EïÜáÅÜ=áë=Åçãéìí~íáçå~ääó=ÉñéÉåëáîÉF=ïÉ=ïáää=ÇÉêáîÉ=~=ÇáêÉÅí=êÉä~íáçå=ÄÉíïÉÉå=íÜÉ=
êÉëáÇì~äë= n ~åÇ=íÜÉ=áååçî~íáçåë=ν K=`çåëáÇÉê=íÜÉ=áååçî~íáçå=ëÉêáÉë=ν =~ë=íÜÉ=åçåJ
ÉèìáÇáëí~åíäó=ë~ãéäÉÇ=ÅÜ~åÖÉ=áå=íÜÉ=ëçäìíáçå=íç=íÜÉ=ëíçÅÜ~ëíáÅ=áåíÉÖê~ä=ÇÉëÅêáÄáåÖ=íÜÉ=
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figure 3.3: Example BR functions of a single linear 

reservoir ( [0,50,100,150,200]t∆ = , 1n = , 

100A = , 0.01a = ), illustrating the effect of different 
time steps on the shape of the BR function. 
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== TV=

êÉëáÇì~ä=ëÉêáÉëW=
=

( ) = ( )d ( )

t

t t

t t Wν φ τ τ
−∆

−∫   (3.16) 

=

tÜÉå=íÜÉ=åçáëÉ=fo=ÑìåÅíáçå=φ =Éèì~äë=Éèì~íáçå=EPKNOF=I=Éèì~íáçå=EPKTF=Å~å=ÄÉ=ïêáííÉå=

~ëW=
=

2( ) = exp( ) ( )+ 2 exp{ ( )}dW( )

t

n

t t

n t t n t t tα ασ α τ τ
−∆

− ∆ − ∆ − −∫  (3.17) 

=
ïÜáÅÜ=áë=âåçïå=~ë=~å=lêåëíÉáåJrÜäÉåÄÉÅâ=éêçÅÉëë=xrÜäÉåÄÉÅâ=~åÇ=lêåëíÉáåI=NVPMzK=_ó=
ÅçãÄáåáåÖ=Éèì~íáçåë=EPKNSF=~åÇ=EPKNTFI=ν =Å~å=ÄÉ=Å~äÅìä~íÉÇ=Ñêçã=íÜÉ=~î~áä~ÄäÉ=Ç~í~=
~ëW==
=

( ) ( ) exp( ) ( )v t n t t n t tα= − − ∆ − ∆   (3.18) 

=

pìÄëÉèìÉåíäóI=íÜÉ=é~ê~ãÉíÉê=ëÉí= [ , , , , ]A a n b α=Ψ =Åçåí~áåÉÇ=áå=íÜÉ=fo=ÑìåÅíáçåë=Ü~ë=

íç=ÄÉ=Éëíáã~íÉÇ=Ñêçã=íÜÉ=Ç~í~K=_ó=~ÇàìëíáåÖ=íÜÉ=î~äìÉ=çÑ=íÜÉ=é~ê~ãÉíÉêë=íÜÉ=íáãÉ=
ëÉêáÉë=ãçÇÉä=Å~å=ÄÉ=Å~äáÄê~íÉÇ=çå=~=ëÉí=çÑ=çÄëÉêî~íáçåë=çÑ=íÜÉ=ÖêçìåÇï~íÉê=äÉîÉä=ëÉêáÉë=

( )ih t Äó=ãáåáãáòáåÖ=~=ÅÉêí~áå=çÄàÉÅíáîÉ=ÑìåÅíáçåK=_áÉêâÉåë=Éí=~äK=xNVVVz=ìëÉ=~=äçÖJ

äáâÉäáÜççÇ=ÑìåÅíáçå=xpÅÜïÉééÉI=NVTPz=~ë=çÄàÉÅíáîÉ=ÑìåÅíáçå=Ñçê=íÜÉ=áååçî~íáçåë=çÑ=~=
h~äã~å=ÑáäíÉê=ïáíÜ=~å=çÄëÉêî~íáçå=Éêêçê=î~êá~åÅÉ=çÑ=MI=íç=ÖÉí=~=ã~ñáãìã=äáâÉäáÜççÇ=
Éëíáã~íÉ=çÑ=íÜÉ=ãçÇÉä=é~ê~ãÉíÉêë=EìåÇÉê=íÜÉ=~ëëìãéíáçå=íÜ~í=íÜÉ=áååçî~íáçåë=~êÉ=
d~ìëëá~åFK=eçïÉîÉêI=Ñçê=êÉ~ëçåë=çÑ=ÉÑÑáÅáÉåÅóI=ïÉ=ëÉÉâ=~å=çÄàÉÅíáîÉ=ÑìåÅíáçå=íÜ~í=Å~å=
ÄÉ=ÉñéêÉëëÉÇ=áå=íÉêãë=çÑ=áåÇáîáÇì~ä=áååçî~íáçåëK=cêçã=EPKNOF=~åÇ=EPKNSF=ïÉ=Ü~îÉW=
=

2 2( , ) {1 exp( 2 )} nt tνσ α σ∆ = − − ∆Ψ   (3.19) 

=
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=
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ïáíÜ=
2
( , )jtν Ψ =Å~äÅìä~íÉÇ=Ñêçã=íÜÉ=êÉëáÇì~ä=ëÉêáÉë=ìëáåÖ=Éèì~íáçå=EPKNUFK=cêçã=
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êÉëéÉÅí=íç= Ψ =ìëáåÖ=~=iÉîÉåÄÉêÖJj~êèì~êÇí=ãÉíÜçÇK=qÜáë=ã~âÉë=íÜÉ=é~ê~ãÉíÉê=
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Éëíáã~íáçå=éêçÄäÉã=ãìÅÜ=ãçêÉ=ÉÑÑáÅáÉåí=íÜ~å=ìëáåÖ=~=h~äã~å=ÑáäíÉê=áå=ÅçåàìåÅíáçå=
ïáíÜ=~=äçÖJäáâÉäáÜççÇ=ÑìåÅíáçå=~åÇ=ëçãÉ=ÖäçÄ~ä=çéíáãáò~íáçå=~äÖçêáíÜãK=
=
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figure 3.4: Autocorrelation functions of an [10 0 1 1 0][30.4] ARMA TFN model and a [30.4 30.4] 
PIRFICT model. The dotted lines denote the 95% confidence interval. From the figure it can be seen 
that for both models, the autocorrelation functions are very similar and the white noise assumption is 
valid. 
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3.2.4 Summary of method 

få=ëìãã~êóI=íÜÉ=ãÉíÜçÇ=ÇÉëÅêáÄÉÇ=~ÄçîÉ=Åçåëáëíë=çÑ=íÜÉ=ÑçääçïáåÖ=ëíÉéëK=cáêëíI=Ñçê=
ÉîÉêó=áåéìí=ëÉêáÉë=~å=fo=ÑìåÅíáçå=áë=ÅÜçëÉåI=ïÜáÅÜ=áå=éêáåÅáéäÉ=Å~å=ÄÉ=~åó=Åçåíáåìçìë=
ÑìåÅíáçå=çê=ÅçãÄáå~íáçå=çÑ=ÑìåÅíáçåëI=Äìí=áå=éê~ÅíáÅÉ=ïáää=çÑíÉå=ÄÉ=Ä~ëÉÇ=çå=íÜÉ=
éÜóëáÅ~ä=ä~ïë=çÑ=íÜÉ=~å~äóòÉÇ=ëóëíÉãK=qÜÉ=áåéìí=ëÉêáÉë=~êÉ=~ëëìãÉÇ=íç=ÄÉ=ìåáÑçêãäó=
ÇáëíêáÄìíÉÇ=áå=ÄÉíïÉÉå=íÜÉ=íáãÉ=ëíÉéë=~åÇ=íê~åëÑçêãÉÇ=áåíç=Åçåíáåìçìë=ëÉêáÉë=ìëáåÖ=
EPKNQFK=qÜÉ=íê~åëÑÉê=Åçåîçäìíáçå=áåíÉÖê~ä=EÉèì~íáçå=EPKSFF=Å~å=åçï=ÄÉ=Éî~äì~íÉÇ=ìëáåÖ=
ÄäçÅâ=êÉëéçåëÉ=ÑìåÅíáçåë=Ñçê=ÉîÉêó=ÄäçÅâ=éìäëÉI=íç=çÄí~áå=~=Åçåíáåìçìë=éêÉÇáÅíáçå=çÑ=
íÜÉ=çìíéìí=ëÉêáÉëK=rëáåÖ=EPKNUFI=~=ë~ãéäÉ=çÑ=íÜÉ=áååçî~íáçå=ëÉêáÉë=áë=çÄí~áåÉÇ=Ñçê=ÉîÉêó=
çÄëÉêî~íáçå=çÑ=íÜÉ=çìíéìí=ëÉêáÉëI=ïÜÉíÜÉê=çê=åçí=ÉèìáÇáëí~åíK=^å=Éëíáã~íÉ=çÑ=íÜÉ=
ãçÇÉä=é~ê~ãÉíÉêë=áë=ã~ÇÉ=ïáíÜ=íÜÉ=~áÇ=çÑ=~=iÉîÉåÄÉêÖJj~êèì~êÇí=~äÖçêáíÜãI=ïÜáÅÜ=
åìãÉêáÅ~ääó=ãáåáãáòÉë=ïÉáÖÜíÉÇ=äÉ~ëí=ëèì~êÉë=ÅêáíÉêáçå=EPKOMF=íÜ~í=áë=Ä~ëÉÇ=çå=íÜÉ=
äáâÉäáÜççÇ=ÑìåÅíáçå=çÑ=íÜÉ=áååçî~íáçåëK=cáå~ääó=íÜÉ=~ÅÅìê~Åó=~åÇ=î~äáÇáíó=çÑ=íÜÉ=ãçÇÉä=áë=
ÅÜÉÅâÉÇ=ìëáåÖ=íÜÉ=~ìíçJ=~åÇ=ÅêçëëÅçêêÉä~íáçå=ÑìåÅíáçåë=çÑ=íÜÉ=áååçî~íáçåëI=íÜÉ=
Åçî~êá~åÅÉ=ã~íêáñ=çÑ=íÜÉ=ãçÇÉä=é~ê~ãÉíÉêë=~åÇ=íÜÉ=î~êá~åÅÉ=çÑ=íÜÉ=fo=ÑìåÅíáçåëK=
=

3.3 Example application 

3.3.1 Set-up and data set  

qÜÉ=Éñ~ãéäÉ=~ééäáÅ~íáçå=áë=ÇÉîáëÉÇ=íç=áääìëíê~íÉ=íÜÉ=éÉêÑçêã~åÅÉ=çÑ=íÜÉ=mfocf`q=ãçÇÉä=
áå=éê~ÅíáÅÉ=Äó=Åçãé~êáåÖ=áíë=Å~äáÄê~íáçå=~åÇ=î~äáÇ~íáçå=êÉëìäíë=~åÇ=é~ê~ãÉíÉê=Éëíáã~íÉë=
ïáíÜ=íÜçëÉ=çÑ=^oj^=qck=ãçÇÉäë=ÑáííÉÇ=çå=íÜÉ=ë~ãÉ=Ç~í~K=cçê=íÜáë=éìêéçëÉI=
ÖêçìåÇï~íÉê=äÉîÉä=ëÉêáÉë=Ñêçã=NR=éáÉòçãÉíÉêë=~êÉ=ëÉäÉÅíÉÇI=~ää=äóáåÖ=áå=~=ÇìåÉ=êÉëÉêîÉ=
áå=íÜÉ=éêçîáåÅÉ=kçêíÜJeçää~åÇI=qÜÉ=kÉíÜÉêä~åÇëI=åÉ~ê=íÜÉ=íçïå=çÑ=bÖãçåÇK=
máÉòçãÉíÉêë=~êÉ=ëÉäÉÅíÉÇ=~í=äçÅ~íáçåë=íÜ~í=~êÉ=äáííäÉ=ÇáëíìêÄÉÇ=Äó=íÜÉ=ÖêçìåÇï~íÉê=
~Äëíê~Åíáçå=áå=íÜÉ=~êÉ~=xoçäÑ=~åÇ=iÉÄÄáåâI=NVVUzI=íÜìë=~ääçïáåÖ=íÜÉ=ÖêçìåÇï~íÉê=äÉîÉä=
ëÉêáÉë=íç=ÄÉ=ãçÇÉäÉÇ=ïáíÜ=éêÉÅáéáí~íáçå=ëìêéäìë=~ë=~=ëáåÖäÉ=áåéìí=ëÉêáÉëK=qÜÉ=
ÖêçìåÇï~íÉê=äÉîÉä=áå=~ää=éáÉòçãÉíÉêë=áë=ïÉää=çÄëÉêîÉÇ=áå=íÜÉ=ë~ãÉ=éÉêáçÇI=ïáíÜ=
çÄëÉêî~íáçåë=í~âÉå=ã~åì~ääó=~Äçìí=íÜÉ=NQíÜ=~åÇ=OUíÜ=çÑ=ÉîÉêó=ãçåíÜI=ëç=íÜ~í=íÜÉ=
ãçÇÉä=êÉëìäíë=~êÉ=äáííäÉ=áåÑäìÉåÅÉÇ=Äó=~=ÇáÑÑÉêÉåÅÉ=áå=äÉåÖíÜ=çÑ=íÜÉ=Å~äáÄê~íáçå=éÉêáçÇ=çê=
íÜÉ=åìãÄÉê=çÑ=çÄëÉêî~íáçåë=áå=íÜ~í=éÉêáçÇK=cçê=íÜÉ=Å~äáÄê~íáçå=éêçÅÉëëI=çÄëÉêî~íáçåë=çÑ=
íÜÉ=ÖêçìåÇï~íÉê=äÉîÉä=Ñêçã=NJNJNVVM=ìåíáä=NJNJOMMN=~êÉ=ìëÉÇ=~åÇ=çÄëÉêî~íáçåë=çÑ=íÜÉ=
éêÉÅáéáí~íáçå=ëìêéäìë=EéêÉÅáéáí~íáçå=ãáåìë=éçíÉåíá~ä=Éî~éçê~íáçåF=ëí~êíáåÖ=Ñêçã=NJNJ
NVUTK=qÜÉ=éêÉÅáéáí~íáçå=ëÉêáÉë=áë=~î~áä~ÄäÉ=çå=~=Ç~áäó=Ä~ëáë=~åÇ=áë=çÄëÉêîÉÇ=Äó=íÜÉ=
mêçîáåÅá~ä=t~íÉê=`çãé~åó=çÑ=kçêíÜJeçää~åÇ=áå=íÜÉ=ÇìåÉë=åÉ~ê=íÜÉ=íçïå=çÑ=`~ëíêáÅìãI=
ïÜÉêÉ~ë=íÜÉ=Ç~áäó=éçíÉåíá~ä=Éî~éçê~íáçå=ëÉêáÉë=çêáÖáå~íÉë=Ñêçã=~=ëí~íáçå=çÑ=íÜÉ=oçó~ä=
aìíÅÜ=jÉíÉçêçäçÖáÅ=fåëíáíìíÉ=åÉ~ê=íÜÉ=íçïå=çÑ=aÉ=hççóK==
=
^ë=íÜÉ=éÉêÑçêã~åÅÉ=çÑ=ãçÇÉäë=ã~ó=ÄÉ=ÇÉéÉåÇÉåí=çå=íÜÉ=éêçéÉêíáÉë=çÑ=~=Ç~í~=ëÉíI=íÜÉ=
Éñ~ãéäÉ=~ééäáÅ~íáçå=áë=åçí=ëçäÉäó=ÑçÅìëÉÇ=çå=~ëëÉëëáåÖ=íÜÉ=éÉêÑçêã~åÅÉ=çÑ=ÄçíÜ=
ãçÇÉäë=Ñçê=íÜáë=ëéÉÅáÑáÅ=Ç~í~=ëÉíI=Äìí=~äëç=çå=Åä~êáÑóáåÖ=íÜÉ=ãÉÅÜ~åáëãë=ïÜáÅÜ=
áåÑäìÉåÅÉ=ãçÇÉä=éÉêÑçêã~åÅÉK=cáêëí=çÑ=~ääI=ïÉ=ïáää=áääìëíê~íÉ=íÜÉ=éÉêÑçêã~åÅÉ=çÑ=~=ê~åÖÉ=
çÑ=^oj^=qck=ãçÇÉäëI=íÜÉáê=ÇÉéÉåÇÉåÅÉ=çå=ìëÉê=ÇÉÑáåÉÇ=ÅÜçáÅÉë=ëìÅÜ=~ë=ãçÇÉä=çêÇÉê=
~åÇ=íáãÉ=ÇáëÅêÉíáò~íáçåI=~åÇ=íÜÉ=ÇÉéÉåÇÉåÅÉ=çÑ=íÜÉ=êÉëìäíë=çÑ=mfocf`q=ãçÇÉäë=ÑáííÉÇ=çå=
íÜÉ=ë~ãÉ=Ç~í~=Ñêçã=~å=Éñ~ãéäÉ=ëÉêáÉëK=cçê=íÜáë=éìêéçëÉI=éáÉòçãÉíÉê=NV^wtOQS|N=áë=
ëÉäÉÅíÉÇK=^í=íÜáë=äçÅ~íáçå=íÜÉ=ï~íÉê=í~ÄäÉ=ëÜçïÉÇ=íÜÉ=ëäçïÉëí=êÉëéçåëÉ=íç=éêÉÅáéáí~íáçå=
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=
== UO=

ëìêéäìëI=ïÜáÅÜ=ã~âÉë=áí=ÉëéÉÅá~ääó=ëìáíÉÇ=Ñçê=áääìëíê~íáåÖ=íÜÉ=ÄÉåÉÑáÅá~ä=éêçéÉêíáÉë=çÑ=íÜÉ=
mfocf`q=ãçÇÉäK=kÉñíI=ïÉ=ïáää=áÇÉåíáÑó=~=ëáåÖäÉ=^oj^=ãçÇÉä=çêÇÉê=Ñçê=~ää=NR=
éáÉòçãÉíÉêëI=~åÇ=Åçãé~êÉ=íÜÉ=Å~äáÄê~íáçå=êÉëìäíë=ïáíÜ=íÜçëÉ=çÑ=íÜÉ=mfocf`q=ãçÇÉäK=cçê=
ëáñ=çÑ=íÜÉ=éáÉòçãÉíÉêëI=çÄëÉêî~íáçåë=íÜ~í=ïÉêÉ=í~âÉå=ÄÉÑçêÉ=íÜÉ=Å~äáÄê~íáçå=éÉêáçÇ=~êÉ=
~î~áä~ÄäÉI=~åÇ=Ñçê=íÜÉëÉ=ëÉêáÉë=~=î~äáÇ~íáçå=áë=~äëç=éÉêÑçêãÉÇK=råÑçêíìå~íÉäóI=íÜÉ=
çÄëÉêî~íáçåë=áå=íÜáë=éÉêáçÇ=~êÉ=çåäó=~î~áä~ÄäÉ=çå=~=èì~êíÉêäó=Ä~ëáë=~åÇ=åçí=ëìáíÉÇ=Ñçê=~=
ÅêçëëJî~äáÇ~íáçåK=cáå~ääóI=~=ëã~ää=ëáãìä~íáçå=ÉñéÉêáãÉåí=áë=éÉêÑçêãÉÇ=íç=ÅçåÑáêã=ëçãÉ=
ÜóéçíÜÉëÉë=Ä~ëÉÇ=çå=êÉëìäíë=Ñêçã=íÜÉ=êÉ~ä=ïçêäÇ=Ç~í~K=

3.3.2 Single series 

få=çêÇÉê=íç=ÄÉ=~ÄäÉ=íç=Å~äáÄê~íÉ=~å=^oj^=ãçÇÉä=çå=~=ëéÉÅáÑáÅ=íáãÉ=ëÉêáÉëI=íÜÉ=ãçÇÉä=
çêÇÉê=Ü~ë=íç=ÄÉ=áÇÉåíáÑáÉÇ=ÑáêëíK=^ë=håçííÉêë=~åÇ=_áÉêâÉåë=xOMMMz=Ü~îÉ=ëÜçïåI=íÜÉ=
êÉëéçåëÉ=çÑ=íÜÉ=ë~íìê~íÉÇ=òçåÉ=íç=éêÉÅáéáí~íáçåI=ìåÇÉê=íÜÉ=~ëëìãéíáçå=çÑ=îÉêíáÅ~ä=ÑäçïI=
ëÜçïë=ÉñéçåÉåíá~ä=ÇÉÅ~ó=~åÇ=íÜÉêÉÑçêÉ=Éèì~äë=~å=^ou=ãçÇÉäK=eçïÉîÉêI=íÜÉ=Ñáêëí=
çêÇáå~íÉë=çÑ=íÜÉ=êÉëéçåëÉ=ÑìåÅíáçå=Å~å=~äëç=ÄÉ=åçåJÉñéçåÉåíá~ä=~åÇ=íÜÉ=êÉëéçåëÉ=Å~å=
ÄÉ=ÇÉä~óÉÇ=ïÜÉå=Üçêáòçåí~ä=Ñäçï=~åÇ=íÜÉ=ÑìåÅíáçåáåÖ=çÑ=íÜÉ=ìåë~íìê~íÉÇ=òçåÉ=~êÉ=
í~âÉå=áåíç=~ÅÅçìåíK==qÜÉêÉÑçêÉI=ïÉ=çåäó=ÅçåëáÇÉê=^oj^=ãçÇÉäë=ïáíÜ=çêÇÉê=

[ ,1,0,1, ][ ]h pnr b t t∆ = ∆ I=áKÉK=ãçÇÉäë=áå=ïÜáÅÜ=íÜÉ=íê~åëÑÉê=ãçÇÉä=Åçåí~áåë=çåÉ=~ìíçJ

êÉÖêÉëëáîÉ=~åÇ=~=î~êá~ÄäÉ=åìãÄÉê=çÑ=ãçîáåÖJ~îÉê~ÖÉ=é~ê~ãÉíÉêëI=áå=ïÜáÅÜ=íÜÉ=åçáëÉ=
ãçÇÉä=çåÉ=~ìíçJêÉÖêÉëëáîÉ=é~ê~ãÉíÉê=~åÇ=íÜÉêÉ=áë=~=ÇÉä~ó=íáãÉK=qÜÉ=åìãÄÉê=çÑ=
ãçîáåÖ=~îÉê~ÖÉ=é~ê~ãÉíÉêë= nr =áë=ÅÜçëÉå=íç=ÄÉ=RI=NM=~åÇ=OMI=~äëç=ÇÉéÉåÇÉåí=çå=íÜÉ=
íáãÉ=ÇáëÅêÉíáò~íáçåI=ïÜáÅÜ=ÅçîÉêë=íÜÉ=ê~åÖÉ=çÑ=éêçÄ~ÄäÉ=ãçÇÉä=çêÇÉêëK=qÜÉ=íáãÉ=
ÇáëÅêÉíáò~íáçå=áë=ÅÜçëÉå=áå=~ÅÅçêÇ~åÅÉ=ïáíÜ=íÜÉ=çÄëÉêî~íáçå=ÑêÉèìÉåÅó=~åÇ=ëìÅÜ=íÜ~í=
íÜÉ=êÉëéçåëÉ=çÑ=íÜÉ=ëóëíÉã=Å~å=ÄÉ=ÇÉëÅêáÄÉÇ=~ÇÉèì~íÉäó=ïáíÜ=~=êÉ~ëçå~ÄäÉ=åìãÄÉê=çÑ=

é~ê~ãÉíÉêëK=få=íÜÉ=Å~ëÉ=çÑ=íÜÉëÉ=íáãÉ=ëÉêáÉë=íÜáë=ãÉ~åë=íÜ~í= ht∆ =Z=NRKOI=PMKQ=çê=SMKU=

Ç~óëI=ëç=íÜ~í=Éñ~Åíäó=OQI=NO=çê=S=ÖêçìåÇï~íÉê=äÉîÉä=çÄëÉêî~íáçåë=~êÉ=~î~áä~ÄäÉ=ÉîÉêó=
óÉ~êK=^ë=^oj^=ãçÇÉäë=êÉèìáêÉ=ÉèìáÇáëí~åí=íáãÉ=ëÉêáÉë=Ñçê=íÜÉáê=Å~äáÄê~íáçå=~åÇ=íÜÉ=
ÖêçìåÇï~íÉê=äÉîÉä=ãÉ~ëìêÉãÉåíë=~êÉ=í~âÉå=~ééêçñáã~íÉäó=íÜÉ=NQ

íÜ
=~åÇ=OU

íÜ
=çÑ=ÉîÉêó=

ãçåíÜI=íÜÉ=ÖêçìåÇï~íÉê=äÉîÉä=ëÉêáÉë=Ü~ë=íç=ÄÉ=ã~ÇÉ=ÉèìáÇáëí~åíK=få=íÜáë=~ééäáÅ~íáçåI=
~å=ÉèìáÇáëí~åí=ëÉêáÉë=ëí~êíáåÖ=Ñêçã=NJNJNVVM=áë=çÄí~áåÉÇ=Äó=äáåÉ~êäó=áåíÉêéçä~íáåÖ=íÜÉ=
ÖêçìåÇï~íÉê=äÉîÉä=ÄÉíïÉÉå=íÜÉ=íïç=åÉ~êÉëí=çÄëÉêî~íáçåëK=lÄëÉêî~íáçåë=çÑ=íÜÉ=
éêÉÅáéáí~íáçå=ëìêéäìë=~êÉ=~î~áä~ÄäÉ=çå=~=Ç~áäó=Ä~ëáëI=~åÇ=~å=ÉèìáÇáëí~åí=ëÉêáÉë=áë=
çÄí~áåÉÇ=Äó=í~âáåÖ=íÜÉ=ëìã=çÑ=íÜÉ=Ç~áäó=ëÉêáÉë=Ñçê=ÉîÉêó=íáãÉ=áåíÉêî~äK==
=
^ë=ÄçíÜ=íÜÉ=áåéìí=~åÇ=çìíéìí=íáãÉ=ëÉêáÉë=~êÉ=ãçÇáÑáÉÇ=Äó=íÜÉ=áåíÉêéçä~íáçå=~åÇ=
êÉë~ãéäÉ=çéÉê~íáçåë=êÉèìáêÉÇ=Ñçê=^oj^=ãçÇÉäëI=mfocf`q=ãçÇÉäë=~êÉ=ÑáííÉÇ=Ñçê=ÉîÉêó=
Ç~í~=ëÉí=çÄí~áåÉÇ=íÜáë=ï~óK=qç=ã~âÉ=~=ÇáëíáåÅíáçå=ÄÉíïÉÉå=íÜÉ=êÉëìäíë=íÜìë=çÄí~áåÉÇI=

íÜÉ=mfocf`q=ãçÇÉäë=~êÉ=í~ÖÖÉÇ=~ë=[ , ]h pt t∆ ∆ ~åÇ=~ë=EåçåFÉèìáÇáëí~åíI=ïÜáÅÜ=áå=íÜáë=

Å~ëÉ=ÇçÉë=åçí=áåÇáÅ~íÉ=~=ÇáÑÑÉêÉåÅÉ=áå=ãçÇÉä=çêÇÉê=Äìí=~=ÇáÑÑÉêÉåÅÉ=áå=íÜÉ=Ç~í~=ëÉí=
ìëÉÇK=qÜÉ=Å~äáÄê~íáçå=êÉëìäíë=çÑ=íÜÉ=ÇáÑÑÉêÉåí=^oj^=ãçÇÉäë=~åÇ=íÜÉ=mfocf`q=ãçÇÉä=~êÉ=
ÖáîÉå=áå=í~ÄäÉ=PKNI=ÉñéêÉëëÉÇ=áå=íÜÉ=Ñçêã=çÑ=~=åìãÄÉê=çÑ=ÅêáíÉêá~K=få=íÜÉ=í~ÄäÉI=Ñáêëí=íÜÉ=
êççí=ãÉ~å=ëèì~êÉÇ=Éêêçê=EojpbF=~åÇ=êççí=ãÉ~å=ëèì~êÉÇ=áååçî~íáçå=EojpfF=~êÉ=ÖáîÉåI=
ïÜáÅÜ=Ñçêã=~=ãÉ~ëìêÉ=Ñçê=íÜÉ=Éêêçê=çÑ=íÜÉ=íê~åëÑÉê=ãçÇÉä=~åÇ=íÜÉ=î~êá~åÅÉ=çÑ=íÜÉ=
åçáëÉ=éêçÅÉëëI=êÉëéÉÅíáîÉäóK=_ÉÅ~ìëÉ=íÜÉ=î~êá~åÅÉ=çÑ=íÜÉ=ÖêçìåÇï~íÉê=äÉîÉä=ëÉêáÉë=~åÇ=



rëáåÖ=Åçåíáåìçìë=êÉëéçåëÉ=ÑìåÅíáçåë=

KKÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁKÁK 

=
== UP=

íÜÉ=êÉëáÇì~ä=ëÉêáÉë=Å~å=ÄÉ=áåÑäìÉåÅÉÇ=Äó=áåíÉêéçä~íáçå=~åÇ=êÉë~ãéäáåÖ=çéÉê~íáçåëI=~äëç=
íÜÉ=Éñéä~áåÉÇ=î~êá~åÅÉ=éÉêÅÉåí~ÖÉ=EbsmF=áë=ÖáîÉåK=qÜÉ=bsm=áë=ÇÉÑáåÉÇ=~ëW=
=

2 2
( ) ( )

2
( )

EVP *100%
h t n t

h t

σ σ

σ

−
=   (3.22) 

=
^=äçÖáÅ~ä=ï~ó=çÑ=Åçãé~êáåÖ=ãçÇÉä=êÉëìäíë=ëÉÉãë=íç=ÄÉ=íÜÉ=ìëÉ=çÑ=~ìíçã~íáÅ=ãçÇÉä=
çêÇÉê=ëÉäÉÅíáçå=ÅêáíÉêá~=ëìÅÜ=~ë=^f`=~åÇ=cmbK=eçïÉîÉêI=ÄçíÜ=ÅêáíÉêá~=ìëÉ=íÜÉ=áååçî~íáçå=
î~êá~åÅÉ=çê=íÜÉáê=äáâÉäáÜççÇ=Ñçê=ÇÉíÉêãáåáåÖ=íÜÉ=ÄÉëí=ãçÇÉä=çêÇÉêI=ïÜáÅÜ=~êÉ=
áåÑäìÉåÅÉÇ=Äó=íÜÉ=ë~ãéäÉ=ÑêÉèìÉåÅóI=ëç=íÜÉëÉ=ÅêáíÉêá~=Å~ååçí=ÄÉ=ìëÉÇ=íç=Åçãé~êÉ=
ãçÇÉäë=ïáíÜ=ÇáÑÑÉêÉåí=ë~ãéäÉ=ÑêÉèìÉåÅáÉë=çê=Ç~í~=ëÉíëK=cêçã=íÜÉ=êÉëìäíë=áå=í~ÄäÉ=PKN=áí=
Å~å=Ñáêëí=çÑ=~ää=ÄÉ=ëÉÉå=íÜ~í=íÜÉ=ÇáÑÑÉêÉåÅÉë=ÄÉíïÉÉå=íÜÉ=Ñáí=çÑ=ÄçíÜ=ãçÇÉäë=~êÉ=ëã~ääK=
^äíÜçìÖÜ=íÜÉ=mfocf`q=ãçÇÉä=ÇçÉë=ëÜçï=íÜÉ=äçïÉëí=ojpb=~åÇ=ÜáÖÜÉëí=bsmI=íÜÉ=
î~êá~íáçå=Å~ìëÉÇ=Äó=ÇáÑÑÉêÉåÅÉë=áå=çÄëÉêî~íáçå=ÑêÉèìÉåÅó=~åÇ=ãçÇÉä=çêÇÉê=áë=ä~êÖÉê==
íÜ~å=íÜÉ=ÇáÑÑÉêÉåÅÉë=ÄÉíïÉÉå=ÄçíÜ=ãçÇÉä=íóéÉëK=qÜÉ=çéíáã~ä=êÉëìäí=Ñçê=íÜÉ=^oj^=
ãçÇÉä=~ééÉ~êë=íç=ÄÉ=ÖáîÉå=Äó=íÜÉ=xNM=N=M=N=Mz=xPMKQz=ãçÇÉäI=ëç=ïÉ=Å~å=áÇÉåíáÑó=íÜáë=Ñçê=
íÜÉ=ãçãÉåí=~ë=íÜÉ=çéíáã~ä=ãçÇÉä=çêÇÉêK=^ë=ÉñéÉÅíÉÇI=íÜÉ=ojpf=çÑ=ÄçíÜ=ãçÇÉäë=î~êáÉë=

ïáíÜ=íÜÉ=íáãÉ=ä~Ö=ÄÉíïÉÉå=íÜÉ=çÄëÉêî~íáçåë=çÑ=íÜÉ=çìíéìí=ëÉêáÉëK=tÜÉå= ht∆ = =NRKOI=

íÜÉ=ojpf=äáÉë=áå=íÜÉ=çêÇÉê=çÑ=T=íç=U=ÅãI=ïÜÉêÉ~ë=íÜÉ=ojpf=áë=V=íç=NM=Åã=ïÜÉå= ht∆ = =

SMKUK=cìêíÜÉêãçêÉI=íÜÉ=êÉëìäíë=ëÜçï=íÜ~í=íÜÉ=ojpf=çÑ=íÜÉ=^oj^=qck=ãçÇÉä=ÇÉÅêÉ~ëÉë=
ïÜÉå=íÜÉ=åìãÄÉê=çÑ=é~ê~ãÉíÉêë=áåÅêÉ~ëÉëI=ïÜáäÉ=íÜÉ=ojpb=ëÜçïë=~å=çéíáãìã=Ñçê=íÜÉ=

xNM=N=M=N=Mz=ãçÇÉä=Ñçê= ht∆ = =PMKQK=qÜáë=éÜÉåçãÉåçå=ÅçìäÇ=ïÉää=ÄÉ=~ííêáÄìíÉÇ=íç=íÜÉ=

Ñ~Åí=íÜ~í=íÜÉ=ãçÇÉäë=~êÉ=Å~äáÄê~íÉÇ=Äó=ãáåáãáòáåÖ=íÜÉ=ojpf=EïÜáÅÜ=áë=äáåâÉÇ=íç=íÜÉ=
åçáëÉ=é~êí=çÑ=íÜÉ=ãçÇÉäF=ê~íÜÉê=íÜ~å=íÜÉ=ojpb=EïÜáÅÜ=áë=äáåâÉÇ=íç=íÜÉ=íê~åëÑÉê=ãçÇÉäFK=
_ÉÅ~ìëÉ=çÑ=íÜáëI=~ÇÇáåÖ=Éñíê~=é~ê~ãÉíÉêë=~åÇ=íÜÉêÉÄó=çîÉêÑáííáåÖ=íÜÉ=Ç~í~=ïáää=êÉëìäí=áå=
~=Öê~Çì~ääó=áãéêçîáåÖ=Ñáí=çÑ=íÜÉ=åçáëÉ=ãçÇÉäI=Äìí=Å~å=~í=íÜÉ=ë~ãÉ=Ü~îÉ=~=åÉÖ~íáîÉ=
ÉÑÑÉÅí=çå=íÜÉ=Ñáí=çÑ=íÜÉ=íê~åëÑÉê=ãçÇÉäK=lîÉêÑáííáåÖ=ÄÉÜ~îáçêI=çê=íÜÉ=ÖÉåÉê~ääó=ÜáÖÜÉê=

table 3.1: Calibration results for ARMA TFN models of different order and PIRFICT models 
calibrated on the same data (piezometer 19AZW246_1). 
 

= ^oj^=qck=ãçÇÉäë== =

[ , , , , ]nr ns np nq b

[ ]h pt t∆ = ∆ =

=xR=N=M=N=Mz=
xPMKQz=

=xNM=N=M=N=Mz=
xPMKQz=

=xOM=N=M=N=Mz=
xPMKQz=

xOM=N=M=N=Mz=
xNRKOz=

=xR=N=M=N=Mz=
xSMKUz=

ojpb=EÅãF= NTKUO= NSKPV= NTKMU= NSKRU= NTKPP=

ojpf=EÅãF= UKSN= UKQO= UKMS= TKMQ= NMKQN=

bsm=EBF= UOKPR= URKMU= UPKTV= UQKUP= UPKRV=

= mfocf`q=ãçÇÉä= =

ojpb=EÅãF= = NSKOR= = NSKQN= NTKQP=

ojpf=EÅãF= = VKMP= = TKOT= NMKRO=

bsm=EBF= = URKPO= = URKNQ= UPKPV=

=
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=
== UQ=

åìãÄÉê=çÑ=é~ê~ãÉíÉêë=çÑ=~å=^oj^=ãçÇÉäI=ÅçìäÇ=~äëç=Éñéä~áå=íÜÉ=Ñ~Åí=íÜ~í=íÜÉ=ojpf=
çÑ=íÜÉ=^oj^=qck=ãçÇÉä=áë=äçïÉê=íÜ~å=íÜ~í=çÑ=íÜÉ=mfocf`q=ãçÇÉäI=ïÜáäÉ=áíë=ojpb=áë=
ÜáÖÜÉêK=
=
qÜÉ=é~ê~ãÉíÉê=Éëíáã~íÉë=çÑ=íÜÉ=ÇáÑÑÉêÉåí=ãçÇÉäë=Å~å=ÄÉëí=ÄÉ=Åçãé~êÉÇ=Äó=éäçííáåÖ=
íÜÉ=Éëíáã~íÉÇ=_o=ÑìåÅíáçåëK=få=ÑáÖìêÉ=PKRI=íÜÉ=íê~åëÑÉê=ÑìåÅíáçåë=çÑ=íÜêÉÉ=x nr =N=M=N=

MzxPMKQz=^oj^=ãçÇÉäë=~êÉ=éäçííÉÇI=ïáíÜ= 5nr = I=NM=~åÇ=OMK=qÜÉ=êÉëìäíë=~ééÉ~ê=íç=ÄÉ=

ëáÖåáÑáÅ~åíäó=áåÑäìÉåÅÉÇ=Äó=íÜÉ=ãçÇÉä=çêÇÉêI=~ë=íÜÉ=íê~åëÑÉê=ÑìåÅíáçåë=çÑ=íÜÉ= 10nr = =

~åÇ=OM=ãçÇÉä=äáÉ=é~êíäó=çìíëáÇÉ=íÜÉ=ÅçåÑáÇÉåÅÉ=áåíÉêî~ä=çÑ=íÜ~í=çÑ=íÜÉ= 5nr = =ãçÇÉäK=

qÜÉ=åìãÄÉê=çÑ=j^=é~ê~ãÉíÉêë=Ñçê=íÜÉ=Å~ëÉ= 5nr = =áë=~éé~êÉåíäó=íçç=äçï=íç=ãçÇÉä=íÜÉ=
ëäçï=êÉëéçåëÉ=çÑ=íÜÉ=ëóëíÉã=ïÉääK=^ÅÅçêÇáåÖ=íç=íÜáë=ÑáÖìêÉ=~åÇ=íÜÉ=ojpbI=áå=íÜáë=Å~ëÉ=
NM=j^=é~ê~ãÉíÉêë=àìëí=~Äçìí=ëìÑÑáÅÉ=íç=ãçÇÉä=íÜÉ=Ñáêëí=é~êí=çÑ=íÜÉ=êÉëéçåëÉ=çÑ=íÜÉ=
ëóëíÉãI=ïÜáäÉ=íÜÉ=êÉã~áåÇÉê=çÑ=íÜÉ=êÉëéçåëÉ=ÑìåÅíáçå=Å~å=ÄÉ=ÇÉëÅêáÄÉÇ=~ÇÉèì~íÉäó=Äó=
~=ëáåÖäÉ=^o=é~ê~ãÉíÉêK=cêçã=ÑáÖìêÉ=PKRÄ=áí=Å~å=ÄÉ=ëÉÉå=íÜ~í=íÜÉ=êÉëéçåëÉ=çÑ=íÜÉ=
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figure b)

Box−Jenkins
PIRFICT    
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figure c)
th=tp=15.2
th=tp=30.4
th=tp=60.8
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figure d)
th=tp=15.2
th=tp=30.4
th=tp=60.8

=
figure 3.5: BR functions of several TFN models of piezometer 19AZW246_1. a) Three [nr 1 0 1 0] 
[30.4] ARMA models with nr = 5, 10 and 20. b) An [10 1 0 1 0][30.4] ARMA model and a PIRFICT 

model using the same data. c) three [10 1 0 1 0][ t∆ ] ARMA models with t∆ = 15.2, 30.4 and 60.8. 
d) Three PIRFICT models with h pt t∆ = ∆ = 15.2, 30.4 and 60.8. The dotted lines denote the 95% 

confidence interval of the nb = 5 model in a), both models in b), and the t∆ = 30.4 model in c) and d). 
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figure 3.6: Simulations from a [10 1 0 1 0][30.4] ARMA model and a [30.4 30.4] PIRFICT model 
calibrated on observations of the water table depth of piezometer 19AZW246_1 between 1990 and 
2001. From the figure it can be seen that the simulation results in both the calibration and validation 
period are similar. 
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table 3.2: Average calibration and validation results of 
the ARMA and PIRFICT model for 15 and 6 piezometers 
respectively. 
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sJojpb=EÅãF= NRKTS= NRKSQ= NRKPU=
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3.3.4 A small simulation study 
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figure 3.7: Transfer functions of a [10 1 0 1 b][30.4] ARMA TFN model and a PIRFICT model 
calibrated on the same data from piezometers 19AZL5038_1, shown in a), and 19AZW195_1 shown 
in b). The dotted lines denote the 95% confidence intervals. 
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figure 3.8: Transfer functions of a [10 0 1 1 0] [30.4] 
ARMA model and a PIRFICT model calibrated on the 
same simulated series. The dotted lines denote the 95% 
confidence intervals. The figure illustrates that the partly 
irregular shape of the ARMA transfer function is due to 
overfitting the data with too high a model order and not 
conform the ‘true’ response of the synthetic system. 
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In this chapter, the background and functioning of a simple but effective continuous time
approach for modeling irregularly spaced residual series are presented. The basic
equations were published earlier in [ 2002] where they were used as
part of a continuous time transfer function noise (TFN) model. It is shown that the methods
behind the model are build on two principles: first, the fact that the equations of a Kalman
filter degenerate to a form that is equivalent to 'conventional' autoregressive moving
average (ARMA) models when the modeled data are considered to be free of
measurement errors. This assumption, in comparison to the 'full' Kalman filter also yields a
better prediction efficiency [ 1994]; second, the mathematical
equivalence between discrete-time AR parameters and continuous exponentials and the
point that continuous time models provide an elegant solution for modeling irregularly
spaced observations [e.g., 1989]. Because simple least-squares methods do not
apply in case of modeling irregular data, a sum of weighted squared innovations (SWSI)
criterion is introduced and derived from the likelihood function of the innovations. In an
example application, it is shown that the estimates of the SWSI criterion converge to
maximum likelihood estimates for larger sample sizes. Finally, we propose to use the so-
called innovation variance function as an additional diagnostic check, next to the well-
known auto and crosscorrelation functions.
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4.1 Introduction 
låÉ=çÑ=íÜÉ=áããÉÇá~íÉ=ÅçåëÉèìÉåÅÉë=çÑ=íÜÉ=ëíçÅÜ~ëíáÅ=å~íìêÉ=çÑ=å~íìê~ä=éêçÅÉëëÉë=áë=
íÜ~í=íÜÉ=éêÉÇáÅíáçåë=çÑ=~=ÇÉíÉêãáåáëíáÅ=ãçÇÉä=ïáää=åÉîÉê=ã~íÅÜ=~=ëÉí=çÑ=çÄëÉêî~íáçåë=
ÅçãéäÉíÉäóK=qÜÉ=ÇáÑÑÉêÉåÅÉ=ÄÉíïÉÉå=íÜÉ=ãçÇÉä=éêÉÇáÅíáçåë=~åÇ=íÜÉ=çÄëÉêîÉÇ=íáãÉ=
ëÉêáÉë=Ñçêãë=~=íáãÉ=ëÉêáÉë=çÑ=áíë=çïåI=Å~ääÉÇ=íÜÉ=ÚêÉëáÇì~äëÛK=oÉëáÇì~äë=~êÉ=ÚÅ~ìëÉÇÚ=Äó=
Éêêçêë=áå=íÜÉ=çÄëÉêî~íáçå=éêçÅÉëëI=Éêêçêë=áå=íÜÉ=ãçÇÉä=é~ê~ãÉíÉêëI=ëáãéäáÑáÅ~íáçåë=çê=
Éêêçêë=áå=íÜÉ=ãçÇÉä=ÅçåÅÉéí=~åÇLçê=åìãÉêáÅ=Éêêçêë=ïÜÉå=Éî~äì~íáåÖ=íÜÉ=ãçÇÉä=
Éèì~íáçåëK=cìêíÜÉêãçêÉI=íÜÉ=î~äìÉ=çÑ=~=ãçÇÉä=êÉëáÇì~ä=~í=~=ÅÉêí~áå=íáãÉ=áåëí~åí=áë=çÑíÉå=
ÅçêêÉä~íÉÇ=ïáíÜ=áíë=î~äìÉ=~í=É~êäáÉê=íáãÉ=áåëí~åíëI=ëç=êÉëáÇì~äë=Å~ååçí=ëáãéäó=ÄÉ=ãçÇÉäÉÇ=
~ë=~=ëÉí=çÑ=áåÇÉéÉåÇÉåí=d~ìëëá~å=ÇÉîá~íÉëK==bñéäáÅáíäó=ãçÇÉäáåÖ=íÜÉ=ÄÉÜ~îáçê=çÑ=íÜÉ=
êÉëáÇì~äë=çÑ=~=íê~åëÑÉê=çê=ÇÉíÉêãáåáëíáÅ=ãçÇÉä=Å~å=Ü~îÉ=ëÉîÉê~ä=éìêéçëÉëK=cáêëíI=ïÜÉå=~=
åçáëÉ=ãçÇÉä=áë=ÑáííÉÇ=íç=íÜÉ=êÉëáÇì~äëI=áí=Å~å=ÄÉ=ìëÉÇ=Ñçê=ëíçÅÜ~ëíáÅ=ëáãìä~íáçåK=qÜáë=áë=
ÉëéÉÅá~ääó=ìëÉÑìä=áå=Å~ëÉ=çåÉ=áë=áåíÉêÉëíÉÇ=áå=íÜÉ=éêçÄ~Äáäáíó=çÑ=ÉñíêÉãÉëI=~ë=ëìÅÜ=
éêçÄ~ÄáäáíáÉë=~êÉ=ìåÇÉêÉëíáã~íÉÇ=ïÜÉå=ìëáåÖ=çåäó=íÜÉ=ÇÉíÉêãáåáëíáÅ=ãçÇÉä=xÉKÖKI=
håçííÉêë=~åÇ=s~å=t~äëìãI=NVVTzK=pÉÅçåÇI=ÄÉÅ~ìëÉ=çÑ=íÜÉ=~ìíçÅçêêÉä~íáçå=áå=íÜÉ=
ëáÖå~äI=íÜÉ=åçáëÉ=ãçÇÉä=Å~å=~äëç=ÄÉ=ìëÉÇ=íç=óáÉäÇ=éêÉÇáÅíáçåë=çÑ=íÜÉ=êÉëáÇì~äë=~í=
ìåçÄëÉêîÉÇ=íáãÉ=ëíÉéëI=ÉáíÜÉê=Ñçê=ëãççíÜáåÖI=ÑçêÉÅ~ëíáåÖ=çê=ìéÇ~íáåÖ=éìêéçëÉëK=pìÅÜ=
~ééäáÅ~íáçåëI=ïÜáÅÜ=~êÉ=ïáÇÉäó=ìëÉÇ=áå=íÜÉ=ãÉíÉçêçäçÖáÅ=ëÅáÉåÅÉë=~åÇ=~êÉ=çÑíÉå=
êÉÑÉêêÉÇ=íç=~ë=Ç~í~=~ëëáãáä~íáçå=xjÅi~ìÖÜäáåI=NVVRX=h~äå~óI=OMMOzI=ã~âÉ=çéíáã~ä=ìëÉ=
çÑ=ÄçíÜ=ãçÇÉä=éêÉÇáÅíáçå=~åÇ=çÄëÉêî~íáçåë=~åÇ=Å~å=ëáÖåáÑáÅ~åíäó=áãéêçîÉ=íÜÉ=~ÅÅìê~Åó=
çÑ=íÜÉ=éêÉÇáÅíáçåë=çÑ=íÜÉ=ÅçãÄáåÉÇ=ãçÇÉäK=qÜáêÇI=çéíáãáò~íáçå=~äÖçêáíÜãë=Ñçê=
Éëíáã~íáåÖ=íÜÉ=ãçÇÉä=é~ê~ãÉíÉêë=~åÇ=íÜÉáê=Åçî~êá~åÅÉ=ã~íêáñ=çÑíÉå=~ëëìãÉ=íÜ~í=
ãçÇÉä=Éêêçêë=~êÉ=ìåÅçêêÉä~íÉÇK=`çêêÉä~íáçåë=ÄÉíïÉÉå=íÜÉ=áåéìíI=éêÉÇáÅíÉÇ=çìíéìí=~åÇ=
íÜÉ=êÉëáÇì~ä=ëÉêáÉë=Ü~ãéÉê=~å=áåÇÉéÉåÇÉåí=Éëíáã~íÉ=çÑ=íÜÉ=ãçÇÉä=é~ê~ãÉíÉêëI=
ïÜÉêÉ~ë=~ìíçÅçêêÉä~íáçå=áå=íÜÉ=êÉëáÇì~äë=Å~ìëÉë=íÜÉ=î~êá~åÅÉ=çÑ=íÜÉ=é~ê~ãÉíÉêë=íç=ÄÉ=
ìåÇÉêÉëíáã~íÉÇK=ÚtÜáíÉåáåÖÛ=çÑ=íÜÉ=êÉëáÇì~äë=ïáíÜ=~=åçáëÉ=ãçÇÉä=íÜìë=áãéêçîÉë=íÜÉ=
é~ê~ãÉíÉê=Éëíáã~íÉë=çÑ=íê~åëÑÉê=çê=éÜóëáÅ~äJÇÉíÉêãáåáëíáÅ=ãçÇÉäë=x_êóëçå=~åÇ=
eÉåêáâëçåI=NVSRX=qÉ=píêçÉíI=NVVRzK=
=
få=äáÖÜí=çÑ=íÜÉ=éêçÄäÉã=çÑ=~ÇÉèì~íÉäó=ÇÉ~äáåÖ=ïáíÜ=êÉëáÇì~äë=çê=ãçêÉ=áå=ÖÉåÉê~ä=åçáëÉ=
ÅçêêìéíÉÇ=ëáÖå~äëI=çåÉ=Å~å=ÇáëÅÉêå=íïç=ÇáêÉÅíáçåë=áå=íÜÉ=ãÉíÜçÇë=ìëÉÇK=cáêëíI=íÜÉêÉ=~êÉ=
ëí~íáëíáÅ~ä=íáãÉ=ëÉêáÉë=~å~äóëáë=ãÉíÜçÇëI=ïÜáÅÜ=~êÉ=éçéìä~ê=áå=ÑáÉäÇë=çÑ=ëÅáÉåÅÉ=äáâÉ=
ÉÅçåçãÉíêáÅë=çê=ëçÅá~ä=ëÅáÉåÅÉëK=qÜÉáê=~ééäáÅ~íáçå=ÇÉîÉäçéÉÇ=ê~éáÇäó=~ÑíÉê=íÜÉ=
éìÄäáÅ~íáçå=çÑ=íÜÉ=ÅçãéêÉÜÉåëáîÉ=íÉñí=Äççâ=Äó=_çñ=~åÇ=gÉåâáåë=xNVTMzK=få=íÜÉ=
ìåáî~êá~íÉ=îÉêëáçå=çÑ=íÜÉëÉ=ãçÇÉäëI=ïÜáÅÜ=~êÉ=Åä~ëëáÑáÉÇ=ìåÇÉê=íÜÉ=å~ãÉ=~ìíçêÉÖêÉëëáîÉ=
áåíÉÖê~íÉÇ=ãçîáåÖ=~îÉê~ÖÉ=çê=EuF^ofj^I=~=ëÉêáÉë=çÑ=çÄëÉêî~íáçåë=çÑ=~=ÖáîÉå=î~êá~ÄäÉ=áë=
ãçÇÉäÉÇ=ìëáåÖ=çåäó=íÜÉ=íÉãéçê~ä=ÅçêêÉä~íáçå=ëíêìÅíìêÉë=áå=íÜÉ=Ç~í~=áíëÉäÑK=få=íÜÉ=
ãìäíáî~êá~íÉ=Å~ëÉI=~äëç=Ç~í~=çÑ=çíÜÉêI=Éñéä~å~íçêó=î~êá~ÄäÉë=áë=ìëÉÇ=Eíê~åëÑÉê=é~êí=çÑ=íÜÉ=
ãçÇÉäFI=ïÜáäÉ=íÜÉ=Éêêçêë=çÑ=íÜÉ=íê~åëÑÉê=ãçÇÉä=~êÉ=ãçÇÉäÉÇ=ïáíÜ=~=ëÉé~ê~íÉ=ìåáî~êá~íÉ=
çê=ëçJÅ~ääÉÇ=åçáëÉ=ãçÇÉäK=qÜÉ=ÅçãÄáåÉÇ=ãçÇÉä=áë=êÉÑÉêêÉÇ=íç=~ë=~=íê~åëÑÉê=ÑìåÅíáçå=
åçáëÉ=EqckF=ãçÇÉäK=pÉÅçåÇI=íÜÉêÉ=~êÉ=íÜÉ=ÑáäíÉêáåÖ=ãÉíÜçÇëI=çÑ=ïÜáÅÜ=táÉåÉê=Å~å=ÄÉ=
ÅçåëáÇÉêÉÇ=íÜÉ=ÑçìåÇÉê=xÉKÖKI=táÉåÉêI=NVQVzK=pìÅÜ=ãÉíÜçÇë=ïÉêÉ=Ñáêëí=~ééäáÉÇ=áå=íÜÉ=
ÑáÉäÇ=çÑ=ÅçåíêçäI=å~îáÖ~íáçå=~åÇ=ÅçããìåáÅ~íáçå=ÉåÖáåÉÉêáåÖI=ïÜÉêÉ=íÜÉ=éêçÄäÉã=çÑ=
Éñíê~ÅíáåÖ=ìëÉÑìä=áåÑçêã~íáçå=Ñêçã=ëáÖå~äë=íÜ~í=~êÉ=åçáëÉ=ÅçêêìéíÉÇ=~êáëÉë=ãçëí=
å~íìê~ääóK=eÉêÉI=íÜÉ=áåíêçÇìÅíáçå=çÑ=íÜÉ=h~äã~å=ÑáäíÉê=xh~äã~åI=NVSMz=ï~ë=~å=áãéçêí~åí=
Ñ~Åíçê=áå=íÜÉ=ê~éáÇ=ëéêÉ~ÇáåÖ=çÑ=áíë=~ééäáÅ~íáçå=~Åêçëë=íÜÉ=ãçêÉ=Éñ~Åí=ëÅáÉåÅÉëI=çïáåÖ=
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íç=áíë=ÖÉåÉê~äáíóI=ëáãéäáÅáíóI=~åÇ=É~ëÉ=çÑ=~ééäáÅ~íáçåK=kçï~Ç~óëI=íÜÉ=h~äã~å=ÑáäíÉê=áë=
~ééäáÉÇ=~Åêçëë=~=ïáÇÉ=ê~åÖÉ=çÑ=ÇáëÅáéäáåÉë=Ñçê=ãçÇÉäáåÖ=íÜÉ=ÄÉÜ~îáçê=~åÇ=ìåÅÉêí~áåíó=
çÑ=éÜÉåçãÉå~=íÜ~í=~êÉ=åçí=ïÉää=Éñéä~áåÉÇ=Äó=éÜóëáÅ~ä=ä~ïë=~äçåÉK=
=
qÜÉ=ÇáëíáåÅíáçå=ã~ÇÉ=~ÄçîÉI=ÜçïÉîÉêI=áë=ëçãÉïÜ~í=~êíáÑáÅá~äI=ÄÉÅ~ìëÉ=ÄçíÜ=ãÉíÜçÇë=
~êÉ=ÅäçëÉäó=êÉä~íÉÇK=^é~êí=Ñêçã=íÜÉ=Ñ~Åí=íÜ~í=íÜÉáê=ã~íÜÉã~íáÅ~ä=íêÉ~íãÉåí=~åÇ=
åçí~íáçå=ÇáÑÑÉêëI=íÜÉêÉ=~êÉ=íïç=áãéçêí~åí=ÇáÑÑÉêÉåÅÉëK=cáêëíI=áå=íÜÉ=h~äã~å=ÑáäíÉê=~=
ÇáëíáåÅíáçå=áë=ã~ÇÉ=ÄÉíïÉÉå=åçáëÉ=íÜ~í=éÉêíìêÄë=íÜÉ=ëí~íÉ=çÑ=íÜÉ=ëóëíÉã=áíëÉäÑI=~åÇ=
åçáëÉ=éÉêíìêÄáåÖ=íÜÉ=éêçÅÉëë=çÑ=ãÉ~ëìêáåÖ=íÜ~í=ëí~íÉ=EÑáÖìêÉ=QKNFK=få=^ofj^=ãçÇÉäëI=
çå=íÜÉ=çíÜÉê=Ü~åÇI=íÜÉêÉ=áë=çåäó=çåÉ=åçáëÉ=íÉêã=ìåáíáåÖ=~ää=ëçìêÅÉë=çÑ=ìåÅÉêí~áåíó=áå=
íÜÉ=ãçÇÉäÉÇ=ëáÖå~äK=eçïÉîÉêI=íÜÉ=h~äã~å=ÑáäíÉê=áë=çÑíÉå=~äëç=~ééäáÉÇ=Ñçê=éìêÉ=
éêÉÇáÅíáçå=éêçÄäÉãë=ïÜÉêÉ=ãÉ~ëìêÉãÉåí=Éêêçê=áë=~ëëìãÉÇ=íç=ÄÉ=~ÄëÉåíK=få=^Üë~å=~åÇ=
lD`çååçê=xNVVQzI=áí=áë=ëÜçïå=íÜ~í=áå=íÜ~í=Å~ëÉI=íÜÉ=h~äã~å=Ö~áå=ÄÉÅçãÉë=êÉÇìåÇ~åíI=
~åÇ=íÜÉ=ÑáäíÉê=Éèì~íáçåë=êÉÇìÅÉ=íç=~=ëáãéäÉê=Ñçêã=Éèìáî~äÉåí=íç=íÜ~í=çÑ=~å=^oj^=
ãçÇÉäK=^=ëÉÅçåÇ=áãéçêí~åí=ÇáÑÑÉêÉåÅÉI=çåÉ=íÜ~í=ï~ë=åçí=ÇáëÅìëëÉÇ=Äó=^Üë~å=~åÇ=
lD`çååçêI=äáÉë=áå=ÇÉ~äáåÖ=ïáíÜ=áêêÉÖìä~ê=Ç~í~K=lå=íÜáë=éçáåíI=ÚÅçåîÉåíáçå~äÛ=ÇáëÅêÉíÉJ
íáãÉ=^oj^=ãçÇÉäë=Ü~îÉ=~å=áãéçêí~åí=éê~ÅíáÅ~ä=Çê~ïÄ~ÅâI=~ë=íÜÉó=Å~ååçí=ÄÉ=êÉ~Çáäó=
~ééäáÉÇ=íç=Ç~í~=ïáíÜ=ãáëëáåÖ=çÄëÉêî~íáçåëI=ïÜáäÉ=~äëç=íÜÉ=ÑêÉèìÉåÅó=çÑ=íÜÉ=áåéìí=~åÇ=
çìíéìí=î~êá~ÄäÉë=áë=ÅçìéäÉÇ=~åÇ=Ü~ë=íç=ÄÉ=Éèì~äK=lîÉê=íÜÉ=óÉ~êëI=íÜÉêÉ=Ü~ë=ÄÉÉå=~=äçí=
çÑ=ÉÑÑçêí=áå=ëçäîáåÖ=íÜáë=éêçÄäÉãI=áå=íÜÉ=íáãÉ=ëÉêáÉë=äáíÉê~íìêÉ=xgçåÉëI=NVUMX=e~êîÉó=~åÇ=
máÉêëÉI=NVUQX=iáííäÉ=~åÇ=oìÄáåI=NVUTz=Äìí=ãçêÉ=êÉÅÉåíäó=~äëç=ëéÉÅáÑáÅ~ääó=ÑçÅìëÉÇ=çå=
ÜóÇêçäçÖáÅ=éêçÄäÉãë=x_áÉêâÉåë=Éí=~äKI=NVVVX=hçìíëçóá~ååáëI=OMMNX=_ÉêÉåÇêÉÅÜí=Éí=~äKI=
OMMPX=vá=~åÇ=iÉÉI=OMMQzK=jçëíäóI=íÜÉëÉ=ëçäìíáçåë=áåîçäîÉ=~=ëí~íÉ=ëé~ÅÉ=êÉéêÉëÉåí~íáçå=
EppoF=çÑ=íÜÉ=ãçÇÉä=Éèì~íáçåë=ÉãÄÉÇÇÉÇ=áå=~=h~äã~å=ÑáäíÉêK=qÜáë=ï~óI=ãáëëáåÖ=
çÄëÉêî~íáçåë=Å~å=ÄÉ=É~ëáäó=Ü~åÇäÉÇ=Äó=ëáãéäó=çãáííáåÖ=íÜÉ=ìéÇ~íáåÖ=Éèì~íáçåë=ïÜáäÉ=
êÉí~áåáåÖ=íÜÉ=éêÉÇáÅíáçå=Éèì~íáçåëK=cìêíÜÉêãçêÉI=íç=Éëíáã~íÉ=íÜÉ=^oj^=é~ê~ãÉíÉêëI=~=
äáâÉäáÜççÇ=ÑìåÅíáçå=áë=ÅçåëíêìÅíÉÇ=ìëáåÖ=íÜÉ=éêÉÇáÅíáçå=Éêêçêë=~åÇ=íÜÉáê=î~êá~åÅÉëI=~ë=
ëáãéäÉ=äÉ~ëíJëèì~êÉë=ãÉíÜçÇë=åç=äçåÖÉê=~ééäóK=
=
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figure 4.1: Schematic representation of a combined deterministic-stochastic model of a system under 
the influence of system noise, measurement noise, and an input signal. 
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ÄÉ=ãçêÉ=ÑìåÇ~ãÉåí~ä=íÜ~å=íÜÉáê=ÇáëÅêÉíÉJíáãÉ=ÅçìåíÉêé~êíëI=~åÇ=Å~å=éêçîáÇÉ=~å=
ÉäÉÖ~åí=ëçäìíáçå=Ñçê=ãçÇÉäáåÖ=áêêÉÖìä~êäó=ëé~ÅÉÇ=çÄëÉêî~íáçåë=~åÇ=Ç~í~=ïáíÜ=ãáñÉÇ=
ÑêÉèìÉåÅáÉë=xe~êîÉóI=NVUVzK=cçê=ã~åó=î~êá~ÄäÉëI=íÜÉ=éêçÅÉëë=ÖÉåÉê~íáåÖ=íÜÉ=
çÄëÉêî~íáçåë=Å~å=ÄÉ=êÉÖ~êÇÉÇ=~ë=~=Åçåíáåìçìë=çåÉ=ÉîÉå=íÜçìÖÜ=íÜÉ=çÄëÉêî~íáçåë=
íÜÉãëÉäîÉë=~êÉ=çåäó=ã~ÇÉ=~í=ÇáëÅêÉíÉ=áåíÉêî~äëK=få=íÜÉ=ÉÅçåçãáÅ=ëÅáÉåÅÉëI=~äêÉ~Çó=~=
ÖççÇ=ÇÉ~ä=çÑ=íÜÉ=íÜÉçêó=áë=Ä~ëÉÇ=çå=Åçåíáåìçìë=íáãÉ=ãçÇÉäë=xhÜ~ÄáÉJwÉáíçìåÉI=NVUOX=
_ÉêÖëíêçãI=NVVMX=_êçÅâïÉääI=OMMNzK==qÜÉ=Ä~ëáÅ=Éèì~íáçåë=çÑ=íÜÉ=lr_=åçáëÉ=ãçÇÉä=
ïÉêÉ=éìÄäáëÜÉÇ=É~êäáÉê=áå=xsçå=^ëãìíÜ=Éí=~äKI=OMMOz=ïÜÉêÉ=íÜÉó=ïÉêÉ=ìëÉÇ=~ë=é~êí=çÑ=~=
Åçåíáåìçìë=íáãÉ=íê~åëÑÉê=ÑìåÅíáçå=åçáëÉ=EqckF=ãçÇÉäK=få=íÜ~í=é~éÉêI=ïÉ=ã~áåäó=
êÉëíêáÅíÉÇ=çìêëÉäîÉë=íç=ÇÉëÅêáÄáåÖ=Üçï=íÜÉ=íê~åëÑÉê=é~êí=çÑ=íÜÉ=ãçÇÉä=íê~åëÑçêãë=
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figure 4.2: Schematic representation of the functioning of an AR(1) model combined with a 
‘degenerate’ Kalman filter. The (*) denotes a residual, whereas the (+) denotes a predicted residual. 
The model predicts missing values of the residual series at every time step, along with the prediction 
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figure 4.3: Schematic representation of the functioning of the Ornstein-Uhlenbeck based model. The 
(*) denotes a residual, whereas the (+) denotes a predicted residual. The model directly predicts the 
value of the residual series for the next observation available. 
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4.2.3 The Ornstein-Uhlenbeck based model 
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Äó=ïêáíáåÖ=áí=áå=ãçîáåÖJ~îÉê~ÖÉ=ÑçêãW=
=

0

= i
t t i

i

n aϕ
∞

−
=
∑�   (4.7) 

=

~åÇ=êÉéä~ÅáåÖ=~í=Äó=~=Åçåíáåìçìë=ïÜáíÉ=åçáëÉ=éêçÅÉëë= d ( )W t K=qÜÉ=êÉëáÇì~ä=ëÉêáÉë= n =

Å~å=íÜÉå=ÄÉ=ãçÇÉäÉÇ=~ë=~=Åçåíáåìçìë=ëíçÅÜ~ëíáÅ=éêçÅÉëëI=ÖáîÉå=ÄóW=
=

( ) ( - )d ( )

t

n t t Wφ τ τ
−∞

= ∫�   (4.8) 

=
ïÜÉêÉ=

φ = W== åçáëÉ=áãéìäëÉ=êÉëéçåëÉ=ÑìåÅíáçå=

( )W t W==táÉåÉê=éêçÅÉëë=xizI=ïáíÜ=éêçéÉêíáÉë= E{d ( )} 0W t = I=
2E[{d ( )} ] dW t tβ= I=

= = 1 2E[d ( )d ( )] 0W t W t = Ñçê= 1 2t t≠ K=

β = W== ~=é~ê~ãÉíÉê=xi
O
q

JN
z=

=
^ë=áå=íÜÉ=h~äã~åJÑáäíÉê=~ééêç~ÅÜI=íÜÉ=ãçÇÉä=ÇçÉë=åçí=óáÉäÇ=~å=Éëíáã~íÉ=çÑ=íÜÉ=ïÜáíÉ=

åçáëÉ=ëÉêáÉë= d ( )W t I=Äìí=áåëíÉ~Ç=ÖáîÉë=~å=Éëíáã~íÉ=çÑ=íÜÉ=áååçî~íáçå=ëÉêáÉë=ν K=ν =áë=

ãçÇÉäÉÇ=~ë=íÜÉ=áêêÉÖìä~êäó=ë~ãéäÉÇ=ÉÑÑÉÅí=çÑ=íÜÉ=åçáëÉ=éêçÅÉëë=çå=íÜÉ=êÉëáÇì~ä=ëÉêáÉë=

ÄÉíïÉÉå=íáãÉ=ëíÉéë= t t− ∆ =~åÇ= t I=ïÜáÅÜ=áë=ÖáîÉå=ÄóW=
=

( ) = ( )d ( )

t

t t

t t Wν φ τ τ
−∆

−∫   (4.9) 

=
cçê=íÜÉ=åçáëÉ=áãéìäëÉ=êÉëéçåëÉ=EfoF=ÑìåÅíáçå=íÜÉ=ÑçääçïáåÖ=ÉñéçåÉåíá~ä=áë=ÅÜçëÉåI=ëç=
íÜ~í=EQKUF=êÉÇìÅÉë=íç=~å=^oENF=ãçÇÉä=ïÜÉå=áí=ìëÉÇ=çå=Ç~í~=ïáíÜ=êÉÖìä~ê=íáãÉ=ëíÉéëW==
=

22
( ) exp( )  nt t

ασ
φ α

β
= −   (4.10) 

=



^=Åçåíáåìçìë=åçáëÉ=ãçÇÉä=

KKÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁKÁK 

=
== VV=

ïáíÜ=α =ÇÉÑáåáåÖ=íÜÉ=ÇÉÅ~ó=ê~íÉ=çÑ=íÜÉ=åçáëÉI=~åÇ=
2
nσ =ÇÉåçíáåÖ=íÜÉ=î~êá~åÅÉ=çÑ=íÜÉ=

êÉëáÇì~äëK=táíÜ=íÜÉ=ÅÜçáÅÉ=çÑ=~å=ÉñéçåÉåíá~ä=foJÑìåÅíáçåI=Éèì~íáçå=EQKUF=Å~å=ÄÉ=ïêáííÉå=
~ë=xëÉÉ=ÉKÖKI=d~êÇáåÉêI=NVVQzW=
=

22
( ) = exp( ) ( )+ exp{ ( )}d ( )

t

n

t t

n t t n t t t W
ασ

α α τ τ
β

−∆

− ∆ − ∆ − −∫� �  (4.11) 

=
ïÜáÅÜ=áë=âåçïå=~ë=~å=lêåëíÉáåJrÜäÉåÄÉÅâ=éêçÅÉëë=xrÜäÉåÄÉÅâ=~åÇ=lêåëíÉáåI=NVPMX=
d~êÇáåÉêI=NVVQzK=_ó=ÅçãÄáåáåÖ=Éèì~íáçå=EQKVF=~åÇ=EQKNNFI=íÜÉ=áååçî~íáçå=ëÉêáÉë=ν =Å~å=
ÄÉ=Å~äÅìä~íÉÇ=Ñêçã=íÜÉ=~î~áä~ÄäÉ=êÉëáÇì~äë=ìëáåÖ=ëáãéäóW==
=

( ) ( ) exp( ) ( )v t n t t n t tα= − − ∆ − ∆� �   (4.12) 

=

ïÜÉêÉ=íÜÉ=ä~ëí=íÉêã=çå=íÜÉ=êáÖÜí=ëáÇÉ=Éèì~äë= |
ˆ

t tt nn
−∆�

� Eáå=ÑáÖìêÉ=QKP=áääìëíê~íÉÇ=Äó=íÜÉ=

ÇçííÉÇ=ÉñéçåÉåíá~äFK=_ÉÅ~ìëÉ=çÑ=áíë=Åçåíáåìçìë=Ñçêãìä~íáçåI=EQKNOF=ÖáîÉë=~å=Éñ~Åí=
ëçäìíáçå=~åÇ=çåäó=åÉÉÇë=íç=ÄÉ=Éî~äì~íÉÇ=çåÅÉ=Ñçê=ÉîÉêó=çÄëÉêî~íáçå=çÑ= n K=qÜáë=Å~å=
êÉÇìÅÉ=Åçãéìí~íáçå=íáãÉë=ëìÄëí~åíá~ääóI=Åçãé~êÉÇ=íç=~=êÉÅìêëáîÉ=~äÖçêáíÜã=ïÜáÅÜ=

ÇáëÅêÉíáòÉë= t∆ =áå=ëã~ää=íáãÉ=ëíÉéëK==
=

4.2.4 Parameter estimation and SWSI criterion 

kÉñí=íç=íÜÉ=Éèì~íáçåë=ÇáëÅìëëÉÇ=áå=íÜÉ=éêÉîáçìë=ëÉÅíáçåI=~å=áãéçêí~åí=~ëéÉÅí=çÑ=
ÇÉ~äáåÖ=ïáíÜ=áêêÉÖìä~ê=Ç~í~=äáÉë=áå=íÜÉ=çéíáãáò~íáçå=ãÉíÜçÇë=ìëÉÇK=cçê=ÑáñÉÇ=íáãÉ=ëíÉéëI=

2
aσ =áë=Åçåëí~åí=~åÇ=ãáåáãáòáåÖ=íÜÉ=ëìã=çÑ=ëèì~êÉë=çÑ= a =óáÉäÇë=Éñ~Åí=ji=Éëíáã~íÉëI=

ìåÇÉê=íÜÉ=~ëëìãéíáçå=çÑ=~=d~ìëëá~å=ÇáëíêáÄìíáçåK=qÜáë=áëI=ÜçïÉîÉêI=~äëç=ÅçåÇáíáçå~ä=çå=

íÜÉ=ÅÜçáÅÉ=çÑ=íÜÉ=ëí~êíáåÖ=î~äìÉë= 0a =~åÇ= 0n I=~åÇ=áë=íÜÉêÉÑçêÉ=Å~ääÉÇ=íÜÉ=ÅçåÇáíáçå~ä=

ëìã=çÑ=ëèì~êÉë=x_çñ=~åÇ=gÉåâáåëI=NVTMzK=táíÜ=~=î~êá~ÄäÉ=
2
( )v tσ I=ëáãéäÉ=äÉ~ëíJëèì~êÉë=

ãÉíÜçÇë=~êÉ=åç=äçåÖÉê=ëíê~áÖÜíÑçêï~êÇäó=~ééäáÅ~ÄäÉK=fåëíÉ~ÇI=~=äáâÉäáÜççÇ=ÑìåÅíáçå=áë=

ÅçåëíêìÅíÉÇ=~åÇ=ã~ñáãáòÉÇ=ìëáåÖ=íÜÉ=h~äã~å=ÑáäíÉê=Éëíáã~íÉë=çÑ= v =~åÇ=
2
( )v tσ =~í=ÉîÉêó=

íáãÉ=ëíÉé=xëÉÉ=ÉKÖKI=pÅÜïÉééÉI=NVTPX=j¨ä~êÇI=NVUQzK=qÜÉ=äáâÉäáÜççÇ=ÑìåÅíáçåI=ÜçïÉîÉêI=
áë=~=ê~íÜÉê=ÅçãéäáÅ~íÉÇ=ÉñéêÉëëáçå=~åÇ=ÑäÉñáÄäÉ=~äÖçêáíÜãë=~êÉ=åÉÉÇÉÇ=áå=çêÇÉê=íç=
ã~ñáãáòÉ=áí=xeáéÉä=~åÇ=jÅiÉçÇI=NVVQz=K=få=íÜÉ=ÑçääçïáåÖI=ïÉ=ïáää=ëÜçï=íÜ~í=~äëç=Ñçê=
áêêÉÖìä~ê=Ç~í~I=~=ëáãéäÉ=äÉ~ëí=ëèì~êÉë=ÅêáíÉêáçå=Å~å=ÄÉ=ÇÉêáîÉÇ=ìëáåÖ=íÜÉ=áååçî~íáçå=

î~êá~åÅÉ=ÑìåÅíáçå=EfscF=íÜ~í=ÇÉÑáåÉë=íÜÉ=ÖÉåÉê~ä=êÉä~íáçåëÜáé=ÄÉíïÉÉå=
2
( )v tσ ~åÇ= t∆ K=cçê=

^ofj^=ãçÇÉäëI=ïÜÉå=íÜÉ=ëÉí=çÑ=é~ê~ãÉíÉêë=íÜ~í=áë=Éëíáã~íÉÇ=áë= 1 2[ , ,.., ]pψ ψ ψ=Ψ I=

~åÇ=~ëëìãáåÖ=íÜ~í= a =áë=~=ëÉêáÉë=çÑ= N =ê~åÇçã=î~êá~ÄäÉë=ïÜáÅÜ=~êÉ=åçêã~ääó=

áåÇÉéÉåÇÉåíäó=ÇáëíêáÄìíÉÇ=EkfaEMI
2
aσ FFI=íÜÉå=íÜÉáê=àçáåí=éÇÑ=Å~å=ÄÉ=ïêáííÉå=~ëW=

=
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=

áå=ïÜáÅÜ= 0a =~åÇ= 0n ÇÉåçíÉ=íÜÉ=áåáíá~ä=ÅçåÇáíáçåë=çÑ= a =~åÇ= n K=rëáåÖ=EQKNPF=íÜÉ=äçÖ=

äáâÉäáÜççÇ=ÑìåÅíáçå=çÑ= Ψ =áë=ÖáîÉå=ÄóW=
=

2
2

0 0 2
1

( | , , ) 0.5 ln(2 ) 0.5 ln( ) 0.5( )
N

t
t a

i a

a
a a n N Nπ σ

σ=

= − − − ∑Λ Ψ  (4.14) 

=
cçê=íÜÉ=äáâÉäáÜççÇ=ÑìåÅíáçå=çÑ=Åçåíáåìçìë=íáãÉ=áååçî~íáçåëI=ïÉ=Ñáêëí=~Ç~éí=íÜÉ=ÇáëÅêÉíÉ=
åçí~íáçå=íç=~ääçï=Ñçê=ÇáëÅêÉíÉäó=ë~ãéäÉÇI=áêêÉÖìä~êäó=ëé~ÅÉÇ=çÄëÉêî~íáçåëK=cçê=íÜáë=

êÉ~ëçå=ïÉ=ìëÉ= t =áå=êÉ~ä=íáãÉI=~åÇ=áåÇÉñ=íÜ~í=ïáíÜ= i =áåëíÉ~ÇK=^=Ç~í~=ëÉí= O =çÑ= N =
çÄëÉêî~íáçåë=çÑ=~=Åçåíáåìçìë=éêçÅÉëë=äáâÉ= n =áë=íÜÉå=ÖáîÉå=ÄóW=
=

1 2[ ( ), ( ),........, ( )]NO n t n t n t=   (4.15) 

=

^ë=ëí~íÉÇ=É~êäáÉêI=íÜÉ=áååçî~íáçå=î~êá~åÅÉë=
2
( )v tσ =íÜ~í=~êÉ=çíÜÉêïáëÉ=áåÇáîáÇì~ääó=

Éëíáã~íÉÇ=~åÇ=ëíçêÉÇ=Ñçê=ÉîÉêó=íáãÉ=ëíÉéI=Å~å=ÄÉ=àçáåíäó=ÇÉëÅêáÄÉÇ=Äó=íÜÉ=fsc=~ë=~=

ÑìåÅíáçå=çÑ=íÜÉ=íáãÉ=ëíÉé= t∆ =E~åÇ=íÜÉ=é~ê~ãÉíÉê=ëÉí= Ψ FK=få=íÜÉ=Éñ~ãéäÉ=~ééäáÅ~íáçåI=
ïÉ=ïáää=é~ó=ãçêÉ=~ííÉåíáçå=íç=íÜÉ=fsc=~ë=áí=éä~óë=~=ÅêìÅá~ä=ÑìåÅíáçå=áå=Ü~åÇäáåÖ=áêêÉÖìä~ê=
Ç~í~K=qÜÉ=äáâÉäáÜççÇ=ÑìåÅíáçå=Å~å=åçï=ÄÉ=ïêáííÉå=~ë=xpÅÜïÉééÉI=NVTPzW=
=

2
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=
få=çêÇÉê=íç=êÉÇìÅÉ=íÜÉ=~ãçìåí=çÑ=é~ê~ãÉíÉêë=íÜ~í=Ü~ë=íç=ÄÉ=åìãÉêáÅ~ääó=çéíáãáòÉÇI=ïÉ=

ïáää=ëí~êí=ïáíÜ=Éäáãáå~íáåÖ E{ ( )}n t K=cçê=ë~ãéäÉ=ëáòÉë=ìëì~ääó=ÅçåëáÇÉêÉÇI=íÜÉ=ãÉ~å=çÑ=~=

íáãÉ=ëÉêáÉë=Å~å=ÄÉ=~ÇÉèì~íÉäó=Éëíáã~íÉÇ=~ë=x_çñ=~åÇ=gÉåâáåëI=NVTMzW==
=
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=
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  (4.17) 

=

eÉåÅÉI=ïÉ=Å~å=Éëíáã~íÉ= n� =ÇáêÉÅíäó=Ñêçã=Ç~í~=ëÉí= O K=_ÉÅ~ìëÉ=
2 ( , )v tσ ∆ Ψ =áë=~=ÑìåÅíáçå=

çÑ=íÜÉ=íáãÉ=ëíÉéI=áí=Å~ååçí=ÄÉ=ëíê~áÖÜíÑçêï~êÇäó=Éëíáã~íÉÇ=Ñêçã=íÜÉ=~î~áä~ÄäÉ=

áååçî~íáçåëK=eçïÉîÉêI=ìëáåÖ=EQKVF=~åÇ=EQKNMFI=
2 ( , )v tσ ∆ Ψ Å~å=ÄÉ=ïêáííÉå=~ë=~=ÑìåÅíáçå=

çÑ=íÜÉ=êÉëáÇì~ä=î~êá~åÅÉ=~ë=xd~êÇáåÉêI=NVVQzW=
=

2 2( , ) {1 exp( 2 )} ( )v nt tσ α σ∆ = − − ∆Ψ Ψ   (4.18) 



^=Åçåíáåìçìë=åçáëÉ=ãçÇÉä=

KKÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁKÁK 

=
==NMN=

=
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2 ( )nσ Ψ =ìëáåÖ=íÜÉ=áåÇáîáÇì~ä=áååçî~íáçåë=EëÉÉ=
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=
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 
 
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Ψ  (4.19) 

=

táíÜ=EQKNUF=~åÇ=EQKNVF=áå=EQKNSFI=ïÉ=Å~å=åçï=Éäáãáå~íÉ=
2 ( , )v tσ ∆ Ψ =Ñçêã=íÜÉ=Éèì~íáçåëI=

~åÇ=íÜÉ=äáâÉäáÜççÇ=ÑìåÅíáçå=Å~å=ÄÉ=ïêáííÉå=~ë=EëÉÉ=~ééÉåÇáñFW=
=

1 2

1

{1 xp( )}e 2

( , )
1 xp( )e 2

( | ) 0.5 ln(2 ) 0.5 ln[ ] ...

                    0.5

N

N
iN

i
j

j j

t

t
t

O N N
N

N

α
ν

α
π

=

=

− ∆−

− ∆−
= − − −

∏
∑ Ψ

Λ Ψ

 (4.20) 

=
qÜìëI=íÜÉ=çåäó=é~ê~ãÉíÉê=íÜ~í=Ü~ë=íç=ÄÉ=åìãÉêáÅ~ääó=çéíáãáòÉÇ=Ñçê=íÜÉ=åçáëÉ=ãçÇÉä=áë=
α I=ÇÉÑáåáåÖ=íÜÉ=ÇÉÅ~ó=ê~íÉ=çÑ=íÜÉ=åçáëÉK=_ÉÅ~ìëÉ=íÜÉ=Ñáêëí=~åÇ=ä~ëí=íÉêãë=áå=íÜÉ=
äáâÉäáÜççÇ=ÑìåÅíáçå=~êÉ=Åçåëí~åíI=~å=Éëíáã~íÉ=çÑ= Ψ =Å~å=ÄÉ=çÄí~áåÉÇ=Äó=ãáåáãáòáåÖ=íÜÉ=
ÑçääçïáåÖ=ÅêáíÉêáçåW=
=
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=
ïÜáÅÜ=ã~ó=ÄÉ=êÉÑÉêêÉÇ=íç=~ë=íÜÉ=pìã=çÑ=tÉáÖÜíÉÇ=pèì~êÉÇ=fååçî~íáçåë=EptpfF=
ÅêáíÉêáçåK=qÜÉ=ptpf=ÅêáíÉêáçå=áë=ëáãáä~ê=íç=çíÜÉê=ïÉáÖÜíÉÇ=äÉ~ëí=ëèì~êÉë=ÅêáíÉêá~I=~ë=~äëç=
ÜÉêÉ=íÜÉ=ïÉáÖÜíë=êÉÑäÉÅí=íÜÉ=î~êá~åÅÉë=çÑ=íÜÉ=áååçî~íáçåëK=cçê=çéíáãáò~íáçå=~åÇ=
é~ê~ãÉíÉê=Éëíáã~íáçåI=ïÉ=Å~å=åçï=ìëÉ=ëí~åÇ~êÇ=åçåäáåÉ~ê=äÉ~ëí=ëèì~êÉë=êÉÖêÉëëáçå=
ãÉíÜçÇë=xëÉÉ=ÉKÖKI=påÉÇÉÅçê=~åÇ=`çÅÜê~åI=NVSTzK=cáêëíI=íÜÉ=é~êíá~ä=ÇÉêáî~íáîÉë=çÑ=EQKONF=
~êÉ=çÄí~áåÉÇI=ÉáíÜÉê=åìãÉêáÅ~ääó=çê=~å~äóíáÅ~ääóI=~åÇ=ìëÉÇ=íç=ÅçåëíêìÅí=~=g~ÅçÄá~å=
ã~íêáñW=
=
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=

rëáåÖ= J =íÜÉ=ãçÇÉä=áë=Å~äáÄê~íÉÇ=çå=~=ëÉí=çÑ=çÄëÉêî~íáçåë=ïáíÜ=~=iÉîÉåÄÉêÖJj~êèì~êÇí=

çéíáãáò~íáçå=~äÖçêáíÜã=xj~êèì~êÇíI=NVSPz=íÜ~í=~Çàìëíë Ψ I=ïÜáäÉ=ãáåáãáòáåÖ= { | O}S Ψ K=

qÜÉåI=íÜÉ=Åçî~êá~åÅÉ=ã~íêáñ=çÑ=íÜÉ=é~ê~ãÉíÉêë=Å~å=ÄÉ=Éëíáã~íÉÇ=ïáíÜW=
=
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=

kÉñíI=
2

nσ áë=Éëíáã~íÉÇ=ìëáåÖ=EQKNVFK==qÜÉ=ãçÇÉä=êÉëìäíë=Å~å=ÄÉ=ÅÜÉÅâÉÇ=Äó=Éñ~ãáåáåÖ=

íÜÉ=Åçî~êá~åÅÉ=ã~íêáñ=~åÇ=íÜÉ=î~êá~åÅÉ=çÑ=íÜÉ=foJÑìåÅíáçåK=qÜÉ=î~êá~åÅÉ=çÑ=íÜÉ=foJ

ÑìåÅíáçå=φ =Éèì~äëW=

=

2

2 22
var{ ( )} ={ exp( ) 2 exp( )} var( )

2

n

nt t t t
σ

φ α ασ α α
α

− − −  (4.24) 

=

^=ÅçåÑáÇÉåÅÉ=áåíÉêî~ä=Ñçê=φ =Å~å=ÄÉ=éäçííÉÇ=~ë=HLJ=Oσ I=ïÜÉå=~ëëìãáåÖ=~=åçêã~ä=

ÇáëíêáÄìíáçå=Ñçê=α K=^ë=áå=íÜÉ=^ofj^=~ééêç~ÅÜI=ëÉêáçìë=ãçÇÉä=áå~ÇÉèì~Åó=Å~å=ÄÉ=
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4.3 Example 
application 
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figure 4.4: Procedure for applying the noise model in 
combination with a deterministic model. 
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figure 4.5: Time plot of the available groundwater level observations (dots) from piezometer 32cl0034 
relative to the national reference level (h+NAP), the predictions of the transfer model (full line), the 

model residuals (n) and the innovation series (ν). 

=
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figure 4.6: Autocorrelation function of the innovations of the OUB model. The dotted lines denote the 
95% confidence interval. The autocorrelation function indicates that the white noise assumption 
holds. 

table 4.1: Calibration results, estimated parameters and 
characteristics for piezometer 32cl0034. 
 

máÉòçãÉíÉê= POÅäMMPQ=

2R =

MKSSR=

ojpb= NNIM=Åã=
ojpf= PIS=Åã=

A ====EHLJ=OσF= SNKS==EHLJ=QKOF=Ç~ó=

b =====EHLJ=OσF= MKOU==EHLJ=MKMOF=Ç~ó
JN=

n =====EHLJ=OσF= NKUU==EHLJ=MKMSF=

α =====EHLJ=OσF= NUKO==EHLJ=PKOF=Ç~ó
JN
=

=
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figure 4.7: Contour plot of the normalized log likelihood function of the innovations (dotted lines) and 
the SSWI criterion (full lines) as a function of the parameters A and b (ceteris paribus). The marker 
(* ) denotes the estimated values. From the figure it can be seen that both functions are almost 
identical. 
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figure 4.8: Plot of the log likelihood function of the innovations as a function of the parameter 
2
aσ . 

The dotted line denotes the value of 
2 ( )aσ Ψ  obtained with the SWSI criterion. The minimum of the 

log likelihood function proves to coincide well with the value obtained from the SWSI criterion. 
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figure 4.9: Plot of the estimated and theoretical IVF as a function of the time step, and of the 
estimated residual variance. In general, the estimated innovation variances do not differ significantly 
from the theoretical IVF, although the agreement is better for smaller time steps. 
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5 Modeling groundwater head series 

subjected to multiple stresses 

=
=
=
^ÇçéíÉÇ=ÑêçãW=
sçå=^ëãìíÜI=gK=oKI=hK=j~~ëI=jK=_~ââÉêI=~åÇ=gK=mÉíÉêëÉå=EOMMUFI=jçÇÉäáåÖ=íáãÉ=ëÉêáÉë=
çÑ=ÖêçìåÇï~íÉê=ÜÉ~Ç=ÑäìÅíì~íáçåë=ëìÄàÉÅíÉÇ=íç=ãìäíáéäÉ=ëíêÉëëÉëI=dêçìåÇ=t~íÉêI=QSI=
ÇçáW=NMKNNNNLàKNTQRJSRUQKOMMTKMMPUOKñENFI=PMJQMK=oÉéêçÇìÅÉÇ=ïáíÜ=éÉêãáëëáçå=Ñêçã=

_ä~ÅâïÉää=mìÄäáëÜáåÖ=fåÅKI=ÅçéóêáÖÜí==OMMU=_ä~ÅâïÉää=mìÄäáëÜáåÖ=fåÅK=
 

=
=
Abstract=få=íÜáë=ÅÜ~éíÉêI=íÜÉ=ãÉíÜçÇë=ÄÉÜáåÇ=íÜÉ=mfocf`q=EmêÉÇÉÑáåÉÇ=fãéìäëÉ=
oÉëéçåëÉ=cìåÅíáçå=få=`çåíáåìçìë=qáãÉF=íáãÉ=ëÉêáÉë=ãçÇÉä=~êÉ=ÉñíÉåÇÉÇ=íç=ÅçîÉê=ãçêÉ=
ÅçãéäÉñ=ëáíì~íáçåë=ïÜÉêÉ=ãìäíáéäÉ=ëíêÉëëÉë=áåÑäìÉåÅÉ=ÖêçìåÇï~íÉê=ÜÉ~Ç=ÑäìÅíì~íáçåë=
ëáãìäí~åÉçìëäóK=få=Åçãé~êáëçå=íç=^oj^=E^ìíçJoÉÖêÉëëáîÉ=jçîáåÖ=^îÉê~ÖÉF=íáãÉ=ëÉêáÉë=
ãçÇÉäëI=íÜÉ=mfocf`q=ãçÇÉä=áë=çéíáãáòÉÇ=Ñçê=ìëÉ=çå=ÜóÇêçäçÖáÅ=éêçÄäÉãëK=qÜÉ=çÄàÉÅíáîÉ=
çÑ=íÜÉ=é~éÉê=áë=íïçÑçäÇK=cáêëíI=~å=~ééêç~ÅÜ=áë=éêÉëÉåíÉÇ=Ñçê=Ü~åÇäáåÖ=ãìäíáéäÉ=ëíêÉëëÉë=
áå=íÜÉ=ãçÇÉäK=b~ÅÜ=ëíêÉëë=Ü~ë=~=ëéÉÅáÑáÅ=é~ê~ãÉíêáÅ=áãéìäëÉ=êÉëéçåëÉ=ÑìåÅíáçåK=
^ééêçéêá~íÉ=áãéìäëÉ=êÉëéçåëÉ=ÑìåÅíáçåë=Ñçê=çíÜÉê=ëíêÉëëÉë=íÜ~å=éêÉÅáéáí~íáçå=~êÉ=
ÇÉêáîÉÇ=Ñêçã=~å~äóíáÅ=ëçäìíáçåë=çÑ=ÉäÉãÉåí~êó=ÜóÇêçÖÉçäçÖáÅ=éêçÄäÉãëK=cìêíÜÉêãçêÉI=
ÇáÑÑÉêÉåí=ëíêÉëëÉë=Çç=åçí=åÉÉÇ=íç=ÄÉ=ÅçååÉÅíÉÇ=áå=é~ê~ääÉä=áå=íÜÉ=ãçÇÉäI=~ë=áë=íÜÉ=
ëí~åÇ~êÇ=éêçÅÉÇìêÉ=áå=^oj^=ãçÇÉäëK=pÉÅçåÇI=ÖÉåÉê~ä=éêçÅÉÇìêÉë=~êÉ=éêÉëÉåíÉÇ=Ñçê=
ãçÇÉäáåÖ=~åÇ=áåíÉêéêÉí~íáçå=çÑ=íÜÉ=êÉëìäíëK=qÜÉ=ãìäíáéäÉJáåéìí=mfocf`q=ãçÇÉä=áë=~ééäáÉÇ=
íç=íïç=êÉ~ä=Å~ëÉëK=få=íÜÉ=Ñáêëí=çåÉI=áí=áë=ëÜçïå=íÜ~í=íÜáë=ãçÇÉä=Å~å=ÉÑÑÉÅíáîÉäó=
ÇÉÅçãéçëÉ=ëÉêáÉë=çÑ=ÖêçìåÇï~íÉê=ÜÉ~Ç=ÑäìÅíì~íáçåë=áåíç=é~êíá~ä=ëÉêáÉëI=É~ÅÜ=
êÉéêÉëÉåíáåÖ=íÜÉ=áåÑäìÉåÅÉ=çÑ=~å=áåÇáîáÇì~ä=ëíêÉëëK=qÜÉ=ëÉÅçåÇ=~ééäáÅ~íáçå=Ü~åÇäÉë=
ãìäíáéäÉ=çÄëÉêî~íáçå=ïÉääëK=fí=áë=ëÜçïå=íÜ~í=ÉäÉãÉåí~êó=éÜóëáÅ~ä=âåçïäÉÇÖÉ=~åÇ=íÜÉ=
ëé~íá~ä=ÅçÜÉêÉåÅÉ=áå=íÜÉ=êÉëìäíë=çÑ=ãìäíáéäÉ=ïÉääë=áå=~å=~êÉ~=ã~ó=ÄÉ=ìëÉÇ=íç=áåíÉêéêÉí=
~åÇ=ÅÜÉÅâ=íÜÉ=éä~ìëáÄáäáíó=çÑ=íÜÉ=êÉëìäíëK=qÜÉ=ãÉíÜçÇë=éêÉëÉåíÉÇ=Å~å=ÄÉ=ìëÉÇ=
êÉÖ~êÇäÉëë=çÑ=íÜÉ=ÜóÇêçÖÉçäçÖáÅ=ëÉííáåÖK=qÜÉó=~êÉ=áãéäÉãÉåíÉÇ=áå=~=ÅçãéìíÉê=é~Åâ~ÖÉ=
å~ãÉÇ=jÉåó~åíÜÉë=EïïïK=ãÉåó~åíÜÉëKåäFK=

5Modeling groundwater head
series subjected to multiple
stresses

Von Asmuth, J. R., K. Maas, M. Bakker, and J. Petersen
(2008)
Modeling time series of groundwater head fluctuations
subjected to multiple stresses.

, 46, doi:10.1111/j.1745-6584.2007.00382.x(1)
30-4.
Ground Water

Adopted from:

Chapter

Abstract:

Reproduced with permission from Blackwell Publishing Inc.
copyright  2008 Blackwell Publishing Inc.

In this chapter, the methods behind the PIRFICT (Predefined Impulse Response Function
In Continuous Time) time series model are extended to cover more complex situations
where multiple stresses influence groundwater head fluctuations simultaneously. In
comparison to ARMA (Auto-Regressive Moving Average) time series models, the PIRFICT
model is optimized for use on hydrologic problems. The objective of the paper is twofold.
First, an approach is presented for handling multiple stresses in the model. Each stress has
a specific parametric impulse response function. Appropriate impulse response functions
for other stresses than precipitation are derived from analytic solutions of elementary
hydrogeologic problems. Furthermore, different stresses do not need to be connected in
parallel in the model, as is the standard procedure in ARMA models. Second, general
procedures are presented for modeling and interpretation of the results. The multiple-
input PIRFICT model is applied to two real cases. In the first one, it is shown that this
model can effectively decompose series of groundwater head fluctuations into partial
series, each representing the influence of an individual stress. The second application
handles multiple observation wells. It is shown that elementary physical knowledge and
the spatial coherence in the results of multiple wells in an area may be used to interpret
and check the plausibility of the results. The methods presented can be used regardless of
the hydrogeologic setting. They are implemented in a computer package named
Menyanthes (www. menyanthes.nl).
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5.1 Introduction 
qê~åëÑÉê=ÑìåÅíáçå=åçáëÉ=EqckF=ãçÇÉäë=~êÉ=~=ÅçåîÉåáÉåí=íççä=Ñçê=ãçÇÉäáåÖ=íÜÉ=Éîçäìíáçå=
çÑ=~=ïáÇÉ=ê~åÖÉ=çÑ=î~êá~ÄäÉëK=qÜÉ=ÖÉåÉê~ä=íÜÉçêó=çÑ=íáãÉ=ëÉêáÉë=~å~äóëáë=x_çñ=~åÇ=
gÉåâáåëI=NVTMz=çêáÖáå~ääó=ëíÉãë=Ñêçã=íÜÉ=ëí~íáëíáÅ~ä=ëÅáÉåÅÉëK=_ÉÅ~ìëÉ=çÑ=íÜÉáê=ëí~íáëíáÅ~ä=
Ä~ÅâÖêçìåÇI=íÜÉ=ëçJÅ~ääÉÇ=^oj^=EáKÉK=^ìíçJoÉÖêÉëëáîÉ=jçîáåÖ=^îÉê~ÖÉF=íáãÉ=ëÉêáÉë=
ãçÇÉäë=Å~å=ÄÉ=~ééäáÉÇ=íç=~ää=ëçêíë=çÑ=Ç~í~I=~ë=äçåÖ=~ë=íÜÉ=ÄÉÜ~îáçê=çÑ=íÜÉ=ëóëíÉã=íç=ÄÉ=
ãçÇÉäÉÇ=áë=ëìÑÑáÅáÉåíäó=äáåÉ~êI=çê=Å~å=ÄÉ=äáåÉ~êáòÉÇ=Äó=íê~åëÑçêãáåÖ=íÜÉ=Ç~í~K=qáãÉ=
ëÉêáÉë=ãçÇÉäë=~êÉ=ÉëéÉÅá~ääó=ìëÉÑìä=Ñçê=ãçÇÉäáåÖ=ëóëíÉãë=ïÜçëÉ=ÄÉÜ~îáçê=Å~å=åçíI=çê=
åçí=É~ëáäóI=ÄÉ=ÇÉëÅêáÄÉÇ=áå=íÉêãë=çÑ=éÜóëáÅ~ä=ä~ïë=~åÇ=éêçéÉêíáÉë=EÉKÖKI=ÉÅçåçãáÅ~ä=
Ç~í~FK=få=~ÇÇáíáçåI=qck=ãçÇÉäë=~êÉ=çÑíÉå=ìëÉÇ=áå=ÜóÇêçäçÖó=~åÇ=çíÜÉê=ëÅáÉåÅÉëI=
ÄÉÅ~ìëÉ=íÜÉó=~êÉ=êÉä~íáîÉäó=É~ëó=íç=ÅçåëíêìÅí=~åÇ=~í=íÜÉ=ë~ãÉ=íáãÉ=íÜÉó=Å~å=óáÉäÇ=îÉêó=
~ÅÅìê~íÉ=éêÉÇáÅíáçåëK==
=
tÜÉå=~å=^oj^=íóéÉ=qck=ãçÇÉä=áë=~ééäáÉÇ=íç=~=Ç~í~=ëÉíI=íÜÉ=ëçJÅ~ääÉÇ=ãçÇÉä=çêÇÉê=
Ü~ë=íç=ÄÉ=ëéÉÅáÑáÉÇK=qÜÉ=ãçÇÉä=çêÇÉê=áåÅäìÇÉë=íÜÉ=åìãÄÉê=çÑ=~ìíçJêÉÖêÉëëáîÉ=~åÇ=
ãçîáåÖ=~îÉê~ÖÉ=é~ê~ãÉíÉêë=áå=ÄçíÜ=íÜÉ=ÇÉíÉêãáåáëíáÅ=~åÇ=ëíçÅÜ~ëíáÅ=é~êíë=çÑ=íÜÉ=
ãçÇÉäI=~åÇ=íÜÉ=ÇÉä~ó=íáãÉ=çÑ=íÜÉ=íê~åëÑÉê=ÑìåÅíáçåK=_çñ=~åÇ=gÉåâáåë=ÇÉîáëÉÇ=~å=
áíÉê~íáîÉ=ãçÇÉä=áÇÉåíáÑáÅ~íáçå=éêçÅÉÇìêÉ=íç=ÖìáÇÉ=íÜÉ=ãçÇÉäÉê=áå=ÑáåÇáåÖ=íÜÉ=çéíáã~ä=
ãçÇÉä=çêÇÉêK=cáêëíI=~å=áåáíá~ä=ãçÇÉä=çêÇÉê=áë=ÅÜçëÉå=Ä~ëÉÇ=çå=ëí~íáëíáÅ~ä=ÅêáíÉêá~=äáâÉ=íÜÉ=
ÅêçëëÅçêêÉä~íáçå=ÑìåÅíáçå=ÄÉíïÉÉå=íÜÉ=Éñéä~áåÉÇ=~åÇ=Éñéä~å~íçêó=î~êá~ÄäÉëK=pÉÅçåÇI=
íÜÉ=é~ê~ãÉíÉêë=çÑ=íÜÉ=ãçÇÉä=~êÉ=Éëíáã~íÉÇ=Äó=ãáåáãáòáåÖ=íÜÉ=î~êá~åÅÉ=çÑ=íÜÉ=
Úáååçî~íáçåëÛ=çê=çåÉJëíÉé=~ÜÉ~Ç=éêÉÇáÅíáçå=ÉêêçêI=ìëáåÖ=~å=çéíáãáò~íáçå=~äÖçêáíÜãK=
qÜáêÇI=íÜÉ=~ÇÉèì~Åó=çÑ=íÜÉ=ãçÇÉä=áë=ÅÜÉÅâÉÇ=Çá~ÖåçëíáÅ~ääóI=ìëáåÖ=ëí~íáëíáÅ~ä=ÅêáíÉêá~=äáâÉ=
íÜÉ=~ìíçJ=~åÇ=ÅêçëëÅçêêÉä~íáçå=ÑìåÅíáçåë=çÑ=íÜÉ=áååçî~íáçåëK=fÑ=íÜÉ=ãçÇÉä=ÇçÉë=åçí=óÉí=
ãÉÉí=íÜÉ=ÅêáíÉêá~I=íÜÉ=ãçÇÉä=çêÇÉê=áë=ìéÇ~íÉÇI=~åÇ=íÜÉ=éêçÅÉÇìêÉ=áë=êÉéÉ~íÉÇ=ìåíáä=íÜÉ=
ãçÇÉäÉê=ÑáåÇë=íÜÉ=êÉëìäíë=ë~íáëÑ~ÅíçêóK=^=Çáë~Çî~åí~ÖÉ=çÑ=íÜáë=~ééêç~ÅÜ=áë=íÜ~í=íÜÉ=
êÉëìäíë=çÑ=íÜÉ=ãçÇÉä=áÇÉåíáÑáÅ~íáçå=éêçÅÉÇìêÉ=Å~å=ÄÉ=~ãÄáÖìçìë=xeáéÉä=~åÇ=jÅiÉçÇI=
NVVQz=~åÇ=íÜÉ=éêçÅÉëë=áíëÉäÑ=áë=ê~íÜÉê=ÜÉìêáëíáÅ=~åÇ=Å~å=ÄÉ=âåçïäÉÇÖÉ=~åÇ=ä~Äçê=
áåíÉåëáîÉ=xaÉ=dççáàÉê=Éí=~äKI=NVURzK==
=
sçå=^ëãìíÜ=Éí=~äK=xOMMOz=éêÉëÉåíÉÇ=íÜÉ=éêáåÅáéäÉë=çÑ=~=åÉï=íóéÉ=çÑ=qck=ãçÇÉä=íÜ~í=áë=
çéíáãáòÉÇ=Ñçê=ìëÉ=çå=ÜóÇêçäçÖáÅ=éêçÄäÉãë=~åÇ=çéÉê~íÉë=áå=~=Åçåíáåìçìë=íáãÉ=Ççã~áåK=
få=íÜáë=~ééêç~ÅÜI=íÜÉ=ÇáëÅêÉíÉ=íê~åëÑÉê=ÑìåÅíáçå=ìëÉÇ=áå=^oj^=ãçÇÉäë=áë=êÉéä~ÅÉÇ=Äó=~=
ëáãéäÉ=~å~äóíáÅ=ÉñéêÉëëáçå=íÜ~í=ÇÉÑáåÉë=íÜÉ=áãéìäëÉ=êÉëéçåëÉ=ÑìåÅíáçåK=qÜÉ=êÉëìäíáåÖ=
Åä~ëë=çÑ=ãçÇÉäë=áë=êÉÑÉêêÉÇ=íç=~ë=mfocf`q=EmêÉÇÉÑáåÉÇ=fãéìäëÉ=oÉëéçåëÉ=cìåÅíáçå=få=
`çåíáåìçìë=qáãÉFK=sçå=^ëãìíÜ=Éí=~äK=xOMMOz=ëÜçïÉÇ=íÜ~í=mfocf`q=ãçÇÉäë=çîÉêÅçãÉ=~=
ëÉêáÉë=çÑ=äáãáí~íáçåë=çÑ=^oj^=qck=ãçÇÉäëI=áåÅäìÇáåÖ=íÜÉ=ìëÉ=çÑ=áêêÉÖìä~ê=çê=ÜáÖÜ=
ÑêÉèìÉåÅó=Ç~í~=~åÇ=íÜÉ=ãçÇÉäáåÖ=çÑ=ëóëíÉãë=ïáíÜ=~=äçåÖ=ãÉãçêóK=få=~ÇÇáíáçåI=
~ééäáÅ~íáçå=çÑ=íÜÉ=mfocf`q=ãçÇÉä=ÇçÉë=åçí=êÉèìáêÉ=~=_çñJgÉåâáåë=ëíóäÉ=ãçÇÉä=
áÇÉåíáÑáÅ~íáçå=éêçÅÉÇìêÉK=páåÅÉ=íÜÉ=íê~åëÑÉê=ÑìåÅíáçåë=~êÉ=ÅçåÑáåÉÇ=~=éêáçêá=íç=éÜóëáÅ~ääó=
éä~ìëáÄäÉ=ÄÉÜ~îáçêI=íÜÉêÉ=áë=åç=åÉÉÇ=íç=áÇÉåíáÑó=íÜÉ=ÚçêÇÉêÛ=çÑ=íÜÉ=íê~åëÑÉê=ÑìåÅíáçåë=çå=
ëí~íáëíáÅ~ä=ÖêçìåÇëK=qÜÉêÉÑçêÉI=~ééäáÅ~íáçå=çÑ=íÜÉ=ãçÇÉä=áë=ëí~åÇ~êÇáòÉÇI=ïÜáÅÜ=
Ñ~Åáäáí~íÉë=áãéäÉãÉåí~íáçå=áå=~=ÅçãéìíÉê=é~Åâ~ÖÉ=ëìÅÜ=~ë=jÉåó~åíÜÉë=EïïïK=
ãÉåó~åíÜÉëKåäFK=tÜÉå=íÜÉ=mfocf`q=ãÉíÜçÇ=ï~ë=áåíêçÇìÅÉÇ=xsçå=^ëãìíÜ=Éí=~äKI=OMMOz=
ïÉ=êÉëíêáÅíÉÇ=çìêëÉäîÉë=íç=íÜÉ=Å~ëÉ=çÑ=~=ëáåÖäÉ=áåéìí=L=çìíéìí=ëÉêáÉëK=eÉêÉI=ïÉ=ïáää=
ÉñíÉåÇ=íÜÉ=ãÉíÜçÇ=íç=ÅçîÉê=ãçêÉ=ÅçãéäÉñI=êÉ~ä=ïçêäÇ=ëáíì~íáçåë=ïÜÉêÉ=ãìäíáéäÉ=
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ëíêÉëëÉë=áåÑäìÉåÅÉ=ÜÉ~Ç=ÑäìÅíì~íáçåë=~í=çåÉ=çê=ãìäíáéäÉ=çÄëÉêî~íáçå=ïÉääë=
ëáãìäí~åÉçìëäóK==
=
qïç=áãéçêí~åí=~ëéÉÅíë=çÑ=ÇÉ~äáåÖ=ïáíÜ=ÅçãéäÉñ=Ç~í~=ëÉíë=~êÉ=~ÇÇêÉëëÉÇ=áå=íÜáë=é~éÉêK=
qÜÉ=Ñáêëí=çåÉ=áë=íÜÉ=íêÉ~íãÉåí=çÑ=ÇáÑÑÉêÉåí=íóéÉë=çÑ=ëíêÉëëÉë=ïáíÜáå=íÜÉ=ãçÇÉäK=aáÑÑÉêÉåí=
ëíêÉëëÉë=êÉèìáêÉ=ÇáÑÑÉêÉåí=é~ê~ãÉíêáÅ=áãéìäëÉ=êÉëéçåëÉ=ÑìåÅíáçåëK=sçå=^ëãìíÜ=Éí=~äK=
xOMMOz=ìëÉÇ=~=ëÅ~äÉÇ=Ö~ãã~=ÇáëíêáÄìíáçå=Ñçê=ãçÇÉäáåÖ=íÜÉ=ÉÑÑÉÅí=çÑ=éêÉÅáéáí~íáçå=
ëìêéäìëK=eÉêÉ=ïÉ=ïáää=áåíêçÇìÅÉ=~å~äóíáÅ=ëçäìíáçåë=çÑ=ÉäÉãÉåí~êó=ÜóÇêçÖÉçäçÖáÅ=
ëÅÜÉã~íáò~íáçåë=~ë=ÖìáÇÉë=íç=ÇÉîÉäçé=~ééêçéêá~íÉ=áãéìäëÉ=êÉëéçåëÉ=ÑìåÅíáçåë=Ñçê=
çíÜÉê=ëíêÉëëÉëK=K=tÉ=ïáää=~äëç=ëÜçï=íÜ~í=Ñêçã=~=éÜóëáÅ~ä=éçáåí=çÑ=îáÉïI=ÇáÑÑÉêÉåí=
ëíêÉëëÉë=Çç=åçí=~äï~óë=Ü~îÉ=íç=ÄÉ=ÅçååÉÅíÉÇ=áå=é~ê~ääÉä=~åÇ=ÖÉí=~=ëÉé~ê~íÉ=íê~åëÑÉê=
ÑìåÅíáçåI=~ë=áë=íÜÉ=ëí~åÇ~êÇ=éêçÅÉÇìêÉ=áå=^oj^=qck=ãçÇÉäáåÖK=qÜÉ=ëÉÅçåÇ=~ëéÉÅí=
ÇÉ~äë=ïáíÜ=íÜÉ=áåíÉêéêÉí~íáçå=~åÇ=ÅÜÉÅâáåÖ=çÑ=íÜÉ=éä~ìëáÄáäáíó=çÑ=íÜÉ=êÉëìäíëK=tÜáäÉ=íÜÉ=
íáãÉ=ëÉêáÉë=äáíÉê~íìêÉ=Åçããçåäó=áåîçäîÉë=íÜÉ=~å~äóëáë=çÑ=áåÇáîáÇì~ä=íáãÉ=ëÉêáÉëI=ìëáåÖ=
íÜÉ=mfocf`q=~ééêç~ÅÜ=çåÉ=Å~å=~å~äóòÉ=~åÇ=éêçÅÉëë=~ää=~î~áä~ÄäÉ=ëÉêáÉë=çÑ=ÜÉ~Çë=áå=~å=
~êÉ~=áå=Ä~íÅÜK=dáîÉå=íÜ~í=íÜÉó=~êÉ=é~êí=çÑ=íÜÉ=ë~ãÉ=ÜóÇêçäçÖáÅ=ëóëíÉãI=íÜÉ=êÉëìäíë=çÑ=
åÉáÖÜÄçêáåÖ=çÄëÉêî~íáçå=ïÉääë=ã~ó=ëÜçï=~=ëé~íá~ä=ÅçÜÉêÉåÅÉ=ïÜáÅÜ=óáÉäÇë=î~äì~ÄäÉ=
Éñíê~=áåÑçêã~íáçå=~ë=êÉÖ~êÇë=íÜÉ=éêçéÉêíáÉë=çÑ=íÜÉ=ëóëíÉã=~åÇ=íÜÉ=éä~ìëáÄáäáíó=çÑ=íÜÉ=
êÉëìäíëK=få=íÜáë=é~éÉêI=ÜçïÉîÉêI=~ää=ëÉêáÉë=~êÉ=ëíáää=ãçÇÉäÉÇ=ëÉé~ê~íÉäóI=~åÇ=íÜÉ=êÉëìäíáåÖ=
ëé~íá~ä=é~ííÉêåë=~êÉ=~å~äóòÉÇ=~=éçëíÉêáçêáK=cìíìêÉ=êÉëÉ~êÅÜ=ïáää=áåÅäìÇÉ=ãÉíÜçÇë=íç=
áãéçëÉ=ëé~íá~ä=ÅçÜÉêÉåÅÉë=~=éêáçêá=áå=íÜÉ=ãçÇÉäK=
=
qÜáë=é~éÉê=áë=çêÖ~åáòÉÇ=~ë=ÑçääçïëK=cáêëí=ïÉ=ÇáëÅìëë=Üçï=ÇáÑÑÉêÉåí=íóéÉë=çÑ=ëíêÉëëÉë=~êÉ=
ÇÉ~äí=ïáíÜ=áå=íÜÉ=ãçÇÉäK=tÉ=áääìëíê~íÉ=íÜÉ=~ééêç~ÅÜ=Äó=~å~äóòáåÖ=~=ëáåÖäÉ=ëÉêáÉë=ÄÉáåÖ=
áåÑäìÉåÅÉÇ=Äó=éêÉÅáéáí~íáçåI=Éî~éçê~íáçåI=ÖêçìåÇï~íÉê=ïáíÜÇê~ï~ä=~åÇ=êáîÉê=äÉîÉä=
ÑäìÅíì~íáçåëK=pÉÅçåÇI=êÉëìäíë=~êÉ=éêÉëÉåíÉÇ=Ñçê=~=Å~ëÉ=ïÜÉêÉ=Ç~í~=~êÉ=~î~áä~ÄäÉ=Ñêçã=
ãìäíáéäÉ=çÄëÉêî~íáçå=ïÉääëK=^=ÇáëÅìëëáçå=~åÇ=ÅçåÅäìëáçåë=~êÉ=ÖáîÉå=~í=íÜÉ=ÉåÇ=çÑ=íÜÉ=
é~éÉêK==
=

5.2 Methods and theory 

5.2.1 From a single to a multiple input model 
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=
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E s FI=Ä~êçãÉíêáÅ=éêÉëëìêÉ=E b FI=~åÇ=EÜóÇêçäçÖáÅF=áåíÉêîÉåíáçåë=E m FK=mäÉ~ëÉ=åçíÉ=íÜ~í=
íáÇ~ä=ÑäìÅíì~íáçåëI=çå=ïÜçëÉ=ÉÑÑÉÅí=~=ä~êÖÉ=îçäìãÉ=çÑ=é~éÉêë=áë=ÇÉîçíÉÇI=~êÉ=áåÅäìÇÉÇ=áå=
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Å~ìëÉ=~=îÉêó=ëáãáä~ê=êÉëéçåëÉK=få=íÜÉ=ä~ííÉê=Å~ëÉI=ëÉé~ê~íÉ=ëíêÉëëÉë=Çç=åçí=åÉÅÉëë~êáäó=
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=

5.2.2 Response functions for different types of stresses 
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cçê=ëíêÉëë=íóéÉ= b =EíÜÉ=Ä~êçãÉíêáÅ=éêÉëëìêÉF=ïÉ=ÅÜçëÉ=íÜÉ=pd=ÇÑI=áKÉK=íÜÉ=ë~ãÉ=áãéìäëÉ=
êÉëéçåëÉ=ÑìåÅíáçå=~ë=ìëÉÇ=Ñçê=éêÉÅáéáí~íáçå=~åÇ=Éî~éçê~íáçåI=ÄÉÅ~ìëÉ=éêÉëëìêÉ=áë=~=
ÇáëíêáÄìíÉÇ=íóéÉ=çÑ=ëíêÉëëI=íççK=qÜÉ=~ÇÉèì~Åó=çÑ=~=íáãÉ=ëÉêáÉë=ãçÇÉä=Ä~ëÉÇ=çå=íÜÉëÉ=
áãéìäëÉ=êÉëéçåëÉ=ÑìåÅíáçåë=ã~ó=ÄÉ=ÅÜÉÅâÉÇ=ïáíÜ=íÜÉ=~áÇ=çÑ=íÜÉ=ãÉíÜçÇë=ÇÉëÅêáÄÉÇ=
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áå=bìêçéÉI=^ìëíê~äá~I=~åÇ=kçêíÜ=~åÇ=pçìíÜ=^ãÉêáÅ~K=

5.2.3 Parameter estimation 
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ïÜÉêÉ=φ =áë=íÜÉ=åçáëÉ=áãéìäëÉ=êÉëéçåëÉ=ÑìåÅíáçå=~åÇ=W =áë=~=Åçåíáåìçìë=ïÜáíÉ=åçáëÉ=
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éêÉÇáÅíáçå=Éêêçê=çê=áååçî~íáçå=ëÉêáÉë= v =çÑ=íÜÉ=åçáëÉ=ãçÇÉä=ã~ó=ÄÉ=çÄí~áåÉÇ=~ëW=
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( ) ( ) ( )exp( )v t n t n t t tα= − − ∆ − ∆   (5.13) 
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ëáãìä~íáçå=éìêéçëÉëK=cçê=ÑìêíÜÉê=ÇÉí~áäë=ïÉ=êÉÑÉê=íç=xsçå=^ëãìíÜ=~åÇ=_áÉêâÉåëI=OMMRzI=
~ë=íÜÉ=é~ê~ãÉíÉê=Éëíáã~íáçå=éêçÅÉëë=áíëÉäÑ=áë=åçí=áåÑäìÉåÅÉÇ=Äó=íÜÉ=Ñ~Åí=íÜ~í=íÜÉ=
íê~åëÑÉê=ãçÇÉä=Åçåí~áåë=ãìäíáéäÉ=ëíêÉëëÉëK=

5.2.4 General modeling procedure 

qÜÉ=ãçÇÉä=áÇÉåíáÑáÅ~íáçå=éêçÅÉÇìêÉ=ÇÉîáëÉÇ=Äó=_çñ=~åÇ=gÉåâáåë=xNVTMz=áë=íÜ~íI=ÑáêëíI=íÜÉ=
ãçÇÉä=çêÇÉê=áë=ëéÉÅáÑáÉÇI=ëÉÅçåÇI=íÜÉ=é~ê~ãÉíÉêë=~êÉ=Éëíáã~íÉÇI=~åÇ=íÜáêÇI=íÜÉ=ãçÇÉä=
êÉëìäíë=~êÉ=ÅÜÉÅâÉÇK=qÜÉ=~ÇÉèì~Åó=çÑ=íÜÉ=ãçÇÉä=êÉëìäíë=ã~ó=ÄÉ=ÅÜÉÅâÉÇ=ïáíÜ=ëí~íáëíáÅ~ä=
ÅêáíÉêá~=äáâÉ=íÜÉ=~ìíçÅçêêÉä~íáçå=~åÇ=ÅêçëëÅçêêÉä~íáçå=ÑìåÅíáçåë=çÑ=íÜÉ=áååçî~íáçå=ëÉêáÉë=
ν K=qÜÉ=~ìíçÅçêêÉä~íáçå=ÑìåÅíáçå=áåÇáÅ~íÉë=ïÜÉíÜÉê=íÜÉ=ïÜáíÉ=åçáëÉ=~ëëìãéíáçå=ÜçäÇëI=
ïÜáÅÜ=áë=~=éêÉêÉèìáëáíÉ=çÑ=íÜÉ=~äÖçêáíÜãë=ìëÉÇ=Ñçê=íÜÉ=Éëíáã~íáçå=çÑ=íÜÉ=ãçÇÉä=
é~ê~ãÉíÉêë=~åÇ=íÜÉáê=Åçî~êá~åÅÉX=áí=~äëç=áåÇáÅ~íÉë=ïÜÉíÜÉê=íÜÉ=çêÇÉê=çÑ=íÜÉ=åçáëÉ=

ãçÇÉä=áë=~ÇÉèì~íÉK=qÜÉ=ÅêçëëÅçêêÉä~íáçå=ÑìåÅíáçåë=ÄÉíïÉÉå=íÜÉ=áååçî~íáçå=ëÉêáÉë=ν=
~åÇ=íÜÉ=ÇáÑÑÉêÉåí=áåéìí=ëÉêáÉë=áåÇáÅ~íÉ=ïÜÉíÜÉê=íÜÉêÉ=~êÉ=é~ííÉêåë=äÉÑí=áå=íÜÉ=áååçî~íáçå=
ëÉêáÉë=íÜ~í=ÅçìäÇ=ÄÉ=Éñéä~áåÉÇ=Äó=íÜÉ=áåéìí=ëÉêáÉëK=qÜáë=ÖáîÉë=~å=áåÇáÅ~íáçå=çÑ=íÜÉ=
~ÇÉèì~Åó=çÑ=íÜÉ=çêÇÉê=çÑ=íÜÉ=íê~åëÑÉê=ÑìåÅíáçåëI=Äìí=~äëç=çÑ=éçëëáÄäÉ=åçåJäáåÉ~êáíó=áå=
íÜÉ=êÉä~íáçåëÜáéëK=fÑ=íÜÉ=ãçÇÉä=ÇçÉë=åçí=ãÉÉí=íÜÉëÉ=ëçJÅ~ääÉÇ=Çá~ÖåçëíáÅ=ÅÜÉÅâëI=íÜÉ=
ãçÇÉä=çêÇÉê=áë=áë=ìéÇ~íÉÇK=qÜáë=éêçÅÉÇìêÉ=áë=êÉéÉ~íÉÇ=ìåíáä=íÜÉ=çéíáã~ä=ãçÇÉä=çêÇÉê=áë=
áÇÉåíáÑáÉÇ=x_çñ=~åÇ=gÉåâáåëI=NVTMzK==
=
^ë=ëí~íÉÇ=É~êäáÉêI=íÜÉêÉ=áë=åç=åÉÉÇ=
Ñçê=áÇÉåíáÑóáåÖ=íÜÉ=çêÇÉê=çÑ=íÜÉ=
íê~åëÑÉê=ãçÇÉä=çå=ëí~íáëíáÅ~ä=
ÖêçìåÇë=áå=íÜÉ=mfocf`q=~ééêç~ÅÜI=
~ë=íÜÉ=áãéìäëÉ=êÉëéçåëÉ=ÑìåÅíáçåë=
~êÉ=ÅÜçëÉå=çå=éÜóëáÅ~ä=ÖêçìåÇë=
~åÇ=ëé~å=~=ïÜçäÉ=ê~åÖÉ=çÑ=^oj^=
ãçÇÉä=çêÇÉêë=xsçå=^ëãìíÜ=Éí=~äKI=
OMMOzK=få=ÄçíÜ=Å~ëÉëI=ÜçïÉîÉêI=
íÜÉ=ãçÇÉäÉê=~äëç=Ü~ë=íç=áÇÉåíáÑó=
íÜÉ=ëíêÉëëÉë=íÜ~í=áåÑäìÉåÅÉ=íÜÉ=
ÖêçìåÇï~íÉê=Çóå~ãáÅëI=ÇÉÅáÇÉ=
ïÜáÅÜ=ëíêÉëëÉë=íç=ìëÉI=~åÇ=ÅÜÉÅâ=
íÜÉ=êÉëìäíëK=píêÉëëÉë=íÜ~í=~êÉ=åçí=
áåÅçêéçê~íÉÇ=áå=íÜÉ=ãçÇÉä=Å~å=
äÉ~Ç=íç=ÉêêçåÉçìë=êÉëìäíë=ïÜÉå=
íÜÉáê=Çóå~ãáÅ=ÄÉÜ~îáçê=áë=
ÅçêêÉä~íÉÇ=ïáíÜ=çåÉ=çê=ãçêÉ=çÑ=
íÜÉ=çíÜÉê=E~äêÉ~Çó=ÅçåëáÇÉêÉÇF=
ëíêÉëëÉëK=lå=íÜÉ=çíÜÉê=Ü~åÇI=íÜÉ=
ãçÇÉä=ã~ó=Ü~îÉ=ÇáÑÑáÅìäíó=áå=
ìåáèìÉäó=áÇÉåíáÑóáåÖ=~ää=áåÑäìÉåÅÉë=ïÜÉå=íÜÉêÉ=áë=~=ÜáÖÜ=åìãÄÉê=çÑ=ëíêÉëëÉëI=~=ä~Åâ=çÑ=
éêçåçìåÅÉÇ=Çóå~ãáÅë=çÑ=íÜÉ=ëíêÉëëÉëI=çê=~=äçï=èì~äáíó=çê=ëÅ~êÅáíó=çÑ=íÜÉ=Ç~í~K=qÜÉ=
Çá~ÖåçëíáÅ=ÅÜÉÅâë=áåíêçÇìÅÉÇ=Äó=_çñ=~åÇ=gÉåâáåë=~êÉ=ÇÉîáëÉÇ=íç=~ëëÉëë=ïÜÉíÜÉê=íÜÉ=
qck=ãçÇÉä=áë=~ÇÉèì~íÉ=~åÇ=çéíáã~ä=áå=~=ëí~íáëíáÅ~ä=ëÉåëÉI=ïÜáÅÜ=êÉã~áåë=áãéçêí~åí=
ÉëéÉÅá~ääó=Ñçê=íÜÉ=åçáëÉ=ãçÇÉäI=Äìí=ÇçÉë=åçí=ÉñÅäìÇÉ=íÜÉ=éçëëáÄáäáíó=íÜ~í=íÜÉ=ãçÇÉä=
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figure 5.1: Proposed procedure for modeling time series of 
ground water heads in complex situations. The procedure 
for identifying the noise model is that of [Box and Jenkins, 
1970]. When both the plausibility and diagnostic checks 
are met, the results can be accepted for further use. 
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íáãÉ=êÉîÉ~ä=íÜÉ=Ñ~Åí=íÜ~í=íÜÉêÉ=~êÉ=ëíáää=ëíêÉëëÉë=ãáëëáåÖ=áå=íÜÉ=ãçÇÉäK=qÜÉ=é~ííÉêåë=
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5.3 Example application 

5.3.1 Single series  

qÜÉ=ÑìåÅíáçåáåÖ=~åÇ=êÉëìäíë=çÑ=~=ãìäíáéäÉ=áåéìí=mfocf`q=ãçÇÉä=çå=~=ëáåÖäÉ=ïÉää=äçÅ~íÉÇ=
áå=íÜÉ=åçêíÜÉêå=é~êí=çÑ=íÜÉ=éêçîáåÅÉ=çÑ=iáãÄìêÖ=EíÜÉ=kÉíÜÉêä~åÇëF=~êÉ=éêÉëÉåíÉÇ=áå=íÜáë=
ëìÄëÉÅíáçåK=qÜÉ=ïÉääI=ïáíÜ=íÜÉ=å~íáçå~ä=ÅçÇÉ=QSamMMPOI=Ü~ë=íïç=ëÅêÉÉåëK=tÉ=ÅçåëáÇÉê=
çåäó=íÜÉ=íçé=çåÉI=ïÜáÅÜ=áë=äçÅ~íÉÇ=NP=ãÉíÉêë=ÄÉäçï=íÜÉ=ëìêÑ~ÅÉK=qÜÉ=ïÉää=áë=äçÅ~íÉÇ=çå=
íÜÉ=ÉÇÖÉ=çÑ=íÜÉ=ÑäççÇéä~áå=çÑ=íÜÉ=êáîÉê=jÉìëÉI=áå=~å=~èìáÑÉê=íÜ~í=Åçåëáëíë=çÑ=Åç~êëÉI=
Öê~îÉääó=ë~åÇë=çîÉêä~áå=Äó=ÑáåÉê=ë~åÇë=ïÜáÅÜ=çêáÖáå~íÉ=Ñêçã=êáîÉê=ÇÉéçëáíëK=få=~ÇÇáíáçå=
íç=íÜÉ=êáîÉê=äÉîÉä=ÑäìÅíì~íáçåëI=íÜÉ=ÜÉ~Ç=áë=áåÑäìÉåÅÉÇ=Äó=éêÉÅáéáí~íáçå=~åÇ=Éî~éçê~íáçå=
~åÇ=Äó=~=éìãéáåÖ=ëí~íáçå=åÉ~ê=íÜÉ=íçïå=çÑ=_ÉêÖÉå=ïÜÉêÉ=ÖêçìåÇï~íÉê=áë=ïáíÜÇê~ïå=
Ñçê=ÇêáåâáåÖ=ï~íÉê=éêçÇìÅíáçåK==
=
qáãÉ=ëÉêáÉë=Ç~í~=çÑ=~ää=ëíêÉëëÉë=~êÉ=~î~áä~ÄäÉK=qÜÉ=éêÉÅáéáí~íáçå=~åÇ=éçíÉåíá~ä=
Éî~éçê~íáçå=ëÉêáÉë=çêáÖáå~íÉ=Ñêçã=ëí~íáçåë=çÑ=íÜÉ=oçó~ä=aìíÅÜ=jÉíÉçêçäçÖáÅ=fåëíáíìíÉ=áå=
sÉåê~ó=~åÇ=báåÇÜçîÉåI=êÉëéÉÅíáîÉäóK=qÜÉ=êáîÉê=äÉîÉäë=ïÉêÉ=ãçåáíçêÉÇ=~í=~=Ç~ã=áå=
p~ãÄÉÉâI=ÇçïåëíêÉ~ãë=çÑ=ïÉää=QSamMMPOX=íÜÉ=éìãéáåÖ=ê~íÉë=ïÉêÉ=çÄí~áåÉÇ=Ñêçã=
íÜÉ=ÇêáåâáåÖ=ï~íÉê=Åçãé~åó=çÑ=iáãÄìêÖK=qÜÉ=é~ê~ãÉíÉêë=çÑ=~ää=íÜêÉÉ=áãéìäëÉ=êÉëéçåëÉ=
ÑìåÅíáçåë=~êÉ=çéíáãáòÉÇ=ìëáåÖ=íÜÉ=ãÉíÜçÇë=ÇÉëÅêáÄÉÇ=áå=sçå=^ëãìíÜ=~åÇ=_áÉêâÉåë=
xOMMRzK=eÉêÉI=ïÉ=ïáää=ÅçåëáÇÉê=íÜÉ=êÉëìäíë=çÑ=íÜÉ=íê~åëÑÉê=é~êí=çÑ=íÜÉ=ãçÇÉä=~åÇ=çÑ=íÜáë=

table 5.1: Model results and parameter estimates for the groundwater head series observed in well 
46DP0032 
 

bsm= VOKM=B= = = =

ojpb=EãF= MKMSU= = = =

aê~áå~ÖÉ=Ä~ëÉ=EãF= NNKRP= = = =

= = = = =

fåéìí=ëÉêáÉë= píêÉëë=íóéÉ= m~ê~ãÉíÉê= s~äìÉ= σ =

sbko^v= mêÉÅáéáí~íáçå=
0,( )pA M = OVVKO= OP=

= = b = MKMMPNNT= MKMMMPP=

= = n = MKUVU= MKMOR=

bfkaelsbk= bî~éçê~íáçå= f = NKNS= MKMTS=

mKpK=_bodbk= mìãéáåÖ=ïÉää= α  OKRU= OKQ=

= = β  MKMROO= MKMOT=

= = γ  MKMMRUR= MKMP=

= =
0,wM  JPKSPbJMR= RKSUbJMS=

p~ãÄÉÉâ_çîÉå= oáîÉê= α ′  MKMOROT= MKMVQ=

= = β ′  MKMPSU= MKNP=

= = γ ′  MKTSRS= MKMRT=

= =
0,sM  MKTOTV= MKMVPV=

=
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)(tnσ =
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2

)(thσ çÑ=íÜÉ=çêáÖáå~ä=ëáÖå~ä=áå=íÜÉ=ÑçääçïáåÖ=

ã~ååÉêW=
=

2 2
( ) ( )

2
( )

EVP *100%
h t n t

h t

σ σ

σ

−
=   (5.15) 
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qÜÉ=êÉëìäíë=çÑ=íÜÉ=íáãÉ=ëÉêáÉë=ãçÇÉä=~êÉ=ëÜçïå=áå=ÑáÖìêÉ=RKOI=ïÜÉêÉ=íÜÉ=ãÉ~ëìêÉÇ=

ÜÉ~Çë= h =EÇçíëF=~åÇ=éêÉÇáÅíÉÇ=ÜÉ~Çë=
1

N

i

i

h d
=

+∑ EëçäáÇF=~êÉ=éäçííÉÇ=íçÖÉíÜÉê=áå=íÜÉ=ìééÉê=

Öê~éÜI=ïÜáäÉ= ih =áë=éäçííÉÇ=Ñçê=ÉîÉêó=ëíêÉëë=áå=íÜÉ=Öê~éÜë=ÄÉåÉ~íÜK

11.5

12

12.5

13

H
e
a
d
 −

 r
e
fl
 (

m
)

Results of series 46DP0032

 

 

0.4

0.6

0.8

R
is

e
 (

m
)

 

 

−0.8

−0.6

−0.4

R
is

e
 (

m
)

 

 

0

0.5

1

R
is

e
 (

m
)

 

 

1980 1985 1990 1995 2000

−0.1

0

0.1

R
is

e
 (

m
)

Date

 

 

Prediction

Observations

VENRAY

EINDHOVEN

SambeekBoven

P.S. BERGEN

=
figure 5.2: The ground water head fluctuations in well 46DP0032 (top) decomposed in four partial 
series due to (from top to bottom) rainfall, evaporation, river level fluctuations and a pumping 

station. Adding the partial series and the estimated drainage base ( d , see table 5.1) results in the 
predicted series. 
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íÉãéÉê~íìêÉ=~åÇ=ëçä~ê=ê~Çá~íáçåK=qÜÉ=êáîÉê=äÉîÉä=Ü~ë=äáííäÉ=ÉÑÑÉÅí=~ë=áí=áë=ã~áåí~áåÉÇ=Äó=
Ç~ãëI=ÉñÅÉéí=Ñçê=ÜáÖÜJï~íÉê=ÉîÉåíë=ïÜÉå=íÜÉ=êáîÉê=äÉ~îÉë=áíë=ÅÜ~ååÉä=~åÇ=ÉåíÉêë=íÜÉ=
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cáå~ääóI=ÜÉ~Çë=ëÜçï=~=Öê~Çì~ä=ÇÉÅäáåÉ=ëáåÅÉ=NVVQ=ÇìÉ=íç=íÜÉ=ÖêçìåÇï~íÉê=ïáíÜÇê~ï~ä=
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=
cçê=É~ÅÜ=çÑ=íÜÉ=ÇáÑÑÉêÉåí=ëíêÉëëÉëI=~å=áãéìäëÉ=êÉëéçåëÉ=ÑìåÅíáçå=áë=Éëíáã~íÉÇ=E~äíÜçìÖÜ=
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figure 5.3: Estimated impulse and step response functions of observation well 46DP0032 for the 
level of the river Meuse (measured at dam Sambeek-Boven). 
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figure 5.4: Spatial distribution of the explained variance percentage (EVP), in plan view (left figure). 
Model performance in general is lowest near the 15 pumping well screens, which are clustered in two 
rows (red dots in right figure). 

=
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5.3.2 Multiple series  
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figure 5.5: Groundwater withdrawal history at location ‘Harlingerland’. The flow rate is obtained by 
summing the rates of the individual pumping wells. 

=
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table 5.2: Range of model results and parameter estimates for all 139 groundwater head series. 
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figure 5.6: Head observations and predictions of wells F230151(near the pumping station) and 
B2311630 (at some distance), giving an indication of good and bad model fits. 
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figure 5.7: Estimated gains (dots) for the well field in the different observation wells, presented in 
west-east (left) and north-south (right) cross sections. The error bars indicate the 95% confidence 
interval of the estimates. 
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5.4 Discussion and conclusions 
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figure 5.8: West-east cross sections near the pumping wells, showing the percentage of variance 
accounted for (left) and the estimated gain of the evapotranspiration (right) in the different 
observation wells. The values of both are lowest near the pumping well screens (the red markers in the 
figure bottom right). 
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Abstract:

For e.g., visual interpretation, mapping or empirical modeling purposes, the amount of
information contained in a full spatiotemporal description of the groundwater table
dynamics is simply too large. For such purposes, the data has to be compressed without
loosing too much information. Methods have been developed to visualize the
groundwater regime in overall graphs, or statistically characterize the dynamics with a
limited set of parameters. More recently, methods have been sought to identify the
properties that determine the dynamics of a groundwater system. In such approaches, it
is believed that the spatial differences in the groundwater dynamics are determined by
the system properties, while its temporal variation is driven by the dynamics of the input
into the system. In this chapter, a method is presented that links the dynamics of the input
to the spatially variable system properties, and results in a new set of parameters that
characterize the groundwater dynamics (GD). While the dynamics of the input are
characterized by its mean level and annual amplitude, the functioning of the
groundwater system is characterized by its impulse response (IR) function. The IR
function can for instance be estimated empirically using a time series model.
Subsequently, the input and system characteristics are combined into a set of parameters
that describe the output, or groundwater dynamics, using simple analytic expressions. It
is shown that these so-called GD characteristics (the mean depth, convexity, annual
amplitude and phase shift), can describe the groundwater dynamics in detail (for as far as
the time series model can). In the example application, the GD characteristics are
compared to other methods for characterizing the groundwater regime, using two
example series of groundwater level observations. It is shown that the so-called MxGL
statistics (Mean Highest, Lowest or Spring Groundwater Level) that are often used have
some important drawbacks, as they filter out the low-frequency dynamics of a system
and mix-up annual with higher frequencies. Consequently, it is concluded that the
capability of MxGL statistics in characterizing the groundwater dynamics at different
locations is less than that of GD characteristics.
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6.1 Introduction 
få=ÇÉäí~ëI=ïÉíä~åÇëI=~åÇ=çíÜÉê=äçïJäóáåÖ=~êÉ~ëI=íÜÉ=ÖêçìåÇï~íÉê=í~ÄäÉ=Å~å=ìëì~ääó=ÄÉ=
ÑçìåÇ=~í=ëÜ~ääçï=ÇÉéíÜëK=få=~Äçìí=RMB=çÑ=íÜÉ=aìíÅÜ=ëçáäëI=Ñçê=Éñ~ãéäÉI=íÜÉ=ãÉ~å=
ÜáÖÜÉëí=ÖêçìåÇï~íÉê=äÉîÉä=EjediF=áë=äÉëë=íÜ~å=QM=Åã=ÄÉäçï=íÜÉ=ëçáä=ëìêÑ~ÅÉ=xs~å=ÇÉê=
päìáàëI=NVVMzK=få=ëìÅÜ=~êÉ~ëI=íÜÉ=ÖêçìåÇï~íÉê=í~ÄäÉ=~åÇ=áíë=íÉãéçê~ä=î~êá~Äáäáíó=Å~å=ÄÉ=
çÑ=ÖêÉ~í=ÉÅçåçãáÅ~ä=~ë=ïÉää=~ë=ÉåîáêçåãÉåí~ä=áãéçêí~åÅÉK=lÑ=ÅçìêëÉI=íÜÉ=ãçëí=îáëáÄäÉ=
~åÇ=ÇáêÉÅí=ÉÅçåçãáÅ~ä=áãé~Åí=çÑ=ÖêçìåÇï~íÉê=Çóå~ãáÅë=çÅÅìêë=íÜêçìÖÜ=ÖêçìåÇï~íÉê=
EêÉä~íÉÇF=áåìåÇ~íáçå=çê=ÇêçìÖÜíë=x_~âÉê=Éí=~äKI=NVUUX=g~êêÉííI=NVVNX=iÉÉìïáëJqçäÄççã=
~åÇ=mÉíÉêëI=OMMOzK=få=ìêÄ~å=~êÉ~ëI=ÜáÖÜ=ÖêçìåÇï~íÉê=äÉîÉäë=Å~å=Å~ìëÉ=ÑäççÇáåÖ=çÑ=
íìååÉäë=çê=Ä~ëÉãÉåíëI=ïÜáäÉ=Ñçê=áåëí~åÅÉ=íÜÉ=ïççÇÉå=éáäÉ=ÑçìåÇ~íáçå=çÑ=ÄìáäÇáåÖë=Å~å=
ÄÉ=Ç~ã~ÖÉÇ=ïÜÉå=ï~íÉê=í~ÄäÉë=Çêçé=ÄÉäçï=íÜÉ=éáäÉ=ÜÉ~ÇëK=få=~ÖêáÅìäíìê~ä=~êÉ~ëI=ÜáÖÜ=
ÖêçìåÇï~íÉê=äÉîÉäë=Å~å=Å~ìëÉ=Åêçéë=íç=éÉêáëÜI=~ÖêáÅìäíìê~ä=ÑáÉäÇë=íç=ÄÉÅçãÉ=
áå~ÅÅÉëëáÄäÉ=Ñçê=ã~ÅÜáåÉêó=~åÇ=Ü~êîÉëíáåÖI=ïÜÉêÉ~ë=ãçáëíìêÉ=~î~áä~Äáäáíó=~åÇ=ÖêçïíÜ=áë=
êÉÇìÅÉÇ=ïÜÉå=íÜÉ=Å~éáää~êó=ÑêáåÖÉ=Çêçéë=ÄÉäçï=íÜÉ=êççí=òçåÉ=xcÉÇÇÉëI=NVUNX=hêçÉë=Éí=
~äKI=OMMMzK=tÉíä~åÇë=~åÇ=çíÜÉê=ÖêçìåÇï~íÉê=ÇÉéÉåÇÉåí=ëáíÉë=~êÉ=âåçïå=íç=Ü~êÄçê=
ã~åó=ê~êÉ=~åÇ=ëéÉÅáÉë=êáÅÜ=~åáã~ä=~åÇ=éä~åí=ÅçããìåáíáÉëI=~åÇ=Å~å=ÄÉ=îÉêó=îìäåÉê~ÄäÉ=
íç=ÅÜ~åÖÉë=áå=íÜÉ=ÜóÇêçäçÖáÅ=ÅáêÅìãëí~åÅÉë=xÉKÖKI=dêççíà~åëI=NVURI=táííÉ=Éí=~äKI=NVVOzK=
^é~êí=Ñêçã=íÜáë=ÇáêÉÅí=áãé~ÅíI=íÜÉ=ÜóÇêçäçÖó=çÑ=~å=~êÉ~=~äëç=ÖêÉ~íäó=ÇÉíÉêãáåÉë=ëçáä=
Ñçêã~íáçå=~åÇ=çíÜÉê=ëáíÉ=ÅçåÇáíáçåë=Ñçê=~ÖêáÅìäíìê~ä=Åêçéë=çê=ëéçåí~åÉçìë=îÉÖÉí~íáçå=
xmçêéçê~íç=Éí=~äKI=OMMPzK=_ÉÅ~ìëÉ=çÑ=áíë=ÉÅçåçãáÅ~ä=áãé~ÅíI=ÜçïÉîÉêI=íÜÉ=ÖêçìåÇï~íÉê=
êÉÖáãÉ=Ü~ë=ÄÉÉå=~Ç~éíÉÇ=Äó=ã~å=áå=çêÇÉê=íç=çéíáãáòÉ=~ÖêáÅìäíìê~ä=éêçÇìÅíáçå=~åÇ=
ãáåáãáòÉ=ï~íÉê=Ü~ò~êÇK=jçêÉçîÉêI=íÜÉ=ÖêçìåÇï~íÉê=êÉÖáãÉ=Ü~ë=çÑíÉå=~äëç=ÄÉÉå=
áåÑäìÉåÅÉÇ=Äó=Ñ~Åíçêë=ëìÅÜ=~ë=ÖêçìåÇï~íÉê=~Äëíê~ÅíáçåI=ä~åÇ=êÉÅä~ã~íáçåI=ìêÄ~åáò~íáçå=
~åÇ=Å~å~äáò~íáçå=çÑ=êáîÉêë=~åÇ=ëíêÉ~ãëK=_ÉÅ~ìëÉ=çÑ=íÜÉ=ëíêçåÖ=ëé~íá~ä=ÇÉéÉåÇÉåÅÉ=çÑ=
ÖêçìåÇï~íÉê=ÑäçïI=ëìÅÜ=áåíÉêîÉåíáçåë=ÇáÇ=åçí=çåäó=áåÑäìÉåÅÉ=íÜÉ=ÖêçìåÇï~íÉê=äÉîÉäë=áå=
íÜÉáê=áããÉÇá~íÉ=îáÅáåáíóK=^äëç=áå=åÉ~êÄó=~åÇ=ãçêÉ=êÉãçíÉ=~êÉ~ëI=ÖêçìåÇï~íÉê=äÉîÉäë=
ÇêçééÉÇI=åÉÖ~íáîÉäó=áåÑäìÉåÅáåÖ=~ÖêáÅìäíìê~ä=éêçÇìÅíáçå=ÇìêáåÖ=Çêó=éÉêáçÇë=~åÇ=
íÜêÉ~íÉåáåÖ=ÖêçìåÇï~íÉê=êÉä~íÉÇ=Ü~Äáí~íëK=få=çêÇÉê=íç=çéíáãáòÉ=~åÇ=Ä~ä~åÅÉ=íÜÉ=
áåíÉêÉëíë=çÑ=ÉÅçåçãáÅ~ä=~åÇ=ÉÅçäçÖáÅ~ä=ä~åÇ=ìëÉ=éìêéçëÉëI=âåçïäÉÇÖÉ=~Äçìí=íÜÉ=
ëé~íáçíÉãéçê~ä=Çóå~ãáÅë=çÑ=íÜÉ=ÖêçìåÇï~íÉê=í~ÄäÉ=áë=îÉêó=áãéçêí~åíK=
qÜÉ=~ãçìåí=çÑ=áåÑçêã~íáçå=Åçåí~áåÉÇ=áå=~=Ñìää=ÇÉëÅêáéíáçå=çÑ=íÜÉ=ÖêçìåÇï~íÉê=
Çóå~ãáÅë=áë=ëáãéäó=íçç=ä~êÖÉ=ÑçêI=ÉKÖKI=îáëì~ä=áåíÉêéêÉí~íáçåI=ã~ééáåÖ=çê=ÉãéáêáÅ~ä=
ãçÇÉäáåÖ=éìêéçëÉëK=cçê=ëìÅÜ=éìêéçëÉëI=íÜÉ=Ç~í~=Ü~ë=íç=ÄÉ=ÅçãéêÉëëÉÇ=ïáíÜçìí=
äççëáåÖ=íçç=ãìÅÜ=áåÑçêã~íáçåK=få=ãçÇÉäë=íÜ~í=ÉãéáêáÅ~ääó=Éñéä~áå=íÜÉ=áåÑäìÉåÅÉ=çÑ=íÜÉ=
ÖêçìåÇï~íÉê=êÉÖáãÉ=çå=éÜÉåçãÉå~=êÉä~íÉÇ=íç=áíI=Ñçê=Éñ~ãéäÉI=íÜÉ=åìãÄÉê=çÑ=
Éñéä~å~íçêó=î~êá~ÄäÉë=ëÜçìäÇ=ÄÉ=âÉéí=~ë=äçï=~ë=éçëëáÄäÉI=áå=çêÇÉê=íç=~îçáÇ=çîÉêÑáííáåÖ=
ÄÉÜ~îáçê=çê=ÅçáåÅáÇÉåí~ä=ÅçêêÉä~íáçåëK=`çåëÉèìÉåíäóI=ãÉíÜçÇë=Ü~îÉ=ÄÉÉå=ÇÉîÉäçéÉÇ=íç=
îáëì~äáòÉ=íÜÉ=ÖêçìåÇï~íÉê=êÉÖáãÉ=áå=çîÉê~ää=Öê~éÜëI=çê=íç=ëí~íáëíáÅ~ääó=ÅÜ~ê~ÅíÉêáòÉ=íÜÉ=
Çóå~ãáÅë=ïáíÜ=~=äáãáíÉÇ=ëÉí=çÑ=é~ê~ãÉíÉêëK=bñ~ãéäÉë=çÑ=Öê~éÜë=íÜ~í=ÇÉëÅêáÄÉ=íÜÉ=
ÖêçìåÇï~íÉê=êÉÖáãÉ=~í=~=ÅÉêí~áå=äçÅ~íáçå=~êÉ=ÖêçìåÇï~íÉê=ÜóÇêçÖê~éÜëI=êÉÖáãÉ=
ÅìêîÉë=çê=ÑêÉèìÉåÅó=çÑ=ÉñÅÉÉÇÉåÅÉ=Öê~éÜëK=^=ÖêçìåÇï~íÉê=ÜóÇêçÖê~éÜI=çÑ=ÅçìêëÉI=
Ñçêãë=íÜÉ=ãçëí=ëíê~áÖÜíÑçêï~êÇ=éäçí=çÑ=íÜÉ=áåÑçêã~íáçåK=^=êÉÖáãÉ=ÅìêîÉ=Çáëéä~óë=íÜÉ=
~îÉê~ÖÉ=~ååì~ä=ÅçìêëÉI=~åÇ=áë=ìëÉÇI=ÉKÖKI=íç=íÉëí=ïÜÉíÜÉê=íÜÉ=ÅçìêëÉ=çÑ=íÜÉ=
ÖêçìåÇï~íÉê=áå=~=ÅÉêí~áå=óÉ~ê=ÇÉîá~íÉë=Ñêçã=íÜÉ=åçêã~ä=é~ííÉêåK=cêÉèìÉåÅó=çÑ=
ÉñÅÉÉÇÉåÅÉ=Öê~éÜë=ÖáîÉ=áåÑçêã~íáçå=~Äçìí=íÜÉ=ÉñíêÉãÉ=äÉîÉäë=íÜ~í=çÅÅìê=~í=~=ÅÉêí~áå=
äçÅ~íáçåI=~åÇ=Å~å=ÄÉ=ìëÉÇ=íç=áÇÉåíáÑó=ïÜáÅÜ=å~íìê~ä=Ü~Äáí~íë=~åÇ=ÉÅçëóëíÉãë=Å~å=çÅÅìê=
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~í=ïÜáÅÜ=ÖêçìåÇï~íÉê=êÉÖáãÉë=xÉKÖKI=káÉã~åI=NVTPzK=bñ~ãéäÉë=çÑ=ëí~íáëíáÅ~ä=
ÅÜ~ê~ÅíÉêáëíáÅë=íÜ~í=ÇÉëÅêáÄÉ=íÜÉ=ÖêçìåÇï~íÉê=êÉÖáãÉ=~êÉ=íÜÉ=jÉ~å=eáÖÜÉëíI=jÉ~å=
içïÉëí=~åÇ=jÉ~å=péêáåÖ=dêçìåÇï~íÉê=iÉîÉä=EjediIjidiIjpdiI=íçÖÉíÜÉê=êÉÑÉêêÉÇ=
íç=~ë=jñdi=ëí~íáëíáÅë=xs~å=eÉÉëÉåI=NVTMX=s~å=ÇÉê=päìáàë=~åÇ=aÉ=dêìáàíÉêI=NVURzFK=pìÅÜ=
ëí~íáëíáÅë=~êÉ=ìëÉÇI=Ñçê=áåëí~åÅÉI=íç=~å~äóòÉ=çê=ãçÇÉä=íÜÉ=êÉä~íáçåëÜáé=ÄÉíïÉÉå=íÜÉ=
ÖêçìåÇï~íÉê=êÉÖáãÉ=~åÇ=Ñ~Åíçêë=ëìÅÜ=~ë=Åêçé=ÖêçïíÜ=xcÉÇÇÉë=Éí=~äKI=NVUUX=s~å=a~ãI=
OMMMzI=ëçáä=ÅçåÇáíáçåë=çê=ÉÅçäçÖó=xdêççíà~åëI=NVURX=táííÉ=Éí=~äKI=NVVOX=s~å=bâ=Éí=~äKI=
OMMMzK=cìêíÜÉêãçêÉI=íÜÉó=~êÉ=ìëÉÇ=íç=ÖÉåÉê~íÉ=~åÇ=Çáëéä~ó=ëé~íá~ä=áåÑçêã~íáçå=~Äçìí=
íÜÉ=ÖêçìåÇï~íÉê=êÉÖáãÉ=xÉKÖKI=s~å=eÉÉëÉåI=NVTMX=_çìÅåÉ~ì=Éí=~äKI=NVVSX=_áÉêâÉåë=Éí=
~äKI=OMMMX=e~êíìåÖI=OMMOz=Ñçê=ìêÄ~å=~åÇ=êìê~ä=éä~ååáåÖ=éìêéçëÉë=çê=éçäáÅó=ã~âáåÖK==
jçêÉ=êÉÅÉåíäóI=ãÉíÜçÇë=Ü~îÉ=ÄÉÉå=ëçìÖÜí=íç=áÇÉåíáÑó=íÜÉ=éêçéÉêíáÉë=íÜ~í=ÇÉíÉêãáåÉ=
íÜÉ=Çóå~ãáÅë=çÑ=~=ÖêçìåÇï~íÉê=ëóëíÉãK=pìÅÜ=ãÉíÜçÇë=êÉÖ~êÇ=íÜÉ=éêçÄäÉã=Ñêçã=íÜÉ=
îáÉïéçáåí=çÑ=ëóëíÉã=áÇÉåíáÑáÅ~íáçå=çê=íáãÉ=ëÉêáÉë=~å~äóëáë=x_çñ=~åÇ=gÉåâáåëI=NVTMX=eáéÉä=
~åÇ=jÅiÉçÇI=NVVQX=iàìåÖI=NVVVzI=çê=ìëÉ=íÜÉ=ëçãÉïÜ~í=äÉëë=ëçéÜáëíáÅ~íÉÇ=ãìäíáéäÉ=
êÉÖêÉëëáçå=ãÉíÜçÇëK=eÉêÉI=íÜÉ=ÖêçìåÇï~íÉê=ëóëíÉã=áë=ëÉÉå=~ë=~=Ää~Åâ=Äçñ=íÜ~í=
íê~åëÑçêãë=ëÉêáÉë=çÑ=çÄëÉêî~íáçåë=çÑ=íÜÉ=áåéìí=çê=Éñéä~å~íçêó=î~êá~ÄäÉë=áåíç=~=ëÉêáÉë=çÑ=
íÜÉ=çìíéìí=î~êá~ÄäÉ=çê=ÖêçìåÇï~íÉê=äÉîÉäK=få=ÖêçìåÇï~íÉê=ëóëíÉãë=íÜ~í=~êÉ=åçí=
ÇáëíìêÄÉÇ=Äó=ÖêçìåÇï~íÉê=~Äëíê~Åíáçå=çê=çíÜÉê=áåÑäìÉåÅÉëI=íÜÉ=Åäáã~íçäçÖáÅ=ÅçåÇáíáçåë=
Å~å=ÄÉ=ÅçåëáÇÉêÉÇ=íÜÉ=çåäó=áåéìíK=qÜáë=~ééêç~ÅÜ=Å~å=ÄÉ=ìëÉÇ=íç=ÅÜ~ê~ÅíÉêáòÉ=çê=ã~é=
íÜÉ=ëé~íá~ä=î~êá~íáçå=áå=íÜÉ=ÖêçìåÇï~íÉê=Çóå~ãáÅëI=~ë=áí=áë=ÄÉäáÉîÉÇ=íÜ~í=íÜÉ=ëé~íá~ä=
ÇáÑÑÉêÉåÅÉë=áå=íÜÉ=ÖêçìåÇï~íÉê=Çóå~ãáÅë=~êÉ=ÇÉíÉêãáåÉÇ=Äó=íÜÉ=ëé~íá~ä=î~êá~íáçå=áå=íÜÉ=
ëóëíÉã=éêçéÉêíáÉëI=ïÜáäÉ=áíë=íÉãéçê~ä=î~êá~íáçå=áë=ÇêáîÉå=Äó=íÜÉ=Çóå~ãáÅë=çÑ=íÜÉ=áåéìí=
áåíç=íÜÉ=ëóëíÉãK=qÜÉ=ëé~íá~ä=î~êá~íáçå=çÑ=íÜÉ=áåéìí=çê=Åäáã~íçäçÖáÅ=ÅçåÇáíáçåë=áë=í~âÉå=íç=
ÄÉ=äçï=E~í=äÉ~ëí=çå=~=ëã~ää=ëÅ~äÉF=~åÇ=Å~å=íÜÉêÉÑçêÉ=ÄÉ=åÉÖäÉÅíÉÇK=bñ~ãéäÉë=çÑ=ëíìÇáÉë=
ïÜÉêÉ=íÜáë=~ééêç~ÅÜ=áë=ÑçääçïÉÇ=Å~å=ÄÉ=ÑçìåÇ=áå=xaÉ=`~ëíêç=lÅÜç~=~åÇ=jìåçò=
oÉáåçëçI=NVVTX=i~ããÉêíë=Éí=~äKI=OMMNX=sçå=^ëãìíÜ=~åÇ=j~~ëI=OMMNX=e~êíìåÖI=OMMOzK=
qÜÉêÉ=~êÉ=áãéçêí~åí=Çê~ïÄ~Åâë=íç=íÜÉ=ãÉíÜçÇë=ÇÉëÅêáÄÉÇ=~ÄçîÉK=içïJÑêÉèìÉåÅó=
Çóå~ãáÅë=áå=íÜÉ=ãÉíÉçêçäçÖáÅ=ÅçåÇáíáçåë=éçëÉ=~=éêçÄäÉã=Ñçê=~ää=ãÉíÜçÇë=íÜ~í=~êÉ=
Ä~ëÉÇ=çå=ÖêçìåÇï~íÉê=äÉîÉä=çÄëÉêî~íáçåë=çåäóI=~ë=íÜÉ=ÖêçìåÇï~íÉê=äÉîÉä=Å~å=î~êó=
ÅçåëáÇÉê~Ääó=ÄÉíïÉÉå=éÉêáçÇëK=s~å=eÉÉëÉå=xs~å=eÉÉëÉåI=NVTMzI=Ñçê=Éñ~ãéäÉI=~äêÉ~Çó=
éêÉëÅêáÄÉÇ=~=ãáåáã~ä=çÄëÉêî~íáçå=éÉêáçÇ=çÑ=U=óÉ~êë=Ñçê=íÜÉ=Å~äÅìä~íáçå=çÑ=jñdi=
ëí~íáëíáÅëI=ïÜáäÉ=håçííÉêë=~åÇ=s~å=t~äëìã=xhåçííÉêë=~åÇ=s~å=t~äëìãI=NVVTz=ëÜçïÉÇ=
íÜ~í=íÜÉêÉ=áë=ëíáää=ÅçåëáÇÉê~ÄäÉ=î~êá~íáçå=áå=íÜÉ=ÖêçìåÇï~íÉê=Çóå~ãáÅë=~ÄçîÉ=íÜÉ=U=óÉ~ê=
íáãÉ=ëÅ~äÉK=få=çêÇÉê=íç=ÑáäíÉê=çìí=äçåÖJíÉêã=ÑäìÅíì~íáçåë=ãçêÉ=ÉÑÑÉÅíáîÉäó=~åÇ=íÜìë=
çÄí~áå=íÉãéçê~ääó=áåî~êá~ÄäÉ=çê=Åäáã~íÉJêÉéêÉëÉåí~íáîÉ=ëí~íáëíáÅëI=håçííÉêë=~åÇ=s~å=
t~äëìã=Ü~îÉ=êÉÅçããÉåÇÉÇ=íÜÉ=ìëÉ=çÑ=PM=óÉ~ê=éÉêáçÇë=Ñçê=íÜÉ=Å~äÅìä~íáçå=çÑ=jñdi=
ëí~íáëíáÅëK=páåÅÉ=ÖêçìåÇï~íÉê=äÉîÉä=ëÉêáÉë=~êÉ=ÖÉåÉê~ääó=åçí=~î~áä~ÄäÉ=çîÉê=ëìÅÜ=äçåÖ=
éÉêáçÇëI=íÜÉó=ìëÉ=~=íáãÉ=ëÉêáÉë=ãçÇÉä=íç=ÉñíÉåÇ=äáãáíÉÇ=ëÉêáÉë=çÑ=çÄëÉêî~íáçåë=íç=PM=
óÉ~êëK=eçïÉîÉêI=ÉîÉå=ïáíÜ=Åäáã~íÉJêÉéêÉëÉåí~íáîÉ=jñdi=ëí~íáëíáÅëI=~=Çáë~Çî~åí~ÖÉ=áë=
íÜ~í=ãìÅÜ=áåÑçêã~íáçå=áë=äçëíI=~ë=jñdi=ëí~íáëíáÅë=ÑçÅìë=çåäó=çå=íÜÉ=~ååì~ä=
ÖêçìåÇï~íÉê=ÅóÅäÉ=~åÇ=ÑáäíÉê=çìí=íÜÉ=çíÜÉê=ÑêÉèìÉåÅáÉë=EÄó=ëÉäÉÅíáåÖ=íÜÉ=ÉñíêÉãÉ=~åÇ=
ëéêáåÖ=äÉîÉäë=ÉîÉêó=óÉ~êI=~åÇ=íÜÉå=~îÉê~ÖáåÖ=çîÉê=íÜÉ=çÄëÉêî~íáçå=éÉêáçÇFK=^äíÜçìÖÜ=
íÜÉ=ìëÉ=çÑ=ëóëíÉã=ÅÜ~ê~ÅíÉêáëíáÅë=ëÉÉãë=éêçãáëáåÖ=Ñçê=äçÅ~ä=ëíìÇáÉë=áå=ìåÇáëíìêÄÉÇ=
ÖêçìåÇï~íÉê=ëóëíÉãëI=íÜÉó=Å~å=åçí=í~âÉ=áåíç=~ÅÅçìåí=ÉÑÑÉÅíë=çÑ=ëé~íá~ä=î~êá~ÄäÉ=çê=
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6.2 Methods and theory 
få=íÜáë=ëÉÅíáçå=íÜÉ=ãÉíÜçÇë=ïáää=ÄÉ=ÇÉîÉäçéÉÇ=ïáíÜ=ïÜáÅÜ=íÜÉ=ãÉíÉçêçäçÖáÅ=áåéìíI=
ëóëíÉã=éêçéÉêíáÉë=~åÇ=çìíéìí=Çóå~ãáÅë=~êÉ=ÇÉëÅêáÄÉÇI=Éëíáã~íÉÇ=~åÇ=äáåâÉÇ=íç=É~ÅÜ=
çíÜÉêK==

6.2.1 Meteorologic characteristics  

få=çêÇÉê=íç=ÅÜ~ê~ÅíÉêáòÉ=íÜÉ=î~êá~Äáäáíó=çÑ=éêÉÅáéáí~íáçå=~åÇ=Éî~éçê~íáçåI=ëÉîÉê~ä=
ãÉíÜçÇë=ÅçìäÇ=ÄÉ=ìëÉÇK=cáêëí=çÑ=~ääI=ÄÉÅ~ìëÉ=çÑ=íÜÉ=~ååì~ä=ãÉíÉçêçäçÖáÅ=ÅóÅäÉI=~=íáãÉ=
ëÉêáÉë=çÑ=éêÉÅáéáí~íáçå=ëìêéäìë=áë=éÉêáçÇáÅ=~åÇ=~=Ñ~ëí=cçìêáÉê=íê~åëÑçêã=çÑ=íÜÉ=ëÉêáÉë=áë=
ìëÉÇ=íç=Éëíáã~íÉ=~åÇ=ÅÜ~ê~ÅíÉêáòÉ=áíë=~ãéäáíìÇÉ=ëéÉÅíêìã=EÑáÖìêÉ=SKN~FK=fåÇÉÉÇI=áå=íÜÉ=
ëéÉÅíêìã=ïÉ=ëÉÉ=~=ÅäÉ~êäó=áëçä~íÉÇ=éÉ~â=~í=~ååì~ä=ÑêÉèìÉåÅóI=ïÜáäÉ=íÜÉ=éçïÉê=áå=íÜÉ=
êÉëí=çÑ=íÜÉ=ëáÖå~ä=~ééÉ~êë=íç=ÄÉ=ê~íÜÉê=ê~åÇçãäó=~åÇ=ìåáÑçêãäó=ÇáëíêáÄìíÉÇ=çîÉê=ÄçíÜ=
íÜÉ=äçïÉê=~åÇ=ÜáÖÜÉê=ÑêÉèìÉåÅáÉëK=_ÉÅ~ìëÉ=çÑ=íÜáëI=ïÉ=Å~å=êÉäó=çå=~=ëáãéäÉ=Äìí=
ÉÑÑÉÅíáîÉ=ãÉíÜçÇ=íç=Éëíáã~íÉ=íÜÉ=~îÉê~ÖÉ=éêÉÅáéáí~íáçå=ëìêéäìë=áåíÉåëáíó=~åÇ=áíë=~ååì~ä=
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íÜÉ=~îÉê~ÖÉ=äÉîÉä= p =çÑ=íÜÉ=éêÉÅáéáí~íáçå=ëìêéäìë=áëI=äçÖáÅ~ääóI=çÄí~áåÉÇ=ïáíÜW=

=
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=
_ÉÅ~ìëÉ=íÜÉ=íÉãéÉê~íìêÉ=ä~êÖÉäó=ÇÉíÉêãáåÉë=íÜÉ=~ååì~ä=Éî~éçê~íáçå=ÅóÅäÉ=~åÇ=áë=ãçêÉ=
çê=äÉëë=Ü~êãçåáÅI=ëç=áë=íÜÉ=éêÉÅáéáí~íáçå=ëìêéäìëI=~åÇ=íÜÉ=~ååì~ä=~ãéäáíìÇÉ=Å~å=ÄÉ=
çÄí~áåÉÇ=Äó=ã~íÅÜáåÖ=~=ëáåÉ=íç=íÜÉ=óÉ~êäó=ÅçìêëÉ=EÑáÖìêÉ=SKNÄFK=

6.2.2 Response characteristics 

qÜÉ=ÑìåÅíáçåáåÖ=çÑ=äáåÉ~ê=ëóëíÉãë=Å~å=ÄÉ=ÅçãéäÉíÉäó=ÅÜ~ê~ÅíÉêáòÉÇ=Äó=íÜÉáê=áãéìäëÉ=
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ëÉÅíáçåI=ïÉ=ïáää=ÇÉëÅêáÄÉ=íÜÉ=ãÉíÜçÇë=ïáíÜ=ïÜáÅÜ=íÜÉ=fo=ÑìåÅíáçå=áë=Éëíáã~íÉÇI=~åÇ=ìëÉ=
áíë=ãçãÉåíë=íç=~îçáÇ=êÉëíêáÅíáåÖ=çìêëÉäîÉë=íç=íÜÉ=ëéÉÅáÑáÅ=íóéÉ=çÑ=foJÑìåÅíáçå=ìëÉÇ=áå=
çìê=ãçÇÉäK=^å=ÉäÉÖ~åí=ï~ó=íç=çÄí~áå=Éëíáã~íÉë=çÑ=íÜÉ=êÉëéçåëÉ=çÑ=ÜóÇêçäçÖáÅ=ëóëíÉãë=
áë=íÜÉ=ìëÉ=çÑ=~=íê~åëÑÉê=ÑìåÅíáçå=åçáëÉ=EqckF=íáãÉ=ëÉêáÉë=ãçÇÉä=x_çñ=~åÇ=gÉåâáåëI=NVTMzK=

10
−1

10
0

10
1

0

0.1

0.2

0.3

0.4

0.5

0.6

Period (years)

F
o

u
ri
e

rc
o

e
ff

ic
ie

n
t 

(−
)

Jan Jan Jan
−1

−0.5

0

0.5

1

1.5

2

2.5

time (month)

p
re

c
ip

it
a

ti
o

n
 s

u
rp

lu
s
 (

m
m

/d
)

a) b)

yearly course
sine

=
figure 6.1: a) Amplitude spectrum of the precipitation surplus series at the town of De Bilt (period 
1983-2001), showing an isolated peak at annual frequency. b) Average annual course of the 
precipitation surplus and a sine with the same frequency, phase and amplitude. 
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çê=Ä~ëÉÇ=çå=áåëáÖÜí=áåíç=íÜÉ=éÜóëáÅ~ä=ÄÉÜ~îáçê=çÑ=íÜÉ=~å~äóòÉÇ=ëóëíÉãK=lå=íÜÉ=Ä~ëáë=çÑ=
éÜóëáÅ~ä=~êÖìãÉåí~íáçå=xsçå=^ëãìíÜ=Éí=~äKI=OMMOzI=ïÉ=ÅÜççëÉ=íÜÉ=ÑçääçïáåÖ=ÑìåÅíáçåë=
~ë=foJÑìåÅíáçåëW=
=
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nσ =ÇÉåçíáåÖ=íÜÉ=î~êá~åÅÉ=çÑ=íÜÉ=êÉëáÇì~äëK=qÜÉ=éÜóëáÅ~ä=ãÉ~åáåÖ=çÑ=ESKRF=~åÇ=áíë=
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~î~áä~ÄäÉ=Ç~í~=ìëáåÖ=~=iÉîÉåÄÉêÖJj~êèì~êÇí=~äÖçêáíÜã=~åÇ=~å=çÄàÉÅíáîÉ=ÑìåÅíáçå=
Ä~ëÉÇ=çå=íÜÉ=äáâÉäáÜççÇ=ÑìåÅíáçå=çÑ=íÜÉ=åçáëÉ=ãçÇÉä=xsçå=^ëãìíÜ=~åÇ=_áÉêâÉåëI=OMMRzK=

qÜÉ=äçÅ~ä=Çê~áå~ÖÉ=äÉîÉä= d =áë=çÄí~áåÉÇ=Ñêçã=íÜÉ=Ç~í~=áå=íÜÉ=ÑçääçïáåÖ=ï~óW=
=
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ïáíÜ= N =ÄÉáåÖ=íÜÉ=åìãÄÉê=çÑ=ÖêçìåÇï~íÉê=äÉîÉä=çÄëÉêî~íáçåëK=θ =áë=~=ëÅ~äÉÇ=îÉêëáçå=çÑ=

íÜÉ=Ö~ãã~=ÇáëíêáÄìíáçå=ÑìåÅíáçå=Epd=ÇÑI=x^Äê~ãçïáíò=~åÇ=píÉÖìåI=NVSQzF=~åÇ=Å~åI=
ÄÉÅ~ìëÉ=çÑ=áíë=ÑäÉñáÄäÉ=å~íìêÉI=~ÇÉèì~íÉäó=ãçÇÉä=íÜÉ=êÉëéçåëÉ=çÑ=~=Äêç~Ç=ê~åÖÉ=çÑ=
ÖêçìåÇï~íÉê=ëóëíÉãëI=ÉKÖKI=íÜçëÉ=ïáíÜ=~=ëáãéäÉ=ÉñéçåÉåíá~ä=êÉëéçåëÉ=xhåçííÉêë=~åÇ=
s~å=t~äëìãI=NVVTX=_áÉêâÉåë=Éí=~äKI=OMMMzI=~=d~ìëëá~å=êÉëéçåëÉ=x`ÜÉå=Éí=~äKI=OMMOz=çê=
ãçêÉ=áå=ÖÉåÉê~ä=ïáíÜ=~=ê~åÖÉ=çÑ=^oj^JíóéÉ=êÉëéçåëÉë=xsçå=^ëãìíÜ=Éí=~äKI=OMMOzK=cçê=
çíÜÉêI=äáåÉ~ê=çê=~ééêçñáã~íÉäó=äáåÉ~êI=ëóëíÉãëI=íÜÉ=pd=ÇÑ=ïáää=éêçÄ~Ääó=Å~éíìêÉ=íÜÉ=
ãçëí=áãéçêí~åí=ÅÜ~ê~ÅíÉêáëíáÅë=çÑ=íÜÉ=ëóëíÉãë=êÉëéçåëÉ=ïÉääK=råÇÉê=íÜÉ=~ëëìãéíáçå=çÑ=
äáåÉ~êáíóI=íÜÉ=ÇÉíÉêãáåáëíáÅ=é~êí=çÑ=íÜÉ=ÖêçìåÇï~íÉê=Çóå~ãáÅë=áë=ÅçãéäÉíÉäó=ÇÉíÉêãáåÉÇ=
Äó=íÜÉ=fo=ÑìåÅíáçåK=^ë=ëìÅÜI=íÜÉ=ÅÜ~ê~ÅíÉêáëíáÅë=çÑ=íÜÉ=fo=ÑìåÅíáçå=EáKÉK=áíë=ãçãÉåíëF=
ÅçìäÇ=ïÉää=ÄÉ=ìëÉÇ=íç=ÅÜ~ê~ÅíÉêáòÉ=íÜÉ=Çóå~ãáÅë=çÑ=ÖêçìåÇï~íÉê=ëóëíÉãë=Ñçê=
ÉÅçåçãáÅ~äI=ÉÅçäçÖáÅ~ä=çê=çíÜÉê=éìêéçëÉëK=_ó=ìëáåÖ=ãçãÉåíëI=íÜÉ=Éëíáã~íÉë=çÑ=î~êáçìë=
íóéÉë=çÑ=qck=ãçÇÉäë=~åÇ=fo=ÑìåÅíáçåë=Å~å=ÄÉ=É~ëáäó=Åçãé~êÉÇK=qÜÉ=ãçãÉåíë=çÑ=íÜÉ=fo=
ÑìåÅíáçå=Ü~îÉ=íÜÉ=~ÇÇÉÇ=~Çî~åí~ÖÉ=íÜ~í=íÜÉó=Å~å=ÄÉ=çÄí~áåÉÇ=åçí=çåäó=Ñêçã=íáãÉ=
ëÉêáÉë=ãçÇÉäëI=Äìí=Ñêçã=~å~äóíáÅ=çê=ÇáëíêáÄìíÉÇ=ÖêçìåÇï~íÉê=ãçÇÉäë=~ë=ïÉää=xsçå=

^ëãìíÜ=~åÇ=j~~ëI=OMMNzK=qÜÉ=é~ê~ãÉíÉêë= ,A a =~åÇ= n çÑ=íÜÉ=pd=ÇÑ=~êÉ=êÉä~íÉÇ=íç=íÜÉ=

Ñáêëí=íÜêÉÉ=ãçãÉåíë=áå=íÜÉ=ÑçääçïáåÖ=ã~ååÉê=x^Äê~ãçïáíò=~åÇ=píÉÖìåI=NVSQzW=
=
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6.2.3 Combination into GD-characteristics   

lÑíÉå=åçí=íÜÉ=ëóëíÉã=éêçéÉêíáÉëI=Äìí=íÜÉ=ÄÉÜ~îáçê=çÑ=íÜÉ=ÖêçìåÇï~íÉê=äÉîÉä=áíëÉäÑ=áë=çÑ=
ÇáêÉÅí=áåíÉêÉëí=Ñçê=ï~íÉê=ã~å~ÖÉãÉåí=çê=çíÜÉê=éìêéçëÉëK=få=íÜÉ=ÑçääçïáåÖ=ïÉ=ïáää=
ÇÉêáîÉ=~=ëÉí=çÑ=da=ÅÜ~ê~ÅíÉêáëíáÅë=Ñêçã=íÜÉ=ãçãÉåíë=çÑ=íÜÉ=Éëíáã~íÉÇ=fo=ÑìåÅíáçå=~åÇ=
íÜÉ=Çóå~ãáÅ=ÅÜ~ê~ÅíÉêáëíáÅë=çÑ=íÜÉ=éêÉÅáéáí~íáçå=ëìêéäìë=ëÉêáÉëK=tÜÉå=~=qck=ãçÇÉä=áë=
Å~äáÄê~íÉÇ=çå=~=äáãáíÉÇ=ëÉí=çÑ=çÄëÉêî~íáçåëI=~å=Éëíáã~íÉ=çÑ=íÜÉ=ãÉ~å=ÖêçìåÇï~íÉê=äÉîÉä=

h ~åÇ=~ååì~ä=~ãéäáíìÇÉ= h� =Å~å=ÄÉ=çÄí~áåÉÇ=ìëáåÖ=íÜÉ=ëíÉé=~åÇ=ÑêÉèìÉåÅó=êÉëéçåëÉ=
ÑìåÅíáçåëK=qÜÉ=ëíÉé=êÉëéçåëÉ=ÑìåÅíáçå=áë=íÜÉ=êÉëéçåëÉ=çÑ=~=ëóëíÉã=íç=~å=áåéìí=ëÉêáÉë=
ïáíÜ=ìåáí=áåíÉåëáíó=~åÇ=íÜÉ=ëÜ~éÉ=çÑ=~=ëíÉéI=~åÇ=Éèì~äëW=
=
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qÜÉ=ëíÉé=êÉëéçåëÉ=ÑìåÅíáçå=~ëóãéíçíáÅ~ääó=êÉ~ÅÜÉë=~=Åçåëí~åí=äÉîÉä=íÜ~í=áë=âåçïå=~ë=

íÜÉ=Ö~áå=x_çñ=~åÇ=gÉåâáåëI=NVTMz=~åÇ=Éèì~äë=íÜÉ=òÉêçíÜ=ãçãÉåí= 0M =çÑ=θ K=få=

ÜóÇêçäçÖáÅ=íÉêãëI=áí=áë=íÜÉ=äÉîÉä=íç=ïÜáÅÜ=íÜÉ=ï~íÉê=í~ÄäÉ=êáëÉë=ïÜÉå=íÜÉ=éêÉÅáéáí~íáçå=

ëìêéäìë=áåíÉåëáíó=ïçìäÇ=ÄÉ=Åçåëí~åí=~åÇ=çÑ=ìåáí=áåíÉåëáíóK=cêçã=íÜáëI= h =Å~å=ÄÉ=
Éëíáã~íÉÇ=áå=íÜÉ=ÑçääçïáåÖ=ï~óI=í~âáåÖ=áå=ãáåÇ=íÜ~í=íÜÉ=êáëÉ=ëí~êíë=Ñêçã=íÜÉ=äçÅ~ä=
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=
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ïáíÜ= 0M Éèì~ääáåÖ= A ïÜÉå=θ =Éèì~äë=~=pd=ÇÑ=EëÉÉ=ESKTFFK=_ÉÅ~ìëÉ=ãçëí=ÉÅçåçãáÅ~ä=

~åÇ=ÉÅçäçÖáÅ~ä=~Åíáîáíó=í~âÉë=éä~ÅÉ=~í=ëìêÑ~ÅÉ=äÉîÉä=E s FI=çÑíÉå=íÜÉ=ÖêçìåÇï~íÉê=ÇÉéíÜ=

EëJ h F=áë=çÑ=ãçêÉ=áåíÉêÉëí=íÜ~å=íÜÉ=ÖêçìåÇï~íÉê=äÉîÉä=E h FK=eçïÉîÉêI=íÜÉ=ìëÉ=çÑ=~=

êÉÑÉêÉåÅÉ=äÉîÉä= s =çê= d =íÜ~í=î~êáÉë=áå=ëé~ÅÉ=áåíêçÇìÅÉë=~åçíÜÉê=ÇÉÖêÉÉ=çÑ=ÑêÉÉÇçãI=
íÜ~í=áë=ÅçãéÉåë~íÉÇ=Äó=ëéÉÅáÑóáåÖ=íÜÉ=ÅçåîÉñáíó=çê=ãÉ~å=Çáëí~åÅÉ=çÑ=íÜÉ=ÖêçìåÇï~íÉê=
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=
qÜÉ=ÑêÉèìÉåÅó=êÉëéçåëÉ=áë=íÜÉ=cçìêáÉê=íê~åëÑçêã=çÑ=íÜÉ=áãéìäëÉ=êÉëéçåëÉ=ÑìåÅíáçåI=çê=
íÜÉ=êÉëéçåëÉ=çÑ=~=ëóëíÉã=íç=~å=áåéìí=ëÉêáÉë=áå=íÜÉ=ëÜ~éÉ=çÑ=~=ëáåÉ=ïáíÜ=ìåáí=~ãéäáíìÇÉ=
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qÜÉ=íÉêã=ÄÉÑçêÉ=íÜÉ=ëáåÉ=ÑìåÅíáçå=áë=íÜÉ=~ãéäáíìÇÉ=êÉëéçåëÉ=ÑìåÅíáçå=~åÇ=Å~å=ÄÉ=ìëÉÇ=
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ïáíÜ=λ =ÄÉáåÖ=íÜÉ=~îÉê~ÖÉ=~ãéäáíìÇÉ=çÑ=íÜÉ=éêÉÅáéáí~íáçå=ëìêéäìë=çîÉê=~=ÅÉêí~áå=éÉêáçÇ=
EÑáÖìêÉ=SKNÄFK=qÜÉ=ä~ëí=íÉêã=çÑ=ESKNNF=áë=íÜÉ=éÜ~ëÉ=êÉëéçåëÉ=ÑìåÅíáçåK=cêçã=íÜáë=~=Ñ~Åíçê=
η =Å~å=ÄÉ=çÄí~áåÉÇ=íÜ~í=Éèì~äë=íÜÉ=éÜ~ëÉ=ëÜáÑí=ÄÉíïÉÉå=íÜÉ=~ååì~ä=ÖêçìåÇï~íÉê=~åÇ=
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6.2.4 Summary of method 

få=ëìãã~êóI=íÜÉ=ãÉíÜçÇ=éêçéçëÉÇ=
Åçåëáëíë=çÑ=íÜÉ=ÑçääçïáåÖ=ëíÉéë=EëÉÉ=
ÑáÖìêÉ=SKOFK=cáêëíI=íÜÉ=âÉó=Çóå~ãáÅ=
ÅÜ~ê~ÅíÉêáëíáÅë=çÑ=íÜÉ=áåéìí=íç=íÜÉ=ëóëíÉã=
~êÉ=Å~äÅìä~íÉÇI=Ñçê=ìåáî~êá~íÉ=íáãÉ=ëÉêáÉë=
ãçÇÉäë=ÄÉáåÖ=íÜÉ=ãÉ~å=~åÇ=~ååì~ä=
~ãéäáíìÇÉ=çÑ=íÜÉ=éêÉÅáéáí~íáçå=ëìêéäìëK=
pÉÅçåÇI=~å=Éëíáã~íÉ=çÑ=íÜÉ=êÉëéçåëÉ=çÑ=
íÜÉ=ÖêçìåÇï~íÉê=ëóëíÉã=áë=ã~ÇÉI=íÜ~í=áë=
ÅÜ~ê~ÅíÉêáëíáÅ=çÑ=áíë=ÑìåÅíáçåáåÖK=cçê=íÜáë=
éìêéçëÉI=~=Åçåíáåìçìë=íáãÉ=ëÉêáÉë=ãçÇÉä=
áë=ìëÉÇ=~åÇ=Å~äáÄê~íÉÇ=çå=íáãÉ=ëÉêáÉë=çÑ=
ÖêçìåÇï~íÉê=äÉîÉä=çÄëÉêî~íáçåë=~åÇ=
éêÉÅáéáí~íáçå=ëìêéäìëK=cêçã=íÜÉ=fo=
ÑìåÅíáçåI=ãçãÉåíë=Å~å=ÄÉ=ÇÉêáîÉÇ=~åÇ=
ìëÉÇ=~ë=ëóëíÉã=ÅÜ~ê~ÅíÉêáëíáÅëK=qÜáêÇI=
ÄçíÜ=ëóëíÉã=~åÇ=áåéìí=ÅÜ~ê~ÅíÉêáëíáÅë=~êÉ=
ÅçãÄáåÉÇ=áåíç=ÅÜ~ê~ÅíÉêáëíáÅë=çÑ=íÜÉ=

p

p

0

1

2

-

c

c

s d
M

M

M

s h

h d

h

-

-

System OutputInput

~ ~

h

-1

-1

th

average precipitation surplus intensity [LT ]

annual amplitude of ( ) [LT ]

surface level [L]

local drainage level [L]
order moment of the IR function [-]

av
n

p

p p t

s

d

M n

h

=

=

=

=
=

= erage groundwater level [L]

annual amplitude of ( ) [L]

time shift [T]

h h t=

=

~

~

h =
=

figure 6.2: Relationship between input, system 
and output characteristics. 
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çìíéìí=çê=ÖêçìåÇï~íÉê=í~ÄäÉ=Çóå~ãáÅëI=ìëáåÖ=ëáãéäÉ=~å~äóíáÅ=ÉñéêÉëëáçåëK=qÜÉ=~êêçïë=
áå=ÑáÖìêÉ=SKO=áääìëíê~íÉ=íÜÉ=ï~ó=áå=ïÜáÅÜ=íÜÉ=ÖêçìåÇï~íÉê=Çóå~ãáÅë=~êÉ=ÇÉíÉêãáåÉÇ=Äó=
íÜÉ=éêçéÉêíáÉë=çÑ=íÜÉ=ëóëíÉã=~åÇ=íÜÉ=áåéìíI=Äìí=íÜÉ=äáåâë=Å~å=~äëç=ÄÉ=ìëÉÇ=îáÅÉ=îÉêë~K=

qÜÉ=~îÉê~ÖÉ=ÖêçìåÇï~íÉê=ÇÉéíÜ= s h− I=Ñçê=Éñ~ãéäÉI=áë=ÇÉíÉêãáåÉÇ=Äó=íÜÉ=Çáëí~åÅÉ=çÑ=

íÜÉ=ëçáä=ëìêÑ~ÅÉ=Ñêçã=íÜÉ=äçÅ~ä=Çê~áå~ÖÉ=äÉîÉä= s d− I=~åÇ=Äó= 0M =~åÇ=  p I=Äìí==îáÅÉ=

îÉêë~I=  p I=çê=íÜÉ=~îÉê~ÖÉ=ÖêçìåÇï~íÉê=êÉÅÜ~êÖÉI=Å~å=~äëç=ÄÉ=Éëíáã~íÉÇ=ïÜÉå= 0M =

~åÇ= h d− =~êÉ=âåçïåK=qÜÉ=ÇÉíÉêãáåáëíáÅ=é~êí=çÑ=íÜÉ=ÖêçìåÇï~íÉê=Çóå~ãáÅë=áë=
ÅçãéäÉíÉäó=ÇÉíÉêãáåÉÇ=Äó=íÜÉ=Ñçìê=é~ê~ãÉíÉêë=íÜ~í=ÇÉëÅêáÄÉ=íÜÉ=çìíéìí=EÑçê=~ë=Ñ~ê=~ë=
íÜÉ=êÉëéçåëÉ=çÑ=íÜÉ=êÉ~ä=ïçêäÇ=ëóëíÉãë=Ñáíë=íÜÉ=pd=ÇÑ=êÉëéçåëÉFI=ëáåÅÉ=Ñçê=äáåÉ~ê=
ëóëíÉãëI=íÜÉ=íê~åëÑçêã~íáçå=çÑ=áåéìí=íç=çìíéìí=áë=ÅçãéäÉíÉäó=ÇÉíÉêãáåÉÇ=Äó=íÜÉ=fo=
ÑìåÅíáçåK==
=

6.3 Example application 

6.3.1 Set-up and data set 

få=íÜÉ=Éñ~ãéäÉ=~ééäáÅ~íáçåI=íÜÉ=éÉêÑçêã~åÅÉ=çÑ=íÜÉ=daJÅÜ~ê~ÅíÉêáëíáÅë=áå=
ÅÜ~ê~ÅíÉêáòáåÖ=íÜÉ=ÖêçìåÇï~íÉê=Çóå~ãáÅë=áë=Åçãé~êÉÇ=íç=íÜ~í=çÑ=jñdi=ëí~íáëíáÅëI=
êÉÖáãÉ=ÅìêîÉë=~åÇ=ÑêÉèìÉåÅó=çÑ=ÉñÅÉÉÇÉåÅÉ=Öê~éÜëK=cçê=íÜáë=éìêéçëÉI=íïç=ëÉêáÉë=çÑ=
ÖêçìåÇï~íÉê=äÉîÉä=çÄëÉêî~íáçåë=~êÉ=ëÉäÉÅíÉÇ=íÜ~í=çêáÖáå~íÉÇ=Ñêçã=ê~íÜÉê=ÇáÑÑÉêÉåí=
ÜóÇêçäçÖáÅ=ëóëíÉãëI=~åÇ=~äëç=ëÜçï=~=ÇáÑÑÉêÉåí=íóéÉ=çÑ=Çóå~ãáÅ=ÄÉÜ~îáçêK=cìêíÜÉêãçêÉI=
ÄçíÜ=éáÉòçãÉíÉêë=~êÉ=ìåÇáëíìêÄÉÇ=Äó=ÖêçìåÇï~íÉê=~Äëíê~ÅíáçåI=ÜóÇêçäçÖáÅ=
áåíÉêîÉåíáçåë=çê=çíÜÉê=áåÑäìÉåÅÉëI=íÜìë=~ääçïáåÖ=íÜÉã=íç=ÄÉ=ãçÇÉäÉÇ=ïáíÜ=éêÉÅáéáí~íáçå=
ëìêéäìë=~ë=íÜÉ=çåäó=áåéìí=ëÉêáÉëK=qÜÉ=Ñáêëí=ëÉêáÉë=çêáÖáå~íÉë=Ñêçã=~=ÇìåÉ=êÉëÉêîÉ=áå=íÜÉ=
éêçîáåÅÉ=çÑ=kçêíÜJeçää~åÇI=qÜÉ=kÉíÜÉêä~åÇëI=åÉ~ê=íÜÉ=íçïå=çÑ=bÖãçåÇK=qÜÉ=ÇìåÉë=áå=
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~Äçìí=íÜÉ=NQ

íÜ
=~åÇ=OU

íÜ
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table 6.1: Calibration results, estimated parameters and characteristics for piezometers 19CNL5281 
and 32cl0034. 
 

máÉòçãÉíÉê= NV`kiROUN= POÅäMMPQ=

2R =
= MKVNV= MKUNR=

ojpb= NNKO=Åã= UKQ=Åã=

A = =EHLJ= 2σ F= NPVS= EHLJ=PPSF= NTO= =EHLJ=NSF=

a = =EHLJ 2σ F= MKMMNV= EHLJ=MKMMMSF= MKMNRN= =EHLJ=MKMMQMF=

n = =EHLJ 2σ F= NKMSUT= EHLJ=MKMQQOF= MKSTOP= =EHLJ=MKMRRTF=

xjidi=jdi=jpdi=jediz= xPKTT===QKMO===QKNU===QKPz= xMKTR===MKVS===N===NKOSz=

x h d− h = h� ==η z= xOKMU===QKMP===MKON=VMKUz= xMKOQ===MKVS==MKNQ=PPKPz=
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figure 6.3: Time plot of the available groundwater level observations for piezometers 19CNL5281 and 
32cl0034, together with the predictions (transfer part, at daily frequency) from the time series model. 
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6.3.2 Comparison of MxGL statistics and GD-characteristics 
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figure 6.4: Comparison of MxGL statistics and GD characteristics for piezometers 19CNL5281 and 
32cl0034, respectively. From the figure it can be seen that MHGL - MLGL is larger than two times 

the annual amplitude, and does not differentiate much between these systems. MGL and h are 
almost equal and their lines are hard to distinguish.  
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6.3.3 GD-characteristics and fluctuations of non-annual frequency 
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figure 6.5: Plots of the regime curves ( )h D�  and the 90% confidence interval of . ( , )h Y D . of 

piezometers 19CNL5281 (a) and 32cl0034 (b), and respective annual, mean and total frequency of 
exceedence graphs (c and d). 
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figure 6.6: a) and b) Amplitude spectra of the groundwater level observations for piezometers 
19CNL5281 and 32cl0034. c) Amplitude response of piezometers 19CNL5281 and 32cl0034 d) 
Amplitude response of a variety of synthetic systems with fixed annual Amplitude and M0 but 
variable η . 
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ÜçïÉîÉêI=çåÉ=éÜ~ëÉ=ëÜáÑí=áë=~ééäáÉÇ=Ñçê=íÜÉ=íÜêÉÉ=Ä~ëáÅ=ÑêÉèìÉåÅáÉë=íÜ~í=ïÉêÉ=
áÇÉåíáÑáÉÇ=áå=íÜÉ=éêÉÅáéáí~íáçå=ëìêéäìë=áåéìíI=ïÜáäÉ=íÜÉ=éÜ~ëÉ=êÉëéçåëÉ=áë=áå=Ñ~Åí=~=
ÑìåÅíáçå=çÑ=íÜÉ=ÑêÉèìÉåÅó=EëÉÉ=ÉKÖKI=Éèì~íáçå==ESKNNF=çê=xwáÉãÉê=Éí=~äKI=NVVUzFK==
=

6.4 Discussion and conclusions 
qÜÉ=ãÉíÜçÇë=áå=íÜáë=é~éÉê=ïÉêÉ=ÇÉîÉäçéÉÇ=~åÇ=áääìëíê~íÉÇ=ìëáåÖ=~=ëáåÖäÉ=áåéìí=íáãÉ=
ëÉêáÉë=ãçÇÉäK=qÜÉ=ê~åÖÉ=çÑ=ÖÉçÜóÇêçäçÖáÅ=î~êáÉíó=íÜ~í=íÜÉ=íáãÉ=ëÉêáÉë=ãçÇÉä=ÅçîÉêë=áë=
ÖáîÉå=áå=ëÉÅíáçå=OKQKPI=~åÇ=î~äáÇ~íáçå=êÉëìäíë=~êÉ=ÖáîÉå=áå=xsçå=^ëãìíÜ=Éí=~äKI=OMMOzK=
qÜÉ=ãÉíÜçÇë=çÑ=Éëíáã~íáåÖ=daJÅÜ~ê~ÅíÉêáëíáÅë=Å~å=ÄÉ=êÉ~Çáäó=ÉñíÉåÇÉÇ=íç=áåÅäìÇÉ=çíÜÉê=
áåÑäìÉåÅÉë=ëìÅÜ=~ë=ÖêçìåÇï~íÉê=~Äëíê~Åíáçå=çê=ÑäìÅíì~íáåÖ=ëìêÑ~ÅÉ=ï~íÉê=äÉîÉäëI=~ë=Ñçê=
äáåÉ~ê=ëóëíÉãëI=íÜÉ=ëí~íáçå~êó=Çê~ïJÇçïå=~åÇ=~ååì~ä=~ãéäáíìÇÉ=~ííêáÄìí~ÄäÉ=íç=~=
ëÉÅçåÇ~êó=Ñ~Åíçê=Å~å=ëáãéäó=ÄÉ=~ÇÇÉÇ=íç=íÜ~í=çÑ=éêÉÅáéáí~íáçå=ëìêéäìëK=låäó=áå=íÜÉ=Å~ëÉ=
ïÜÉêÉ=çíÜÉê=Ñ~Åíçêë=Ü~îÉ=~=îÉêó=ÇáÑÑÉêÉåí=Çóå~ãáÅ=ÄÉÜ~îáçêI=íÜáë=Ü~ë=íç=ÄÉ=í~âÉå=áåíç=
~ÅÅçìåí=áå=íÜÉ=Ñçêã=çÑ=~ÇÇáíáçå~ä=é~ê~ãÉíÉêë=íç=ÄÉ=~ÄäÉ=íç=ÄÉííÉê=ÅÜ~ê~ÅíÉêáòÉ=íÜÉ=
Çóå~ãáÅëK=^=ëéÉÅá~ä=Å~ëÉ=çÑ=~åçíÜÉê=Ñ~Åíçê=íÜ~í=áåÑäìÉåÅÉë=íÜÉ=ÖêçìåÇï~íÉê=äÉîÉä=áë=íÜÉ=
åçáëÉ=íÜ~í=ÉåíÉêë=íÜÉ=ëóëíÉã=íÜêçìÖÜ=íÜÉ=åçáëÉ=ãçÇÉäK=eçïÉîÉêI=~ë=íÜÉ=ÉñéÉÅíÉÇ=î~äìÉ=
çÑ=ïÜáíÉ=åçáëÉ=áë=òÉêç=~åÇ=áíë=ÑêÉèìÉåÅó=ëéÉÅíêìã=áë=Ñä~íI=ÄçíÜ=áíë=ëí~íáçå~êó=áåÑäìÉåÅÉ=
~åÇ=áíë=éçïÉê=~í=~ååì~ä=çê=~åó=çíÜÉê=ëéÉÅáÑáÅ=ÑêÉèìÉåÅó=Å~å=ÄÉ=åÉÖäÉÅíÉÇK=^=äáãáí~íáçå=
íÜ~í=~êáëÉë=Ñêçã=íÜÉ=ìëÉ=çÑ=~=äáåÉ~ê=íáãÉ=ëÉêáÉë=ãçÇÉä=áë=íÜ~í=áí=ÇçÉë=åçí=ÜçäÇ=Ñçê=åçåJ
äáåÉ~ê=ëóëíÉãëK=cìíìêÉ=êÉëÉ~êÅÜ=ïáää=Ü~îÉ=íç=í~ÅâäÉ=íÜáë=éêçÄäÉã=ïáíÜ=íÜÉ=~áÇ=çÑ=åçåJ
äáåÉ~ê=íáãÉ=ëÉêáÉë=ãçÇÉäëK=
=
få=íÜÉ=ìëÉÑìäåÉëë=çÑ=íÜÉ=ãÉíÜçÇ=éêÉëÉåíÉÇI=íïç=~ëéÉÅíë=~êÉ=çÑ=áãéçêí~åÅÉK=qÜÉ=Ñáêëí=áë=
íÜÉ=ÇáêÉÅí=äáåâ=ÄÉíïÉÉå=íÜÉ=Çóå~ãáÅë=çÑ=íÜÉ=áåéìíI=íÜÉ=éêçéÉêíáÉë=çÑ=íÜÉ=ÖêçìåÇï~íÉê=
ëóëíÉãI=~åÇ=íÜÉ=Çóå~ãáÅë=çÑ=íÜÉ=ÖêçìåÇï~íÉê=í~ÄäÉ=íÜ~í=áë=ÇÉîÉäçéÉÇ=áå=íÜáë=ëíìÇóK=
rëáåÖ=íÜáë=äáåâI=çåÉ=Å~å=ÅçêêÉÅí=Ñçê=åçåJ~îÉê~ÖÉ=ãÉíÉçêçäçÖáÅ=ÅçåÇáíáçåë=áå=íÜÉ=
çÄëÉêî~íáçå=éÉêáçÇI=áå=íÜÉ=ë~ãÉ=ëÉåëÉ=~ë=jñdi=ëí~íáëíáÅë=~êÉ=ã~ÇÉ=ÚÅäáã~íÉ=
êÉéêÉëÉåí~íáîÉÛ=xhåçííÉêë=~åÇ=s~å=t~äëìãI=NVVTz=Äó=ìëáåÖ=ëáãìä~íáçåë=çîÉê=~å=
ÜáëíçêáÅ~ä=PM=óÉ~ê=éÉêáçÇK=eÉêÉI=ÜçïÉîÉêI=íÜÉ=âÉó=ÅÜ~ê~ÅíÉêáëíáÅë=çÑ=íÜÉ=ÖêçìåÇï~íÉê=
Çóå~ãáÅë=Å~å=ÄÉ=~äëç=êÉ~Çáäó=çÄí~áåÉÇ=Ñçê=~åó=Åäáã~íçäçÖáÅ=ëÅÉå~êáçI=ïáíÜçìí=Ü~îáåÖ=íç=
ëáãìä~íÉ=ÑìíìêÉ=ãÉíÉçêçäçÖáÅ=íáãÉ=ëÉêáÉëK=qÜáë=~ÇÇë=ÑäÉñáÄáäáíó=íç=íÜÉ=ãÉíÜçÇ=åÉÅÉëë~êó=
Ñçê=ÇÉ~äáåÖ=ïáíÜ=åçåJëí~íáçå~êó=áåÑäìÉåÅÉëK=kÉñí=íç=Åäáã~íÉ=ÅÜ~åÖÉI=~äëç=Ñ~Åíçêë=ëìÅÜ=
~ë=ÖêçìåÇï~íÉê=~Äëíê~Åíáçå=Å~å=Å~ìëÉ=íÜÉ=ÖêçìåÇï~íÉê=Çóå~ãáÅë=íç=ÄÉ=åçåJëí~íáçå~êóI=
ëç=íÜ~í=íÜÉ=ÜáëíçêáÅ~ä=PMJóÉ~ê=éÉêáçÇ=ÇçÉë=åçí=åÉÅÉëë~êáäó=êÉÑäÉÅí=íÜÉ=ÅìêêÉåí=çê=ÑìíìêÉ=
ëí~íÉK=qÜÉ=ëóëíÉã=éêçéÉêíáÉëI=áå=íÉêãë=çÑ=íÜÉ=ãçãÉåíë=çÑ=íÜÉ=fo=ÑìåÅíáçåI=Å~å=ÄÉ=
Éëíáã~íÉÇ=ìëáåÖ=~=íáãÉ=ëÉêáÉë=ãçÇÉäI=Äìí=~äëç=ïáíÜ=íÜÉ=~áÇ=çÑ=ÇÉíÉêãáåáëíáÅ=
ÖêçìåÇï~íÉê=Ñäçï=ãçÇÉä=ëìÅÜ=~ë=jlacilt=xsçå=^ëãìíÜ=~åÇ=j~~ëI=OMMNzK=qÜÉ=äáåâ=
ÇÉëÅêáÄÉÇ=Å~å=íÜìë=ÄÉ=ìëÉÇ=îáÅÉ=îÉêë~=~äëçI=íç=ã~âÉ=Éëíáã~íÉë=çÑ=íÜÉ=áåéìí=çê=êÉÅÜ~êÖÉ=
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íç=~å=~èìáÑÉê=ìëáåÖ=ÖêçìåÇï~íÉê=äÉîÉä=çÄëÉêî~íáçåë=~åÇ=íÜÉ=ëóëíÉãëÛ=êÉëéçåëÉI=~ë=ï~ë=
éêçéçëÉÇ=É~êäáÉê=áå=x`ÜÉå=Éí=~äKI=OMMOzK==
=
^=ëÉÅçåÇ=áãéçêí~åí=~ëéÉÅí=áë=íÜÉ=ï~ó=áå=ïÜáÅÜ=íÜÉ=ÖêçìåÇï~íÉê=Çóå~ãáÅë=~í=~=ÅÉêí~áå=
äçÅ~íáçå=~êÉ=ÅÜ~ê~ÅíÉêáòÉÇK=få=Ñ~ÅíI=íÜÉ=~ééäáÅ~íáçå=çÑ=~=íáãÉ=ëÉêáÉë=ãçÇÉä=áë=åçí=
åÉÅÉëë~êó=íç=ÇÉêáîÉ=da=ÅÜ~ê~ÅíÉêáëíáÅë=áÑ=äçåÖ=íÉêã=çÄëÉêî~íáçåë=çÑ=íÜÉ=ÖêçìåÇï~íÉê=
äÉîÉä=~êÉ=~î~áä~ÄäÉI=~ë=da=ÅÜ~ê~ÅíÉêáëíáÅë=Å~å=~äëç=ÄÉ=áåÑÉêêÉÇ=Ñêçã=íÜÉ=äçÅ~ä=Çê~áå~ÖÉ=
Ä~ëÉ=~åÇ=ÑêÉèìÉåÅó=~å~äóëáë=çå=íÜÉ=Ç~í~=áíëÉäÑ=EéäÉ~ëÉ=åçíÉI=ÜçïÉîÉêI=íÜ~í=ëìÅÜ=
áåÑçêã~íáçå=áë=~äëç=åçí=Éêêçê=ÑêÉÉFK=qÜÉ=Ñçìê=da=ÅÜ~ê~ÅíÉêáëíáÅë=~êÉ=íÜÉ=ãÉ~å=ÇÉéíÜI=íÜÉ=
ÅçåîÉñáíóI=íÜÉ=~ååì~ä=~ãéäáíìÇÉ=~åÇ=íÜÉ=éÜ~ëÉ=ëÜáÑí=ÄÉíïÉÉå=íÜÉ=~ååì~ä=ÖêçìåÇï~íÉê=
~åÇ=ãÉíÉçêçäçÖáÅ=ÅóÅäÉK=_ó=äççâáåÖ=~í=íÜÉáê=êÉä~íáçåëÜáé=ïáíÜ=íÜÉ=áãéìäëÉ=~åÇ=
~ãéäáíìÇÉ=êÉëéçåëÉ=ÑìåÅíáçåI=áí=áë=ëÜçïå=íÜ~í=da=ÅÜ~ê~ÅíÉêáëíáÅë=É~ÅÜ=Åçåí~áå=
áåÑçêã~íáçå=~Äçìí=~=ëÉé~ê~íÉ=~ëéÉÅí=çÑ=íÜÉ=ÖêçìåÇï~íÉê=Çóå~ãáÅëI=~åÇ=íçÖÉíÜÉê=Å~å=
ÇÉëÅêáÄÉ=íÜÉ=Çóå~ãáÅë=áå=ÇÉí~áä=E~í=äÉ~ëíI=Ñçê=~ë=ãìÅÜ=~ë=íÜÉ=íáãÉ=ëÉêáÉë=ãçÇÉä=Å~åFK=få=
íÜÉ=Éñ~ãéäÉ=~ééäáÅ~íáçåI=áí=áë=ëÜçïå=íÜ~í=íÜÉ=ãÉíÜçÇë=Ñçê=Å~äÅìä~íáåÖ=jñdi=ëí~íáëíáÅë=
Ñçêã=~=ê~íÜÉê=ÜÉìêáëíáÅ=ÅçãÄáå~íáçå=çÑ=~îÉê~ÖáåÖ=~åÇ=ëÉäÉÅíáåÖ=ÉñíêÉãÉëI=~åÇ=íÜ~í=
íÜÉó=Çç=åçí=ÇáÑÑÉêÉåíá~íÉ=çéíáã~ääó=ÄÉíïÉÉå=ÇáÑÑÉêÉåí=ÖêçìåÇï~íÉê=ëóëíÉãëK=^ë=íÜÉ=
ÉñíêÉãÉë=çê=ÜáÖÜÉëí=EedPF=~åÇ=äçïÉëí=äÉîÉäë=EidPF=áå=~=óÉ~ê=~êÉ=íÜÉ=êÉëìäí=çÑ=ÄçíÜ=íÜÉ=
~ååì~ä=ÅóÅäÉ=~åÇ=íÜÉ=ÑäìÅíì~íáçåë=áå=ÜáÖÜÉê=ÑêÉèìÉåÅáÉëI=ÄçíÜ=ÑêÉèìÉåÅáÉë=áåíÉêÑÉêÉ=áå=
íÜÉ=Å~äÅìä~íáçå=çÑ=jñdi=ëí~íáëíáÅëK=qÜáë=áë=íÜÉ=êÉ~ëçå=íÜ~í=jediJjidi=ÉñÅÉÉÇë=íÜÉ=
~ãéäáíìÇÉ=çÑ=íÜÉ=~ååì~ä=ÅóÅäÉI=ÉáíÜÉê=Å~äÅìä~íÉÇ=ïáíÜ=íÜÉ=íáãÉ=ëÉêáÉë=ãçÇÉä=çê=ìëáåÖ=~=
êÉÖáãÉ=ÅìêîÉK=cìêíÜÉêãçêÉI=íÜÉ=jñdi=ëí~íáëíáÅë=~êÉ=íÜÉ=êÉëìäíë=çÑ=~îÉê~ÖáåÖ=çîÉê=~=
äçåÖÉê=éÉêáçÇ=Eãáåáã~ääó=U=óÉ~êëFI=ïÜáÅÜ=ÉÑÑÉÅíáîÉäó=ÑáäíÉêë=çìí=äçïÉê=ÑêÉèìÉåÅó=
ÑäìÅíì~íáçåë=~åÇ=íÜÉ=ÅçêêÉëéçåÇáåÖ=áåíÉêJ~ååì~ä=ÉñíêÉãÉëK=qÜÉ=ÉñíêÉãÉ=äÉîÉäë=~åÇ=
íÜÉáê=Çìê~íáçåI=ÜçïÉîÉêI=çÑíÉå=~êÉ=çÑ=ÖêÉ~í=áåíÉêÉëí=ÄÉÅ~ìëÉ=çÑ=íÜÉáê=Çáëéêçéçêíáçå~íÉ=
ÉÅçåçãáÅ~ä=Ç~ã~ÖÉ=çê=ÉÅçäçÖáÅ~ä=áåÑäìÉåÅÉK=qÜìëI=áí=áë=ÅçåÅäìÇÉÇ=íÜ~í=íÜÉ=Å~é~Äáäáíó=çÑ=
jñdi=ëí~íáëíáÅë=áå=ÇáÑÑÉêÉåíá~íáåÖ=ÄÉíïÉÉå=ÖêçìåÇï~íÉê=êÉÖáãÉë=~í=ÇáÑÑÉêÉåí=äçÅ~íáçåë=
áë=äÉëë=íÜ~å=íÜ~í=çÑ=da=ÅÜ~ê~ÅíÉêáëíáÅëK==
=
_ÉÅ~ìëÉ=da=ÅÜ~ê~ÅíÉêáëíáÅë=éêçîáÇÉ=~=Åçãé~Åí=ï~ó=çÑ=ÇÉëÅêáÄáåÖ=íÜÉ=ÖêçìåÇï~íÉê=
Çóå~ãáÅë=~í=~=ÅÉêí~áå=äçÅ~íáçåI=íÜÉó=Å~å=ÄÉ=çÑ=ìëÉ=íç=ÖÉí=~=ÄÉííÉê=ìåÇÉêëí~åÇáåÖ=çå=
íÜÉ=êÉä~íáçåëÜáé=ÄÉíïÉÉå=ÖêçìåÇï~íÉê=Çóå~ãáÅë=~åÇ=çíÜÉê=Ñ~ÅíçêëI=ëìÅÜ=~ë=ëçáä=
ÅçåÇáíáçåë=çê=ÉÅçäçÖóK=kÉñí=íç=íÜ~íI=íÜÉó=Å~å=ÄÉ=ìëÉÇ=íç=ã~é=íÜÉ=ÖêçìåÇï~íÉê=
Çóå~ãáÅë=Ñçê=éä~ååáåÖ=éìêéçëÉë=çê=éçäáÅó=ã~âáåÖK=få=ÉÅçäçÖáÅ~ä=ëÅáÉåÅÉëI=Ñçê=Éñ~ãéäÉI=
íÜÉêÉ=áë=ëíáää=äáííäÉ=ÇÉíÉêãáåáëíáÅ=âåçïäÉÇÖÉ=çÑ=Üçï=éä~åí=ëéÉÅáÉë=~êÉ=êÉä~íÉÇ=~åÇLçê=
~Ç~éíÉÇ=íç=íÜÉ=ÖêçìåÇï~íÉê=Çóå~ãáÅë=~í=~=ÅÉêí~áå=äçÅ~íáçåI=~åÇ=çÑíÉå=ìëÉ=áë=ã~ÇÉ=çÑ=
ÉñéÉêí=âåçïäÉÇÖÉ=xÉKÖKI=oìåÜ~~ê=Éí=~äKI=NVUTX=bääÉåÄÉêÖI=NVVNzK=fÇÉåíáÑóáåÖ=íÜÉ=ã~áå=
ÅÜ~ê~ÅíÉêáëíáÅë=çÑ=íÜÉ=ÖêçìåÇï~íÉê=Çóå~ãáÅë=Å~å=ÜÉäé=íç=ÖÉí=~=ÅäÉ~êÉê=éáÅíìêÉ=çÑ=ïÜáÅÜ=
é~êí=çÑ=íÜÉ=Çóå~ãáÅë=EÉKÖKI=íÜÉ=ÉñíêÉãÉëI=íÜÉ=~îÉê~ÖÉ=ÅçåÇáíáçåë=çê=íÜÉ=äçï=äÉîÉäë=áå=
ëìããÉêF=~êÉ=áãéçêí~åí=Ñçê=íÜÉ=ëìêîáî~ä=çÑ=ÉåÇ~åÖÉêÉÇ=ëéÉÅáÉëK==
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Abstract:

The program Menyanthes combines a variety of functions for managing, editing,
visualizing, analyzing and modeling hydrogeologic time series. Menyanthes was initially
developed within the scope of the PhD research of the first author, whose primary aim
was the integration of data and physically-based methods for modeling time series of
groundwater heads. As such, time series analysis forms the heart of Menyanthes. Within
Menyanthes, time series can be modeled using both the ARMA and PIRFICT methods. The
PIRFICT method is a new method of time series analysis that has practical advantages and
facilitates physical interpretation and implementation of knowledge on physical behavior.
Analytic solutions to specific hydrogeologic problems may be used as response function,
along with their physically-based parameters. A more general approach is possible using
Skew-Gaussian distribution functions, which prove to fit the behavior of hydrogeologic
(and other) systems well. Use of such functions within the PIRFICT method substantially
simplifies the model identification procedure, as compared to the traditional Box-Jenkins
procedure. PIRFICT models may be fitted to a large number of time series in batch. Spatial
patterns that emerge in the results provide useful, additional, and independent
information, which adds another dimension to time series analysis. Their interpretation is
supported by the spatial visualization and analysis tools of Menyanthes. The PIRFICT
method also facilitates the integration of time series and spatially-distributed models via,
e.g., moment-generating differential equations. The PIRFICT method may prove to be of
use for other types of time series as well, both within and outside the realm of
environmental sciences.
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7 Menyanthes: software for 

groundwater head data 

=
Adopted from: 
Von Asmuth, J. R., C. Maas, M. Knotters, M. F. P. Bierkens, M. Bakker, T. N. Olsthoorn, D. G. 
Cirkel, I. Leunk, F. Schaars, and D. C. Von Asmuth (submitted), Menyanthes: software for 

hydrogeologic time series analysis, interfacing data with physical insight, båîáêçåãÉåí~ä=
jçÇÉääáåÖ=C=pçÑíï~êÉ. 
=
^Äëíê~Åí=
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7.1 Introduction 

7.1.1 Time series models: their strong points and limitations 
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eáéÉä=~åÇ=jÅiÉçÇ=xNVVQzK=få=íÜÉáê=ÄççâI=eáéÉä=~åÇ=jÅiÉçÇ=éêÉëÉåí=ã~åó=ÇáÑÑÉêÉåí=
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ÇÉîÉäçéÉÇ=ëí~íáëíáÅ~ä=Ä~ÅâÖêçìåÇK=qÜÉ=Ñáêëí=íïç=éçáåíë=Ñçääçï=ÇáêÉÅíäó=Ñêçã=íÜÉ=Ñ~Åí=
íÜ~í=~=íáãÉ=ëÉêáÉë=ãçÇÉä=íêÉ~íë=~=éÜóëáÅ~ä=ëóëíÉã=Ñáêëíäó=~ë=~=ÚïÜçäÉÛK=qÜÉ=ÉÑÑÉÅíáîÉI=
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ïÜáäÉ=íÜÉ=ä~êÖÉê=é~êí=çÑ=íÜÉ=ãçÇÉä=ëíáää=áë=íÜÉ=êÉëìäí=çÑ=ÅçêêÉä~íáçåëI=Éñíê~éçä~íáçåë=~åÇ=
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figure 7.1: Schematic representation of an open physical 
system. The spatial structure of environmental systems is 
generally far more complex than their temporal behavior, 
and largely unknown. The structure does not have to be 
explicitly defined for modeling the behavior.  
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ëí~íáçå~êáíó=áå=íÜÉ=Å~ëÉ=çÑ=åçåJëí~íáçå~êó=ëÉêáÉëI=~åÇ=~äëç=Ü~ë=íç=ÅÜççëÉ=íÜÉ=ãçÇÉä=
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ÇáÑÑáÅìäí=Ñçê=çìíëáÇÉêëI=~ë=áí=Ü~ë=~=ëíêçåÖ=ëí~íáëíáÅ~ä=ÑçÅìë=~åÇ=ìëÉë=~=ëéÉÅáÑáÅ=
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7.1.2 Recent developments and use of physical insight 
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íÜêçìÖÜ=íáãÉI=ëÜçìäÇ=Ü~îÉ=~=éÜóëáÅ~ä=Ä~ëáëI=~í=äÉ~ëí=ïÜÉå=~ééäáÉÇ=íç=éÜóëáÅ~ä=
éÜÉåçãÉå~=äáâÉ=ÖêçìåÇï~íÉê=äÉîÉä=ÑäìÅíì~íáçåë=E~äíÜçìÖÜ=íÜáë=ï~ë=~äêÉ~Çó=éêçéçëÉÇ=
Äó=s~å=dÉÉê=xNVUTzFK=få=íÜÉ=éêçÅÉëë=çÑ=áåÅçêéçê~íáåÖ=éÜóëáÅ~ä=áåëáÖÜí=áå=íÜÉ=ìëÉ=çÑ=íáãÉ=
ëÉêáÉë=ãçÇÉäëI=íÜÉ=ÑçääçïáåÖ=~ééêç~ÅÜÉë=Å~å=ÄÉ=ÇáëíáåÖìáëÜÉÇK=cáêëíI=éÜóëáÅ~ä=
âåçïäÉÇÖÉ=ã~ó=ÄÉ=ìëÉÇ=Ñçê=ãçÇÉä=áÇÉåíáÑáÅ~íáçåI=íç=~=éçëíÉêáçêá=ëÉäÉÅí=íÜÉ=ÅçêêÉÅí=
ãçÇÉä=çêÇÉê=Ñêçã=~=ëìÄëÉí=çÑ=éêÉÇÉÑáåÉÇ=Å~åÇáÇ~íÉ=ãçÇÉäëK=qÜÉ=ëÉäÉÅíáçå=áë=Ä~ëÉÇ=çå=
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íÜÉ=èìÉëíáçå=ïÜÉíÜÉê=çê=åçí=íÜÉ=êÉëìäíë=~åÇ=ÅçãéìíÉÇ=íê~åëÑÉê=ÑìåÅíáçåë=~êÉ=éä~ìëáÄäÉ=
Ñêçã=~=éÜóëáÅ~äJÜóÇêçäçÖáÅ=éÉêëéÉÅíáîÉ=xvçìåÖ=~åÇ=_ÉîÉåI=NVVQX=mêáÅÉ=Éí=~äKI=OMMMzK=^=
ëáãéäÉ=Éñ~ãéäÉ=áë=éêÉÅáéáí~íáçåI=ïÜáÅÜ=ëÜçìäÇ=êÉëìäí=áå=~=êáëÉ=~åÇ=åçí=~=äçïÉêáåÖ=çÑ=íÜÉ=
ï~íÉê=äÉîÉäK=^=ëÉÅçåÇ=~ééêç~ÅÜ=áë=íÜÉ=êÉîÉêë~ä=çÑ=íÜáë=éêçÅÉëëI=áå=ïÜáÅÜ=Å~ëÉ=íÜÉ=ãçÇÉä=
çêÇÉê=áë=ëÉäÉÅíÉÇ=~=éêáçêá=Ä~ëÉÇ=çå=~=éÜóëáÅ~äJÜóÇêçäçÖáÅ=~å~äóëáë=çÑ=íÜÉ=ëóëíÉãK=qÜáë=
~ééêç~ÅÜ=Ñçääçïë=håçííÉêë=~åÇ=_áÉêâÉåë=xOMMMzI=ïÜç=ëÉäÉÅíÉÇ=íÜÉ=^ouENF=ãçÇÉä=
EïÜáÅÜ=áë=Éèìáî~äÉåí=íç=~å=ÉñéçåÉåíá~ä=êÉëéçåëÉ=ÑìåÅíáçåF=Ñçê=ãçÇÉäáåÖ=íÜÉ=
êÉä~íáçåëÜáé=ÄÉíïÉÉå=éêÉÅáéáí~íáçå=ëìêéäìë=~åÇ=ï~íÉê=í~ÄäÉ=ÇÉéíÜI=Ä~ëÉÇ=çå=~å=
~å~äóëáë=çÑ=íÜÉ=ÑìåÅíáçåáåÖ=çÑ=~=ëáãéäáÑáÉÇ=ëçáä=ÅçäìãåK=^=íÜáêÇ=~ééêç~ÅÜ=áë=íç=êÉéä~ÅÉ=
íÜÉ=ëí~íáëíáÅ~ääó=çêáÉåíÉÇI=ÇáëÅêÉíÉJíáãÉ=^ofj^=ãçÇÉä=ëíêìÅíìêÉ=Äó=~=ãçÇÉä=ëíêìÅíìêÉ=áå=
ïÜáÅÜ=ÅçåíáåìçìëJíáãÉ=êÉëéçåëÉ=ÑìåÅíáçåë=~êÉ=ìëÉÇ=xsçå=^ëãìíÜ=Éí=~äKI=OMMOX=sçå=
^ëãìíÜ=~åÇ=_áÉêâÉåëI=OMMRzK=qÜáë=~ééêç~ÅÜ=íç=íáãÉ=ëÉêáÉë=~å~äóëáë=áë=å~ãÉÇ=íÜÉ=
mêÉÇÉÑáåÉÇ=fãéìäëÉ=oÉëéçåëÉ=cìåÅíáçå=få=`çåíáåìçìë=qáãÉ=Emfocf`qF=ãÉíÜçÇK=^å~äóíáÅ=
ëçäìíáçåë=íç=ÖÉçÜóÇêçäçÖáÅ=éêçÄäÉãë=ã~ó=ÄÉ=ìëÉÇ=ÇáêÉÅíäó=~ë=êÉëéçåëÉ=ÑìåÅíáçåë=áå=íÜáë=
ãÉíÜçÇI=áKÉK=ÑìåÅíáçåë=íÜ~í=~êÉ=ãçêÉ=ÅçãéäÉñ=íÜ~å=íÜÉ=^ouENF=ãçÇÉä=éêçéçëÉÇ=Äó=
håçííÉêë=~åÇ=_áÉêâÉåëK=^ë=~=êÉëìäíI=íáãÉ=ëÉêáÉë=ãçÇÉäë=~êÉ=ÑçêÅÉÇ=íç=ëÜçï=~=ÅÉêí~áåI=
éÜóëáÅ~ääóJéä~ìëáÄäÉ=ÄÉÜ~îáçê=áå=êÉëéçåëÉ=íç=ÇáÑÑÉêÉåí=ÉñÅáí~íáçåëK=páãéäÉ=ÇáëíêáÄìíáçå=
ÑìåÅíáçåë=äáâÉ=íÜÉ=ëÅ~äÉÇ=Ö~ãã~=ÇáëíêáÄìíáçå=éêçîÉ=íç=Ñáí=íÜÉ=ÄÉÜ~îáçê=çÑ=ã~åó=
ÜóÇêçÖÉçäçÖáÅ=ëóëíÉãëI=êÉÖ~êÇäÉëë=çÑ=íÜÉáê=ëéÉÅáÑáÅ=éêçéÉêíáÉë=~åÇ=ëíêìÅíìêÉK=líÜÉê=
ÇÉîÉäçéãÉåíë=áåÅäìÇÉ=~=ëçäìíáçå=íç=íÜÉ=éêçÄäÉã=çÑ=ãçÇÉäáåÖ=áêêÉÖìä~ê=çê=ÜáÖÜJ
ÑêÉèìÉåÅó=Ç~í~=xëÉÉ=_áÉêâÉåë=Éí=~äKI=NVVVX=_ÉêÉåÇêÉÅÜí=Éí=~äKI=OMMPX=vá=~åÇ=iÉÉI=OMMQX=
sçå=^ëãìíÜ=~åÇ=_áÉêâÉåëI=OMMRzI=åçåJäáåÉ~ê=íáãÉ=ëÉêáÉë=ãçÇÉäáåÖ=xhåçííÉêë=~åÇ=aÉ=
dççáàÉêI=NVVVX=_ÉêÉåÇêÉÅÜí=Éí=~äKI=OMMQzI=~åÇ=íÜÉ=ÅçãÄáå~íáçå=çÑ=íáãÉ=ëÉêáÉë=~åÇ=
ëé~íá~ääó=ÇáëíêáÄìíÉÇ=ãçÇÉäë=EëÉÉ=ëÉÅíáçåë=OKOK=~åÇ=OKPFK=

7.1.3 Scope and outline of paper 

qÜÉ=ãÉíÜçÇë=êÉä~íÉÇ=íç=íÜÉ=mfocf`q=~ééêç~ÅÜ=ïÉêÉ=éêÉëÉåíÉÇ=~åÇ=íÉëíÉÇ=áå=ëÉîÉê~ä=
é~éÉêëK=fí=ï~ë=ëÜçïå=íÜ~í=íÜÉ=mfocf`q=ãÉíÜçÇ=~ääçïë=Ñçê=íÜÉ=áåÅçêéçê~íáçå=çÑ=éÜóëáÅ~ä=
ÄÉÜ~îáçêI=êÉÇìÅÉë=íÜÉ=åìãÄÉê=çÑ=é~ê~ãÉíÉêëI=ëáãéäáÑáÉë=ãçÇÉä=áÇÉåíáÑáÅ~íáçå=~åÇ=
~îçáÇë=éêçÄäÉãë=êÉä~íÉÇ=íç=íÜÉ=Ç~í~=ÑêÉèìÉåÅó=áå=íáãÉ=ëÉêáÉë=ãçÇÉäë=xsçå=^ëãìíÜ=Éí=
~äKI=OMMOX=sçå=^ëãìíÜ=~åÇ=_áÉêâÉåëI=OMMRzK=qÜÉ=mfocf`q=ãÉíÜçÇ=ï~ë=ÉñíÉåÇÉÇ=~åÇ=
íÉëíÉÇ=íç=áåÅäìÇÉ=ÅçãéäÉñ=ëáíì~íáçåë=ïáíÜ=ãìäíáéäÉ=ëíêÉëëÉë=çÑ=ÇáÑÑÉêÉåí=íóéÉë=xsçå=
^ëãìíÜ=Éí=~äKI=OMMUzK=qÜÉ=ìëÉ=çÑ=íáãÉ=ëÉêáÉë=ãçÇÉä=êÉëìäíë=~åÇLçê=áãéìäëÉ=êÉëéçåëÉë=áå=
ÇáëíêáÄìíÉÇ=ãçÇÉäë=ï~ë=~ÇÇêÉëëÉÇ=áå=xsçå=^ëãìíÜ=~åÇ=j~~ëI=OMMNX=_~ââÉê=Éí=~äKI=
OMMTX=_~ââÉê=Éí=~äKI=OMMUzK=få=íÜÉ=éêÉëÉåí=é~éÉêI=~=ëóåíÜÉëáë=áë=ÖáîÉå=çÑ=íÜÉ=ãÉíÜçÇë=
~åÇ=êÉëìäíëI=ïÜáäÉ=ëéÉÅáÑáÅ~ääó=ÑçÅìëáåÖ=çå=íÜÉ=áåíÉêÑ~ÅÉ=ÄÉíïÉÉå=Ç~í~=~åÇ=éÜóëáÅ~ääóJ
Ä~ëÉÇ=ãÉíÜçÇëK=få=~ÇÇáíáçåI=íÜÉ=éêçÖê~ã=jÉåó~åíÜÉë=áë=éêÉëÉåíÉÇI=áå=ïÜáÅÜ=íÜÉ=íáãÉ=
ëÉêáÉë=~å~äóëáë=ãÉíÜçÇë=íÜ~í=ïÉêÉ=ÇÉîÉäçéÉÇ=~êÉ=áåÅçêéçê~íÉÇ=E~åÇ=ÑìíìêÉ=
ÇÉîÉäçéãÉåíë=ïáää=ÄÉFK=cáå~ääóI=~å=Éñ~ãéäÉ=~ééäáÅ~íáçå=áë=ÖáîÉå=ïÜÉêÉ=Ç~í~=Ñêçã=
ãìäíáéäÉ=äçÅ~íáçåë=~êÉ=~å~äóòÉÇI=áääìëíê~íáåÖ=íÜÉ=ìëÉ=çÑ=ëé~íá~ä=é~ííÉêåë=~åÇ=éÜóëáÅ~ä=
áåëáÖÜí=íç=áåíÉêéêÉí=êÉëìäíëK=qÜÉ=mfocf`q=ãÉíÜçÇ=áë=~ééäáÉÇ=íç=ÖêçìåÇï~íÉê=ÜÉ~Ç=ëÉêáÉëI=
~ë=áå=~ää=íÜÉ=~ÄçîÉ=ãÉåíáçåÉÇ=é~éÉêëI=Äìí=áí=áë=åçí=êÉëíêáÅíÉÇ=íç=íÜ~íK=qÜÉ=Å~ëÉ=çÑ=
ÖêçìåÇï~íÉê=ÜÉ~Çë=ã~ó=íÜÉêÉÑçêÉ=ëÉêîÉ=~ë=~å=Éñ~ãéäÉ=Ñçê=äáåÉ~ê=çê=äáåÉ~êáòÉÇ=ëóëíÉãë=
áå=ÖÉåÉê~äI=áå=çê=çìíëáÇÉ=íÜÉ=ÉåîáêçåãÉåí~ä=ëÅáÉåÅÉëK==
=



jÉåó~åíÜÉëW=ëçÑíï~êÉ=Ñçê=ÖêçìåÇï~íÉê=Ç~í~=
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7.2 Methods and theory 

7.2.1 Differential equations, impulse responses and convolution 

tÜáäÉ=ã~åó=é~éÉêë=ëí~êí=Ñêçã=íÜÉ=íáãÉ=ëÉêáÉë=~å~äóëáë=îáÉïéçáåíI=ïÉ=ÅÜççëÉ=íç=ëí~êí=
Ñêçã=~=éÜóëáÅ~ä=îáÉïéçáåí=ÜÉêÉ=íç=ÄÉííÉê=ëÉêîÉ=íÜÉ=åçåJëéÉÅá~äáëí=ÅçããìåáíóK=qÜÉ=
ÅçåëíêìÅíáçå=çÑ=~=éÜóëáÅ~ääóJÄ~ëÉÇ=ãçÇÉä=Ñçê=íÜÉ=Çóå~ãáÅë=çÑ=~å=~êÄáíê~êó=î~êá~ÄäÉ=
ëí~êíë=ïáíÜ=íÜÉ=ÇÉêáî~íáçå=çÑ=~å=~ééêçéêá~íÉ=ã~íÜÉã~íáÅ~ä=ÉñéêÉëëáçåI=Åçããçåäó=~=
ÇáÑÑÉêÉåíá~ä=Éèì~íáçåI=Ñçê=áíK=aáÑÑÉêÉåíá~ä=Éèì~íáçåë=~êÉ=ÇÉêáîÉÇ=Ñêçã=íïç=íóéÉë=çÑ=
Éèì~íáçåë=xÉKÖKI=_É~êI=NVTOzW=
=

• qÜÉ=Åçåíáåìáíó=Éèì~íáçåEëF=

• qÜÉ=ÅçåëíáíìíáîÉ=Éèì~íáçåEëF=
=
cçê=ÖêçìåÇï~íÉêI=íÜÉ=Åçåíáåìáíó=Éèì~íáçå=áë=ÑçìåÇ=Äó=~ééäóáåÖ=íÜÉ=éêáåÅáéäÉ=çÑ=ã~ëë=
ÅçåëÉêî~íáçå=EïÜáäÉ=áå=çíÜÉê=Å~ëÉëI=~äëç=çíÜÉê=ÅçåëÉêî~íáçå=ä~ïë=ã~ó=~ééäóI=äáâÉ=íÜçëÉ=
Ñçê=ÉåÉêÖó=çê=ãçãÉåíìãFK=få=ëáãéäÉ=ïçêÇëI=íÜáë=éêáåÅáéäÉ=ëí~íÉë=íÜ~í=åç=ã~ëë=Å~å=
Çáë~ééÉ~ê=ïáíÜçìí=êÉ~ëçå=~åÇ=áí=áë=î~äáÇ=Ñçê=~ää=íóéÉë=çÑ=ã~ëëÉëK=få=Å~ëÉ=çÑ=ï~íÉêI=áí=áë=
âåçïå=~ë=íÜÉ=ï~íÉê=Ä~ä~åÅÉ=Éèì~íáçåK=qÜÉ=ÅçåëíáíìíáîÉ=Éèì~íáçå=ëéÉÅáÑáÉë=~=éêçéÉêíó=
çÑ=íÜÉ=ëéÉÅáÑáÅ=ãÉÇáìã=ìåÇÉê=ÅçåëáÇÉê~íáçåI=ïÜáÅÜ=áå=Å~ëÉ=çÑ=ÖêçìåÇï~íÉê=áë=a~êÅóÛë=
ä~ïK=qÜáë=Éèì~íáçå=íêÉ~íë=~=êÉéêÉëÉåí~íáîÉ=ÉäÉãÉåí~êó=îçäìãÉ=EobsF=çÑ=~=éçêçìë=
ãÉÇáìã=~ë=~=ÅçåíáåììãI=íÜÉêÉÄó=ÇáëêÉÖ~êÇáåÖ=íÜÉ=ëé~íá~ä=î~êá~Äáäáíó=ÄÉäçï=íÜáë=ëÅ~äÉ=
EÅçåëáëíáåÖ=çÑ=Öê~áåë=~åÇ=éçêÉëI=çê=ãçäÉÅìäÉë=çå=~å=ÉîÉå=ëã~ääÉê=ëÅ~äÉFK=
=
^=ëí~åÇ~êÇ=íÉÅÜåáèìÉ=Ñçê=ëçäîáåÖ=ÇáÑÑÉêÉåíá~ä=Éèì~íáçåë=çÑ=äáåÉ~ê=Çóå~ãáÅ=ëóëíÉãë=

Éñ~Åíäó=áë=íç=ÇÉíÉêãáåÉ=íÜÉáê=ëçäìíáçå=Ñçê=~=aáê~Å=ÇÉäí~=ÑìåÅíáçå δ xaáê~ÅI=NVQTz=~ë=
áåéìí p K=qÜÉ=ÇÉäí~=ÑìåÅíáçå=Ü~ë=íÜÉ=ÑçääçïáåÖ=éêçéÉêíáÉëW==

=

δ( )   0,          0

       
δ( )dt 1                    

t t

t

∞

−∞

= ≠



=

∫
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=
~åÇ=Å~å=ÄÉ=íÜçìÖÜí=çÑ=~ë=íÜÉ=äáãáí=çÑ=EÑçê=áåëí~åÅÉF=~=d~ìëëá~å=ÇáëíêáÄìíáçå=ÑìåÅíáçå=
ïáíÜ=ãÉ~å=òÉêç=~åÇ=~=î~êá~åÅÉ=íÜ~í=~äëç=~ééêç~ÅÜÉë=òÉêçK=få=ïçêÇëI=íÜÉ=ÇÉäí~=ÑìåÅíáçå=

áë=~å=áåëí~åí~åÉçìë=éìäëÉ=çê=áãéìäëÉ=çÑ=ìåáí=~êÉ~K=qÜÉ=áãéìäëÉ=êÉëéçåëÉ=ÑìåÅíáçå=θ =áë=

ÇÉÑáåÉÇ=~ë=íÜÉ=ÉÑÑÉÅí=çÑ= δ =~ë=áåéìí= p =çå=íÜÉ=ëí~íÉ= h =çÑ=~=ëóëíÉãI=áKÉK=íÜÉ=ÇÉîá~íáçå=áå=

íáãÉ=Ñêçã=~å=çíÜÉêïáëÉ=ëíÉ~Çó=ëí~íÉ= d K=få=íÉêãë=çÑ=ÖêçìåÇï~íÉê=ÜÉ~Ç=~åÇ=

éêÉÅáéáí~íáçåI==θ =Å~å=ÄÉ=íÜçìÖÜí=çÑ=~ë=íÜÉ=êÉëéçåëÉ=íç=~=îÉêó=ëÜçêí=ëÜçïÉê=çÑ=ìåáí=
ÜÉáÖÜíI=ïÜÉå=íÜÉ=ÜÉ~Ç=áë=çíÜÉêïáëÉ=Åçåëí~åí=çê=Éèì~äë=íÜÉ=äçÅ~ä=Çê~áå~ÖÉ=Ä~ëÉK=få=

ã~íÜÉã~íáÅ~ä=íÉêãëI=θ =áë=ÇÉÑáåÉÇ=Äó=íÜÉ=ÑçääçïáåÖ=ÅçåÇáíáçåëW=
=
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( ) ( )             

( ) ,              0

( ) δ( )                  

t h t d

h t d t

p t t

θ = −


= <
 =

  (7.2) 

=

fÑ=θ =~åÇ= d =~êÉ=âåçïåI= h =Å~å=ÄÉ=çÄí~áåÉÇ=Ñçê=~å=áåéìí p =íÜ~í=î~êáÉë=~êÄáíê~êáäó=áå=

íáãÉ=íÜêçìÖÜ=Åçåîçäìíáçå=EaìÜ~ãÉäÛë=éêáåÅáéäÉ=xaìÜ~ãÉäI=NUPPzFW=
=

0

( ) ( ) ( )d ( ) ( )d ( )( )

t

h t d t p t p t p tθ τ τ τ θ τ τ θ
∞

−∞

− = − ≡ − ≡ ∗∫ ∫  (7.3) 

=
ïÜÉêÉ=íÜÉ=ä~ëí=Ñçêã=áë=àìëí=~=Åçãé~Åí=ï~ó=çÑ=ëóãÄçäáòáåÖ=~=Åçåîçäìíáçå=éêçÇìÅíK=
bèì~íáçå=EOKPRF=áãéäáÉë=íÜ~í=íÜÉ=Çóå~ãáÅë=çÑ=~å=~êÄáíê~êóI=äáåÉ~êI=Çóå~ãáÅ=ëóëíÉã=~í=~=
ÅÉêí~áå=äçÅ~íáçå=~êÉ=ÅçãéäÉíÉäó=ÖçîÉêåÉÇ=Äó=íÜÉ=Çóå~ãáÅë=çÑ=íÜÉ=áåéìí=~åÇ=íÜÉ=

áãéìäëÉ=êÉëéçåëÉ=ÑìåÅíáçåK=qÜÉ=áãéìäëÉ=êÉëéçåëÉ=ÑìåÅíáçå=θ =ÅçãéäÉíÉäó=ÅÜ~ê~ÅíÉêáòÉë=
íÜÉ=Çóå~ãáÅ~ääó=êÉäÉî~åíI=éÜóëáÅ~ä=éêçéÉêíáÉë=çÑ=~=ëóëíÉãI=~åÇ=áë=~ë=ëìÅÜ=~å=áåíÉÖê~ä=

éêçéÉêíó=íÜÉêÉçÑK=θ I=ÜçïÉîÉêI=áë=~=ÑìåÅíáçå=çÑ=íÜÉ=äçÅ~íáçå=áå=íÜÉ=ëóëíÉãI=~åÇ=çÑ=íÜÉ=
ëéÉÅáÑáÅ=ÉñÅáí~íáçå=ìåÇÉê=ÅçåëáÇÉê~íáçåK==
=

7.2.2 Methods of constructing response functions 

qÜÉ=ëçäìíáçå=íç=EOKPRF=çåäó=Ñáíë=íÜÉ=Çóå~ãáÅë=çÑ=~=ëóëíÉã=Éñ~Åíäó=áÑ=θ =E~åÇ= p F=~êÉ=~äëç=

Éñ~Åíäó=âåçïå=E~åÇ=íÜÉ=ëóëíÉã=áë=äáåÉ~ê=~åÇ=íáãÉJáåî~êá~åíFK=lÑ=ÅçìêëÉI=θ =áë=åÉîÉê=
âåçïå=Éñ~Åíäó=áå=éê~ÅíáÅÉI=Äìí=íÜÉêÉ=~êÉ=ëÉîÉê~ä=ãÉíÜçÇë=íç=çÄí~áå=~å=~ééêçñáã~íáçå=
Ñçê=áíK=qÜÉ=ÑáêëíI=ÄçííçãJìé=~åÇ=åçï~Ç~óë=ã~áåëíêÉ~ã=~ééêç~ÅÜI=áë=íç=ÅçåëíêìÅí=~=
ëé~íá~ääóJÇáëíêáÄìíÉÇ=ãçÇÉä=íç=ëçäîÉ=íÜÉ=ÖçîÉêåáåÖ=ÇáÑÑÉêÉåíá~ä=Éèì~íáçåK=aáëíêáÄìíÉÇ=
ãçÇÉäë=ã~ó=ÄÉ=íê~åëÑçêãÉÇ=áåíç=ëÉíë=çÑ=áãéìäëÉ=êÉëéçåëÉëI=~ë=çìíäáåÉÇ=áå=xp~ÜìèìáääçI=
NVUPzK=^äíÜçìÖÜ=íÜáë=éêçÅÉÇìêÉ=áë=åçí=ÅçããçåI=áíë=~Çî~åí~ÖÉë=çîÉê=íÜÉ=ÇáêÉÅí=ìëÉ=çÑ=
íÜÉ=ÇáëíêáÄìíÉÇ=ãçÇÉä=~êÉ=áíë=Åçãéìí~íáçå~ä=ÉÑÑáÅáÉåÅó=~åÇ=íÜÉ=Ñ~Åí=íÜ~í=íÜÉ=ÇáÑÑÉêÉåíá~ä=
Éèì~íáçå=Å~å=ÄÉ=ëçäîÉÇ=Åçåíáåìçìëäó=áå=íáãÉ=Äó=ÇçáåÖ=ëçK=^=ëÉÅçåÇ=~ééêç~ÅÜ=ëí~êíë=

íçéJÇçïå=~åÇ=~ééêçñáã~íÉë=θ =~ë=~å=^oj^=íê~åëÑÉê=ÑìåÅíáçåK=få=íÜ~í=Å~ëÉI=EOKPRF=áë=
~ééêçñáã~íÉÇ=Äó=ÇáëÅêÉíÉ=ÅçåîçäìíáçåW=
=
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ïÜÉêÉ= t =áë=~=ÇáëÅêÉíÉ=íáãÉ=áåÇÉñ=E t∈� FIΘ =áë=íÜÉ=íê~åëÑÉê=çê=ÄäçÅâ=êÉëéçåëÉ=ÑìåÅíáçå=

~åÇ= B =áë=íÜÉ=Ä~Åâï~êÇJëÜáÑí=çéÉê~íçê=ÇÉÑáåÉÇ=ÄóW=
=
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ïÜÉêÉ= (B)δ =áë=íÜÉ=~ìíçêÉÖêÉëëáîÉ=çéÉê~íçê=Eåçí=íç=ÄÉ=ÅçåÑìëÉÇ=ïáíÜ=íÜÉ=aáê~Å=ÇÉäí~=

ÑìåÅíáçåFI=~åÇ= (B)ω =íÜÉ=ãçîáåÖ=~îÉê~ÖÉ=çéÉê~íçêK=qÜÉ=~Åíì~ä=Åçãéìí~íáçå=çÑ= th =áë=

ÇçåÉ=êÉÅìêëáîÉäó=~ëW=
=
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ïÜÉêÉ= nr =~åÇ= ns =ÇÉÑáåÉ=íÜÉ=åìãÄÉê=çÑ=é~ê~ãÉíÉêë=çê=çêÇÉê=çÑ=íÜÉ=íê~åëÑÉê=ÑìåÅíáçåK=
^äíÜçìÖÜ=^oj^=ãçÇÉäë=~êÉ=ìëÉÇ=áå=~=î~êáÉíó=çÑ=ëÅáÉåÅÉë=~åÇ=~êÉ=ìëì~ääó=éÉêÅÉáîÉÇ=~ë=
ÚÄä~Åâ=ÄçñÛ=ãçÇÉäëI=^ouENF=ãçÇÉäë=ã~ó=ÄÉ=ëÉÉå=~ë=êÉéêÉëÉåíáåÖ=íÜÉ=éÜóëáÅë=çÑ=~=
ëáãéäÉ=ëçáä=Åçäìãå=xhåçííÉêë=~åÇ=_áÉêâÉåëI=OMMMz=~åÇ=~å=^ouE nr F=ãçÇÉä=~ë=
êÉéêÉëÉåíáåÖ=~=EäáåÉ~êF=ÇáëíêáÄìíÉÇ=ÖêçìåÇï~íÉê=ãçÇÉä=ïáíÜ= nr ÅÉääë=EëÉÉ=ëÉÅíáçå=OKPKNFK=
qÜÉ=êÉÅìêëáîÉ=Åçãéìí~íáçå=çÑ=ETKTF=áë=Åçãéìí~íáçå~ääó=äÉëë=ÇÉã~åÇáåÖ=íÜ~å=íÜÉ=ÇáêÉÅí=
Éî~äì~íáçå=çÑ=ETKPF=çê=ETKQF=~åÇ=~ë=^oj^=ãçÇÉäë=Ü~îÉ=~=äçåÖ=ÜáëíçêóI=íÜáë=ï~ë=
éêçÄ~Ääó=~å=áãéçêí~åí=~Çî~åí~ÖÉK=táíÜ=ãçÇÉêå=íÉÅÜåçäçÖóI=ÜçïÉîÉêI=íÜáë=áë=åçí=~å=

áëëìÉ=~åóãçêÉI=~åÇ=ÅçåëÉèìÉåíäó=~ë=~=íÜáêÇ=~ééêç~ÅÜI=Θ =~åÇLçê=θ =Å~å=~äëç=ÄÉ=
~ééêçñáã~íÉÇ=áå=çíÜÉê=ï~óëK==

7.2.3 The PIRFICT method and use of distribution functions 

sçå=^ëãìíÜ=Éí=~äK=xOMMOz=éêÉëÉåíÉÇ=~=åÉï=ãÉíÜçÇ=çÑ=íáãÉ=ëÉêáÉë=~å~äóëáëI=Å~ääÉÇ=íÜÉ=
mfocf`q=ãÉíÜçÇK==^=ÇáÑÑÉêÉåÅÉ=ïáíÜ=^ofj^JíóéÉ=~åÇ=âáåÇêÉÇ=íáãÉ=ëÉêáÉë=ãçÇÉäëI=
ïÜÉíÜÉê=ÇáëÅêÉíÉ=çê=Åçåíáåìçìë=íáãÉ=xÉKÖKI=_êçÅâïÉääI=OMMNX=vçìåÖ=~åÇ=d~êåáÉêI=OMMSzI=
áë=íÜ~í=áí=áë=Ñçêãìä~íÉÇ=~ë=~=EÅçåíáåìçìë=íáãÉF=Åçåîçäìíáçå=áåíÉÖê~ä=ETKPFI=áåëíÉ~Ç=çÑ=~ë=~=

íÉãéçê~ä=ÇáÑÑÉêÉåÅÉ=çê=ÇáÑÑÉêÉåíá~ä=Éèì~íáçåK=få=íÜáë=Ñçêãìä~íáçåI=θ =ã~ó=áå=éêáåÅáéäÉ=ÄÉ=
~å=~êÄáíê~êó=Åçåíáåìçìë=
ã~íÜÉã~íáÅ~ä=ÑìåÅíáçå=Ü~îáåÖ=~=
âåçïå=áåíÉÖê~äK=qÜÉ=mfocf`q=
ãÉíÜçÇ=Ü~ë=ëÉîÉê~ä=éê~ÅíáÅ~ä=
~Çî~åí~ÖÉë=xsçå=^ëãìíÜ=Éí=~äKI=
OMMOzI=~åÇ=Ñ~Åáäáí~íÉë=íÜÉ=
áåíÉÖê~íáçå=çÑ=Ç~í~=~åÇ=éÜóëáÅ~ääóJ
Ä~ëÉÇ=ãÉíÜçÇë=áå=íïç=ï~óëK=cáêëíI=
íÜÉ=éÜóëáÅ~ä=ÄÉÜ~îáçê=çÑ=~=ëóëíÉã=
ã~ó=ÄÉ=áãéäÉãÉåíÉÇ=ÇáêÉÅíäó=áå=

íÜÉ=ãçÇÉä=~ë=êÉëéçåëÉ=ÑìåÅíáçå=θ I=
Ñçê=Éñ~ãéäÉ=~ë=~å~äóíáÅ=ëçäìíáçå=íç=
íÜÉ=ÇáÑÑÉêÉåíá~ä=Éèì~íáçå=áå=~=
ëéÉÅáÑáÅ=ëáíì~íáçåK=bäÉãÉåí~êó=
éÜóëáÅ~ä=éêáåÅáéäÉë=ã~ó=ÄÉ=ìëÉÇ=íç=
êÉÇìÅÉ=íÜÉ=ÇÉÖêÉÉë=çÑ=ÑêÉÉÇçã=áå=
íÜÉ=ãçÇÉäI=ÉKÖKI=Äó=äáãáíáåÖ=íÜÉ=
ëáÖå=çÑ=íÜÉ=ÉÑÑÉÅí=íç=ÉáíÜÉê=éçëáíáîÉ=
çê=åÉÖ~íáîÉ=çê=Äó=ëÜ~êáåÖ=

=

figure 7.2: Skewed impulse response function with mean 

µ  and variance 2σ . 
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é~ê~ãÉíÉêë=çÑ=êÉëéçåëÉ=ÑìåÅíáçåë=~Åêçëë=ëÉîÉê~ä=áåéìíë=xsçå=^ëãìíÜ=Éí=~äKI=OMMUzK=
`çåíáåìçìë=êÉëéçåëÉ=ÑìåÅíáçåë=~äëç=íÉåÇ=íç=Åçåí~áå=ÑÉïÉê=é~ê~ãÉíÉêë=íÜ~å=íÜÉáê=
^oj^=ÅçìåíÉêé~êíëI=ÄÉÅ~ìëÉ=íÜÉ=åìãÄÉê=çÑ=é~ê~ãÉíÉêë=áë=åçí=äáåâÉÇ=íç=íÜÉ=ãçÇÉä=
ÑêÉèìÉåÅóI=~ë=áå=^oj^=ãçÇÉäë=xsçå=^ëãìíÜ=Éí=~äKI=OMMOzK=pÉÅçåÇI=íÜÉ=êÉëìäíë=çÑ=íáãÉ=
ëÉêáÉë=ãçÇÉäë=~åÇ=éÜóëáÅ~ääóJÄ~ëÉÇI=ÇáëíêáÄìíÉÇ=ãçÇÉäë=Å~å=ÄÉ=ã~íÅÜÉÇ=ìëáåÖ=
ãçãÉåíë=çÑ=íÜÉ=áãéìäëÉ=êÉëéçåëÉ=ÑìåÅíáçåë=EïÜáÅÜ=áå=éêáåÅáéäÉ=áë=~äëç=éçëëáÄäÉ=Ñçê=
^oj^JãçÇÉäëI=Äó=ÅçêêÉÅíáåÖ=íÜÉ=ãçãÉåíë=çÑ=íÜÉ=íê~åëÑÉê=ÑìåÅíáçåë=çÄí~áåÉÇ=Ñçê=íÜÉ=
ãçÇÉä=ÑêÉèìÉåÅóFK=qÜÉ=ìëÉ=çÑ=ãçãÉåíë=íç=ÅÜ~ê~ÅíÉêáòÉ=êÉëéçåëÉ=ÑìåÅíáçåëI=~ë=áë=
Åçããçå=éê~ÅíáÅÉ=ïáíÜ=ëí~íáëíáÅ~ä=ÇáëíêáÄìíáçåëI=Ü~ë=ÄÉÉå=éêçéçëÉÇ=áåÇÉéÉåÇÉåíäó=Äó=
k~ëÜ=xNVRVzI=gìêó=~åÇ=oçíÜ=xNVVMz=~åÇ=j~~ë=xNVVQzK=^=ãçêÉ=êÉÅÉåí=åçíáçå=áë=íÜ~í=
ãçãÉåíJÖÉåÉê~íáåÖ=ÇáÑÑÉêÉåíá~ä=Éèì~íáçåë=ã~ó=ÄÉ=ÇÉêáîÉÇ=ÇáêÉÅíäó=Ñêçã=é~êíá~ä=
ÇáÑÑÉêÉåíá~ä=Éèì~íáçåë=xj~~ëI=NVVRX=e~êîÉó=~åÇ=dçêÉäáÅâI=NVVRX=dçîáåÇ~ê~àì=~åÇ=a~ëI=
OMMTzI=ïÜáÅÜ=éêçîáÇÉë=~=ÇáêÉÅí=äáåâ=ÄÉíïÉÉå=íáãÉ=ëÉêáÉë=~åÇ=ÇáëíêáÄìíÉÇ=ãçÇÉäë=xsçå=
^ëãìíÜ=~åÇ=j~~ëI=OMMNX=_~ââÉê=Éí=~äKI=OMMUzK==
=

^äíÜçìÖÜ=ëóëíÉãJëéÉÅáÑáÅI=éÜóëáÅ~ääóJÄ~ëÉÇ=~å~äóíáÅ=ëçäìíáçåë=ã~ó=ÄÉ=ìëÉÇ=Ñçê=θ I=~=
ãçêÉ=ÖÉåÉê~ä=~ééêç~ÅÜ=áë=~äëç=éçëëáÄäÉK=^=Ñáêëí=ëíÉé=áå=íÜáë=ÇáêÉÅíáçå=ï~ë=í~âÉå=Äó=
ëÉîÉê~ä=~ìíÜçêëI=ïÜç=áåÇÉéÉåÇÉåíäó=~åÇ=Ñçê=ÇáÑÑÉêÉåí=éêçÄäÉãëI=çÄëÉêîÉÇ=íÜ~í=áãéìäëÉ=
êÉëéçåëÉ=ÑìåÅíáçåë=íóéáÅ~ääó=í~âÉ=íÜÉ=ëÜ~éÉ=çÑ=~=ëâÉïÉÇ=ÇáëíêáÄìíáçå=ÑìåÅíáçå=EÑáÖìêÉ=
TKOFK=^=éáçåÉÉê=áå=íÜáë=êÉëéÉÅí=ï~ë=k~ëÜ=xNVRUzI=ïÜç=éêçéçëÉÇ=íÜÉ=ìëÉ=çÑ=íÜÉ=Ö~ãã~=
ÇáëíêáÄìíáçå=Ñçê=ãçÇÉäáåÖ=íÜÉ=íê~åëÑçêã~íáçå=çÑ=ê~áåÑ~ää=áåíç=êìåJçÑÑK=qÜÉ=Ö~ãã~=
ÇáëíêáÄìíáçå=áë=ÖáîÉå=ÄóW=
=
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ïÜÉêÉ= a =~åÇ= n =~êÉ=é~ê~ãÉíÉêëK=qÜÉ=éÜóëáÅ~ä=~å~äçÖ=çÑ=íÜÉ=Ö~ãã~=ÇáëíêáÄìíáçå=áë=~=
Å~ëÅ~ÇÉ=çÑ=äáåÉ~ê=êÉëÉêîçáêëI=~äëç=âåçïå=~ë=íÜÉ=k~ëÜ=Å~ëÅ~ÇÉK=qÜÉ=ìëÉ=çÑ=ÇáëíêáÄìíáçå=
ÑìåÅíáçåë=Ñçê=ãçÇÉäáåÖ=íÜÉ=íê~åëÑÉê=çÑ=ëçäìíÉë=íÜêçìÖÜ=ëçáä=ï~ë=ëìÖÖÉëíÉÇ=Äó=gìêó=
xNVUOz=~åÇ=j~~ë=xNVVQz=EÇáëÅìëëÉÇ=~êÉ=íÜÉ=äçÖåçêã~äI=Ö~ãã~=~åÇ=mÉ~êëçå=íóéÉ=fff=
ÇáëíêáÄìíáçåëFK=gìêó=~åÇ=oçíÜ=xNVVMz=ëÜçïÉÇ=íÜ~í=íÜÉáê=ëÜ~éÉë=Ü~îÉ=~=ëíêáâáåÖ=ëáãáä~êáíó=
ïáíÜ=íÜ~í=çÑ=íÜÉ=áãéìäëÉ=êÉëéçåëÉ=ëçäìíáçå=íç=íÜÉ=éÜóëáÅ~ääóJÄ~ëÉÇ=ÅçåîÉÅíáçåJ
ÇáëéÉêëáçå=Éèì~íáçåK=tÜÉå=ìëáåÖ=ÇáëíêáÄìíáçå=ÑìåÅíáçåë=~ë=êÉëéçåëÉ=ÑìåÅíáçåI=íÜÉ=
íÉãéçê~ä=ÄÉÜ~îáçê=çÑ=~=ëóëíÉã=áë=ÇÉÑáåÉÇI=Äìí=íÜÉ=éÜóëáÅ~ä=çê=ëé~íá~ä=ëíêìÅíìêÉ=áë=åçíK=få=
íÜ~í=ëÉåëÉI=íÜÉó=~êÉ=åçí=ÚéÜóëáÅ~ääóJÄ~ëÉÇÛK=gìêó=~åÇ=oçíÜI=ÜçïÉîÉêI=ÅçåëáÇÉê=íÜáë=~=
êÉä~íáîÉ=áëëìÉ=~åÇ=éçáåí=çìí=íÜ~í=áí=áë=~=Åìêáçìë=éÜÉåçãÉåçå=íÜ~í=éÜóëáÅ~ääóJÄ~ëÉÇ=ä~ïë=
äáâÉ=íÜÉ=ÅçåîÉÅíáçåJÇáëéÉêëáçå=Éèì~íáçå=~êÉ=Åçããçåäó=~ÅÅÉéíÉÇ=ãÉêÉäó=ÄÉÅ~ìëÉ=íÜÉáê=
ëçäìíáçå=Å~å=ÄÉ=ã~åáéìä~íÉÇ=áåíç=ã~íÅÜáåÖ=íÜÉ=ëÜ~éÉ=çÑ=íÜÉ=çìíÑäçï=ÅçåÅÉåíê~íáçåëK=
páãáä~ê=ëí~íÉãÉåíë=~êÉ=ã~ÇÉ=Äó=_ÉîÉå=áå=íÜÉ=ÅçåíÉñí=çÑ=Üáë=ÉèìáÑáå~äáíó=íÜÉëáë=xÉKÖKI=
_ÉîÉåI=NVVPX=_ÉîÉåI=OMMSzK=cçê=ÖêçìåÇï~íÉê=ÜÉ~ÇëI=íÜÉ=ìëÉ=çÑ=ÇáëíêáÄìíáçå=ÑìåÅíáçåë=
áë=éÉêÜ~éë=äÉëë=áåíìáíáîÉK=sçå=^ëãìíÜ=Éí=~äK=xOMMOz=~åÇ=åìãÉêçìë=ëíìÇáÉë=~ÑíÉêï~êÇë=
ëÜçïÉÇ=íÜ~í=~=ëÅ~äÉÇ=Ö~ãã~=ÇáëíêáÄìíáçå=EíÜÉ=Ö~ãã~=ÇáëíêáÄìíáçå=ãìäíáéäáÉÇ=Äó=~=
Åçåëí~åíF=ã~ó=ÄÉ=ìëÉÇ=ÉÑÑÉÅíáîÉäó=íç=ãçÇÉä=íÜÉ=ÜÉ~Ç=êÉëéçåëÉ=íç=êÉÅÜ~êÖÉI=~åÇ=íÜ~í=áí=
óáÉäÇë=êÉëìäíë=íÜ~í=~êÉ=~í=äÉ~ëí=~ë=ÖççÇ=~ë=íÜçëÉ=çÑ=^oj^=ãçÇÉäë=Eáå=íÉêãë=çÑ=
Å~äáÄê~íáçå=~åÇ=î~äáÇ~íáçå=ÉêêçêFK=få=Ñ~ÅíI=ëâÉïÉÇ=ÇáëíêáÄìíáçå=ÑìåÅíáçåë=éêçîÉ=íç=ÄÉ=
~ééäáÅ~ÄäÉ=~ë=êÉëéçåëÉ=ÑìåÅíáçåë=~äëç=çìíëáÇÉ=íÜÉ=É~êíÜ=ëÅáÉåÅÉëI=ÉKÖKI=áå=éëóÅÜçäçÖó=
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ïÜÉêÉ= , ,A bυ =~êÉ=é~ê~ãÉíÉêëK=sÉäáåÖ=xOMNMz=å~ãÉÇ=ETKVF=íÜÉ=ÖÉåÉê~äáòÉÇ=ãçîáåÖ=
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7.3 Software architecture 

7.3.1 Why Menyanthes? 
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7.3.2 Information systems hierarchy and data management 
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7.3.3 Data analysis and visualization  
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figure 7.3: Knowledge and information systems hierarchy, 
after [Rowley, 2007]. 
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7.3.4 Main screen and modeling tools 
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figure 7.4: Examples of visualization of series of groundwater level observations and their 
characteristics (a) regime curves (b) in a 2D cross-section. 
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7.3.5 Simultaneous time series analysis 
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figure 7.5: Main screen of Menyanthes, consisting of four quadrants. The set-up and coloring (dot 
markers) reflect the system schematization and colors in figure 7.1. 
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7.3.6 Menyanthes versus alternative software 
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figure 7.6: User interface for ‘identifying’ multiple time 
series models simultaneously.  
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7.4 Example application 

7.4.1 Time series decomposition 
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7.4.2 Impact of hydrologic measures in a Dutch dune area 
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figure 7.7: Groundwater level series decomposed into partial series showing the effects of individual 
inputs. The figure shows results from one of the 438 locations in the example application.  



`Ü~éíÉê=T=

..…………………………………………………………………………………………….…. 

=
== NSS=

íÜáë=é~êí=çÑ=íÜÉ=ÇìåÉ=~êÉ~I=~åÇ=Çê~áå=íÜÉ=ëóëíÉãK=qÜÉ=Å~å~ä=áå=íÜÉ=tÉëí=åÉ~ê=íÜÉ=ëÉ~=áë=
Å~ääÉÇ=íÜÉ=Ús~å=iáãÄìêÖ=píáêìãâ~å~~äÛI=ïÜÉêÉ~ë=íÜÉ=Å~å~ä=áå=íÜÉ=b~ëí=åÉ~ê=íÜÉ=éçäÇÉê=
~êÉ~=áë=~ééêçéêá~íÉäó=Å~ääÉÇ=íÜÉ=ÚlçëíÉêâ~å~~äÛ=çê=É~ëíÉêå=Å~å~äK=få=çêÇÉê=íç=áåÅêÉ~ëÉ=
íÜÉ=å~íìê~ä=î~äìÉ=~åÇ=êÉëíçêÉ=íÜÉ=ÉÅçäçÖáÅ~ä=ÑìåÅíáçåáåÖ=çÑ=íÜÉ=~êÉ~I=íç=ê~áëÉ=íÜÉ=
ÖêçìåÇï~íÉê=äÉîÉäë=~åÇ=áåÅêÉ~ëÉ=íÜÉ=~êÉ~=çÑ=EíÜêÉ~íÉåÉÇF=ïÉí=ÇìåÉ=ëä~Åâ=ÉÅçëóëíÉãëI=
ÜóÇêçäçÖáÅ=ãÉ~ëìêÉë=ïÉêÉ=í~âÉå=áå=íÜÉ=éÉêáçÇ=Ñêçã=NVVR=íç=NVVSK=^ë=é~êí=çÑ=íÜÉëÉ=
ãÉ~ëìêÉëI=íÜÉ=s~å=iáãÄìêÖ=píáêìãâ~å~~ä=ï~ë=Ä~ÅâÑáääÉÇ=ïáíÜ=ë~åÇ=~åÇ=íÜÉ=äÉîÉä=çÑ=íÜÉ=
lçëíÉêâ~å~~ä=ï~ë=ê~áëÉÇ=Äó=RM=ÅÉåíáãÉíÉêëK=få=~ÇÇáíáçåI=íÜÉ=ÑÉï=éìãéáåÖ=ïÉääë=íÜ~í=
ïÉêÉ=éêÉëÉåí=áå=íÜÉ=~êÉ~=ïÉêÉ=ÅäçëÉÇ=EéìãéáåÖ=ëí~íáçå=kççêÇïáàâ=~åÇ=~êíÉëá~å=ïÉääë=
ÄçêÇÉêáåÖ=íÜÉ=lçëíÉêâ~å~~äFK=cáå~ääóI=~äëç=íÜÉ=äÉîÉä=áå=íÜÉ=ëíçê~ÖÉ=Å~å~äë=ï~ë=ê~áëÉÇK=få=
ëéêáåÖíáãÉ=ÑçääçïáåÖ=íÜÉ=ÅçãéäÉíáçå=çÑ=íÜÉëÉ=ãÉ~ëìêÉë=áå=NVVTI=ÅçåëáÇÉê~ÄäÉ=Åêçé=
Ç~ã~ÖÉ=ï~ë=êÉÅçêÇÉÇ=áå=íÜÉ=ÑäçïÉê=ÄìäÄ=ÑáÉäÇë=åÉáÖÜÄçêáåÖ=íÜÉ=ÇìåÉ=~êÉ~K=qÜÉ=
Ç~ã~ÖÉ=ï~ë=Éëíáã~íÉÇ=íç=ÄÉ=~êçìåÇ=íÜêÉÉ=ãáääáçå=Ççää~êëI=~åÇ=~ë=íÜÉ=Å~ìëÉ=~ääÉÖÉÇäó=
ï~ë=çñóÖÉå=ëÜçêí~ÖÉ=çê=ÚÇêçïåáåÖÛ=çÑ=íÜÉ=ÄìäÄëI=~=äáåâ=ï~ë=ã~ÇÉ=ïáíÜ=íÜÉ=ãÉ~ëìêÉë=
í~âÉå=Äó=íÜÉ=ï~íÉê=ëìééäó=Åçãé~åóI=ïÜáÅÜ=ï~ë=Ää~ãÉÇ=Ñçê=íÜÉ=Ç~ã~ÖÉ=xÉKÖKI=
läëíÜççêåI=OMMMzK=tÜáäÉ=éêÉîáçìë=~ííÉãéíë=íç=èì~åíáÑó=íÜÉ=ÉÑÑÉÅíë=çÑ=íÜÉëÉ=ãÉ~ëìêÉë=
ìëáåÖ=^ofj^=ãçÇÉäë=Ñ~áäÉÇI=~=åÉï=~ííÉãéí=ï~ë=ã~ÇÉ=ïÜÉå=jÉåó~åíÜÉë=ÄÉÅ~ãÉ=
~î~áä~ÄäÉK=^=ëìãã~êó=çÑ=íÜÉ=êÉëìäíë=çÑ=íÜáë=áåîÉëíáÖ~íáçå=~êÉ=éêÉëÉåíÉÇ=áå=íÜÉ=ÑçääçïáåÖI=
ïÜáäÉ=êÉëíêáÅíáåÖ=çìêëÉäîÉë=íç=íÜÉ=ÉÑÑÉÅíë=çÑ=íÜÉ=ãÉ~ëìêÉë=çå=íÜÉ=ÖêçìåÇï~íÉê=ÜÉ~Çë=~í=
íÜÉ=ãçåáíçêÉÇ=äçÅ~íáçåëK==
=

=

figure 7.8: Location of the 438 selected piezometer screens (red dots) and meteorologic stations (green 
dots). The Van Limburg Stirumkanaal (left) and Oosterkanaal (right) are indicated by a blue line, 
whereas a red arrow shows the location of the transects of figure 7.10. 
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figure 7.9: A step change in the input is transformed by the system into a sigmoid-shaped effect. 
When the change is not linked to one of the other input series, it has its own independent response 
function. 
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äçÖáÅ~ä=Å~åÇáÇ~íÉ=Ñçê=~=ëÉÅçåÇ=ãáëëáåÖ=Ñ~Åíçê=áë=íÜÉ=éìãéáåÖ=íÜ~í=áë=ÖçáåÖ=çå=áå=íÜÉ=
kçêíÜÉêå=é~êí=çÑ=íÜÉ=~êÉ~K=qÜÉ=áåÑäìÉåÅÉ=çÑ=éìãéáåÖI=äáâÉ=íÜ~í=çÑ=íÜÉ=íáÇÉI=ëéêÉ~Çë=
ãìÅÜ=Ñ~êíÜÉê=áå=~=ÅçåÑáåÉÇ=ä~óÉêI=Éñéä~áåáåÖ=ïÜó=íÜÉëÉ=Ñ~Åíçêë=~êÉ=åçí=åÉÅÉëë~êó=íç=
ãçÇÉä=íÜÉ=Çóå~ãáÅë=áå=íÜÉ=ëÜ~ääçïÉêI=éÜêÉ~íáÅ=ëÅêÉÉåë=~ÇÉèì~íÉäóK=cêçã=íÜÉ=é~ííÉêå=
íÜ~í=áë=îáëáÄäÉ=áå=íÜÉ=ÉÑÑÉÅíë=áå=ÑáÖìêÉ=TKNMÄFI=íÜÉ=áåÇáîáÇì~ä=ÉÑÑÉÅíë=çÑ=íÜÉ=Ä~ÅâÑáääáåÖ=çÑ=
íÜÉ=s~å=iáãÄìêÖ=píáêìãâ~å~~ä=~åÇ=íÜÉ=êáëÉ=çÑ=íÜÉ=äÉîÉä=çÑ=íÜÉ=lçëíÉêâ~å~~ä=~êÉ=îáëáÄäÉK=
qÜÉ=ÉÑÑÉÅí=çÑ=Ä~ÅâÑáääáåÖ=~=Å~å~ä=áë=äçÖáÅ~ääó=ÜáÖÜÉëí=åÉ~ê=íÜÉ=Å~å~ä=áíëÉäÑ=E~åÇ=ê~åÖÉë=ìé=
íç=NãTQI=çå=PNJUJOMMPFK=páãáä~êäóI=íÜÉ=ÉÑÑÉÅíë=çÑ=~=êáëÉ=áå=Å~å~ä=ëí~ÖÉ=áë=ÜáÖÜÉëí=~í=íÜÉ=
Å~å~äK=qÜÉ=ÉÑÑÉÅíë=Öê~Çì~ääó=Ñ~ÇÉ=áå=íÜÉ=ÇáêÉÅíáçå=çÑ=íÜÉ=ëÉ~=~åÇ=íÜÉ=éçäÇÉê=~êÉ~I=~åÇ=
íçï~êÇë=íÜÉ=ãáÇÇäÉ=çÑ=íÜÉ=ÇìåÉ=~êÉ~K=qÜÉ=äçÅ~ä=Çê~áå~ÖÉ=Ä~ëÉ=ëÜçïë=~=Öê~ÇáÉåí=ÖçáåÖ=
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Ñêçã=íÜÉ=ëÉ~=íçï~êÇë=íÜÉ=E~ÅíáîÉäó=Çê~áåÉÇF=éçäÇÉê=~êÉ~K=kÉñí=íç=íÜ~íI=íÜÉ=éÜêÉ~íáÅ=
ëÅêÉÉåë=áå=íÜÉ=ÅÉåíÉê=çÑ=íÜÉ=ÇìåÉ=ëóëíÉã=ÅäÉ~êäó=ëÜçï=~=ÜáÖÜÉê=Çê~áå~ÖÉ=Ä~ëÉK=qÜáë=
ã~ó=ÄÉ=ÇìÉ=íç=íÜÉ=Ñ~Åí=íÜ~í=íÜÉ=éêÉÅáéáí~íáçå=ëìêéäìë=ÅêÉ~íÉë=~=ÚäÉåëÛ=çÑ=ÑêÉëÜ=ï~íÉê=
íÜ~í=Ñäç~íë=çå=íçé=çÑ=íÜÉ=ë~äí=ï~íÉê=ÄÉåÉ~íÜK=qÜÉ=Éëíáã~íÉÇ=Éî~éçê~íáçå=Ñ~Åíçê=áë=
ÅäÉ~êäó=äçïÉê=ÄÉåÉ~íÜ=íÜÉ=ÅçåÑáåáåÖ=ä~óÉêI=~åÇ=ÉîÉå=êÉ~ÅÜÉë=åÉÖ~íáîÉ=î~äìÉëK=^ë=íÜáë=áë=
éÜóëáÅ~ääó=áãéä~ìëáÄäÉI=áí=ëìÖÖÉëíë=íÜ~í=íÜÉ=Éî~éçê~íáçå=Ñ~Åíçê=Éëíáã~íÉë=ÄÉäçï=íÜÉ=
ÅçåÑáåáåÖ=ä~óÉê=~êÉ=Äá~ëÉÇI=éêçÄ~Ääó=ÇìÉ=íç=íÜÉ=Ñ~Åí=íÜ~í=íÜÉ=ÉÑÑÉÅíë=çÑ=éìãéáåÖ=~êÉ=
åçí=í~âÉå=áåíç=~ÅÅçìåí=~åÇ=íÜÉ=ãçÇÉä=éÉêÑçêã~åÅÉ=áë=äçïK=^ë=ï~íÉê=ìë~ÖÉ=çÑíÉå=
ëÜçïë=~=ëÉ~ëçå~ä=é~ííÉêåI=íÜÉ=ÉÑÑÉÅíë=çÑ=éìãéáåÖ=~êÉ=É~ëáäó=ÅçêêÉä~íÉÇ=ïáíÜ=íÜçëÉ=çÑ=
Éî~éçê~íáçåK=få=~ää=ÑáÖìêÉëI=~äëç=ëÉîÉê~ä=ÚçìíäáÉêëÛ=~êÉ=îáëáÄäÉK=qÜÉëÉ=çìíäáÉêë=áå=é~êí=
ÅçåÅÉêå=íÜÉ=ë~ãÉ=äçÅ~íáçåëI=~åÇ=íÜÉ=êÉëìäíë=~í=íÜÉëÉ=äçÅ~íáçåë=ëÜçìäÇ=ÄÉ=ÅÜÉÅâÉÇ=Ñçê=
éä~ìëáÄáäáíóK=qÜÉ=êÉëìäíë=çÑ=íÜÉ=éÜêÉ~íáÅ=ëÅêÉÉåëI=ÜçïÉîÉêI=ïÜÉêÉ=íÜÉ=ãçÇÉä=
éÉêÑçêã~åÅÉ=áë=ÜáÖÜI=~êÉ=ãìÅÜ=ãçêÉ=ÅçÜÉêÉåíK=^ÇÇáíáçå~ä=ÇÉí~áä=çå=íÜÉ=ãçÇÉäáåÖ=
éêçÅÉÇìêÉI=íÜÉ=ãçÇÉä=çìíéìíI=áíë=áåíÉêéêÉí~íáçå=~åÇ=éä~ìëáÄáäáíó=áë=ÖáîÉå=áå=xsçå=
^ëãìíÜ=Éí=~äKI=OMMUzK=
=
kçíÉ=íÜ~í=íÜÉ=ÑáääáåÖ=áå=çÑ=~=Å~å~ä=çê=Çê~áå~ÖÉ=ãÉ~åë=Å~å=~äëç=ÄÉ=ëÉÉå=~ë=~=ÅÜ~åÖÉ=áå=
ëóëíÉã=éêçéÉêíáÉëI=ã~âáåÖ=íÜÉ=ëóëíÉã=íáãÉJî~êá~åíK=få=éêáåÅáéäÉI=íáãÉJî~êá~åí=ëóëíÉãë=

figure 7.10: Model results along the transect displayed in figure 7.8, showing a) the explained 
variance percentages as colored dots at the locations of the piezometer screens. b) the estimated effect 
in screens higher than -15m+ref, on 31-8-2003. c) the local drainage base, d) the estimated 
evaporation factor. 
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Å~å=åçí=ÄÉ=ãçÇÉäÉÇ=ïáíÜ=çåÉ=êÉëéçåëÉ=ÑìåÅíáçåK=få=ëìÅÜ=Å~ëÉëI=íáãÉ=ëÉêáÉë=ëÜçìäÇ=ÄÉ=
ëéäáí=ìé=áåíç=éÉêáçÇë=áå=ïÜáÅÜ=íÜÉ=ëóëíÉã=áë=áåî~êá~åíI=~åÇ=ÄÉ=ãçÇÉäÉÇ=ëÉé~ê~íÉäóK=cêçã=
~=éÜóëáÅ~äJÜóÇêçäçÖáÅ=îáÉïéçáåíI=ÜçïÉîÉêI=íÜÉ=áëëìÉ=çÑ=íáãÉJî~êá~åÅÉ=éêçîÉë=íç=ÄÉ=
~ãÄáÖìçìëI=~ë=íÜÉ=ÑáääáåÖ=áå=çÑ=~=Å~å~ä=Å~å=~äëç=ÄÉ=ëÉÉå=~ë=~=ÅÜ~åÖÉ=áå=áíë=Ñäìñ=Ñêçã=
ëçãÉ=î~äìÉ=íç=òÉêçI=äÉ~îáåÖ=íÜÉ=ëóëíÉã=ìåÅÜ~åÖÉÇK=qÜÉ=~ééêç~ÅÜ=éêÉëÉåíÉÇ=~ÄçîÉ=
Ñçääçïë=íÜÉ=ä~ííÉê=îáÉïéçáåíI=~åÇ=íÜÉ=ÖÉåÉê~ääó=îÉêó=ÖççÇ=ãçÇÉä=éÉêÑçêã~åÅÉ=~åÇ=
éä~ìëáÄäÉ=êÉëìäíë=~ÇÇ=íç=íÜÉ=ÅçåÑáÇÉåÅÉ=áå=áíK=
=

7.5 Discussion and conclusions 
^ãçåÖ=íÜÉ=äáãáíÉÇ=åìãÄÉê=çÑ=ìëÉêJÑêáÉåÇäó=íççäë=Ñçê=íáãÉ=ëÉêáÉë=~å~äóëáë=íÜ~í=ÉñáëíI=
jÉåó~åíÜÉë=Ü~ë=~=ëéÉÅá~ä=éçëáíáçåK=jÉåó~åíÜÉë=Ñáêëí=áåíÉÖê~íÉë=~=î~êáÉíó=çÑ=ÑìåÅíáçåëI=
ëí~êíáåÖ=Ñêçã=íÜÉ=EÇ~í~FÄ~ëÉ=çÑ=íÜÉ=afht=éóê~ãáÇI=~ÄçîÉ=ïÜáÅÜ=~êÉ=îáëì~äáò~íáçå=~åÇ=
~å~äóëáë=íççäëI=~åÇ=ÉåÇáåÖ=ïáíÜ=íÜÉ=íáãÉ=ëÉêáÉë=ãçÇÉäáåÖ=íççäë=çå=íçéK=qÜÉ=
ÅçãÄáå~íáçå=çÑ=íÜÉëÉ=ÑìåÅíáçåë=ëíêÉåÖíÜÉåë=É~ÅÜ=çåÉ=çÑ=íÜÉãK=cçê=Éñ~ãéäÉI=íÜÉ=
îáëì~äáò~íáçå=íççäë=~åÇ=ÅäçëÉ=äáåâ=ïáíÜ=íÜÉ=Ç~í~=~êÉ=ìëÉÑìä=ÇìêáåÖ=íÜÉ=íáãÉ=ëÉêáÉë=
ãçÇÉäáåÖ=éêçÅÉëëK=sáÅÉ=îÉêë~I=íáãÉ=ëÉêáÉë=ãçÇÉäë=ã~ó=~äëç=ÄÉ=ìëÉÇ=Ñçê=áãéêçîÉÇ=
ÅÜ~ê~ÅíÉêáò~íáçå=~åÇ=îáëì~äáò~íáçå=çÑ=~=ëóëíÉãÛë=Çóå~ãáÅëK=qÜÉó=Å~å=ÉîÉå=ÄÉ=çÑ=ìëÉ=Ñçê=
Ç~í~=ã~å~ÖÉãÉåíI=ÉKÖKI=Ñçê=Éêêçê=çê=çìíäáÉê=ÇÉíÉÅíáçåK=pÉÅçåÇI=jÉåó~åíÜÉë=Ñ~Åáäáí~íÉë=
íÜÉ=ìëÉ=çÑ=éÜóëáÅ~ä=éêáåÅáéäÉë=~åÇ=éÜóëáÅ~ä=áåíÉêéêÉí~íáçåK=få=íÜáë=êÉëéÉÅíI=íÜÉ=mfocf`q=
ãÉíÜçÇ=çÑ=íáãÉ=ëÉêáÉë=~å~äóëáë=Ü~ë=~=é~ê~ääÉä=ïáíÜ=íÜÉ=Ç~í~JÄ~ëÉÇ=ãÉÅÜ~åáëíáÅ=
ãÉíÜçÇçäçÖó=xvçìåÖ=~åÇ=_ÉîÉåI=NVVQX=vçìåÖI=NVVUzK=^=ÇáÑÑÉêÉåÅÉ=áë=íÜ~í=éÜóëáÅ~ä=
ä~ïë=çê=éÜóëáÅ~ääó=áåëéáêÉÇ=ÄÉÜ~îáçê=~êÉ=áãéäÉãÉåíÉÇ=~=éêáçêá=áå=íÜÉ=ãçÇÉäI=áå=~ÇÇáíáçå=
íç=íÜÉ=ìëÉ=çÑ=éÜóëáÅ~ä=áåëáÖÜí=íç=ÅÜÉÅâ=çê=ëÉäÉÅí=êÉëìäíë=~=éçëíÉêáçêáK=cìêíÜÉêãçêÉI=
íÉãéçê~ä=ãçãÉåí=ã~íÅÜáåÖ=~ääçïë=Ñçê=~=ÇáêÉÅí=äáåâ=ÄÉíïÉÉå=íáãÉ=ëÉêáÉë=~åÇ=ëé~íá~ääóJ
ÇáëíêáÄìíÉÇI=éÜóëáÅ~ääóJÄ~ëÉÇ=ãçÇÉäëK=pÅêìíáåó=ëÜçìäÇI=ÜçïÉîÉêI=ÄÉ=éê~ÅíáÅÉÇ=áå=íÜÉ=ìëÉ=
çÑ=éÜóëáÅ~ä=áåëáÖÜíK=qÜÉ=ÅÜçáÅÉ=çÑ=~=éêÉÇÉÑáåÉÇ=Åçåíáåìçìë=êÉëéçåëÉ=ÑìåÅíáçå=ïáíÜáå=
íÜÉ=mfocf`q=ãÉíÜçÇ=áë=~å=~ëëìãéíáçåI=ïÜçëÉ=~ÇÉèì~Åó=ã~ó=ÄÉ=ÅÜÉÅâÉÇ=áå=
jÉåó~åíÜÉë=Äó=Åçãé~êáåÖ=êÉëìäíë=ïáíÜ=íÜçëÉ=çÑ=^oj^=ãçÇÉäëK=^äëçI=íÜÉ=~ëëÉëëãÉåí=
çÑ=íÜÉ=éÜóëáÅ~ä=éä~ìëáÄáäáíó=çÑ=ãçÇÉä=êÉëìäíë=ëÜçìäÇ=ÄÉ=ã~ÇÉ=Å~êÉÑìääóK=qáãÉ=ëÉêáÉë=E~åÇ=
~äëç=éÜóëáÅ~ääóJÄ~ëÉÇF=ãçÇÉä=êÉëìäíë=ã~ó=ÄÉ=áåÑäìÉåÅÉÇ=Äó=åçåJÅ~ìë~ä=ÅêçëëJ
ÅçêêÉä~íáçåëK=lå=íÜÉ=çíÜÉê=Ü~åÇI=ìåÉñéÉÅíÉÇ=ãçÇÉä=êÉëìäíë=~êÉ=åçí=åÉÅÉëë~êáäó=
áãéä~ìëáÄäÉI=Äìí=ã~ó=äÉ~Ç=íç=åÉï=áåëáÖÜíëK==
=
qÜÉ=éçëëáÄäÉ=~ééäáÅ~íáçåë=çÑ=íÜÉ=mfofc`q=ãÉíÜçÇ=~êÉ=ÉëëÉåíá~ääó=íÜÉ=ë~ãÉ=E~åÇ=~ë=
Äêç~ÇF=~ë=íÜçëÉ=çÑ=^oj^=íáãÉ=ëÉêáÉë=ãçÇÉäëK=^å=~ííê~ÅíáîÉ=ÑÉ~íìêÉ=çÑ=íáãÉ=ëÉêáÉë=
ãçÇÉäë=áå=ÖÉåÉê~ä=áë=íÜ~í=íÜÉó=~êÉ=Ä~ëÉÇ=çå=êÉä~íáîÉäó=ÑÉï=~ëëìãéíáçåë=~åÇ=íÜÉ=Ñáíë=~êÉ=
ÖÉåÉê~ääó=ÜáÖÜX=íÜÉ=ãçÇÉä=äÉíë=íÜÉ=Ç~í~=ãçêÉ=çê=äÉëë=ëéÉ~â=Ñçê=áíëÉäÑK=^ë=ëìÅÜI=íáãÉ=
ëÉêáÉë=ãçÇÉäë=ã~ó=ÄÉ=~=î~äì~ÄäÉ=íççä=Ñçê=éêÉéêçÅÉëëáåÖ=ÖêçìåÇï~íÉê=äÉîÉä=ëÉêáÉë=
ÄÉÑçêÉ=Å~äáÄê~íáåÖ=~=ÇáëíêáÄìíÉÇ=ãçÇÉäK=rëáåÖ=íáãÉ=ëÉêáÉë=ãçÇÉäëI=ãáëëáåÖ=ëíêÉëëÉë=çê=
ëÉêáÉë=íÜ~í=~êÉ=áåÑäìÉåÅÉÇ=Äó=ÜóÇêçäçÖáÅ=áåíÉêîÉåíáçåë=ã~ó=ÄÉ=áÇÉåíáÑáÉÇ=êÉ~ÇáäóK=^äëçI=
ëÉêáÉë=ã~ó=ÄÉ=áÇÉåíáÑáÉÇ=íÜ~í=~êÉ=åçí=ëìáí~ÄäÉ=Ñçê=ìëÉ=áå=ãçÇÉä=Å~äáÄê~íáçåI=Ñçê=áåëí~åÅÉ=
ÄÉÅ~ìëÉ=íÜÉó=êÉéêÉëÉåí=~=ÜóÇêçäçÖáÅ=ÑÉ~íìêÉ=íÜ~í=áë=åçí=áåÅçêéçê~íÉÇ=áå=íÜÉ=ãçÇÉäI=
ëìÅÜ=~ë=éÉêÅÜÉÇ=ï~íÉê=í~ÄäÉëK=^=ëéÉÅáÑáÅ=ÑÉ~íìêÉ=çÑ=íÜÉ=mfofc`q=ãÉíÜçÇ=áë=áíë=áåÅêÉ~ëÉÇ=
ÉÑÑáÅáÉåÅó=~åÇ=É~ëÉ=çÑ=ìëÉK=qÜÉ=ÑáåÇáåÖ=íÜ~í=ëâÉïJd~ìëëá~å=ÇáëíêáÄìíáçå=ÑìåÅíáçåë=
éêçîÉ=íç=Ñáí=íÜÉ=ÄÉÜ~îáçê=çÑ=ÜóÇêçÖÉçäçÖáÅ=E~åÇ=çíÜÉêF=ëóëíÉãë=ïÉää=áå=ÖÉåÉê~äI=~ääçïë=
Ñçê=~ää=íáãÉ=ëÉêáÉë=áå=~å=~êÉ~=íç=ÄÉ=ãçÇÉäÉÇ=áå=Ä~íÅÜK=_~íÅÜ=ãçÇÉäáåÖ=áë=åçí=ÚçåäóÛ=~=
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éê~ÅíáÅ~ä=~Çî~åí~ÖÉI=Äìí=íÜÉ=ëáãìäí~åÉçìë=îáëì~äáò~íáçå=~åÇ=~å~äóëáë=çÑ=êÉëìäíë=Ñêçã=
ãìäíáéäÉ=äçÅ~íáçåë=äáíÉê~ääó=~ÇÇë=~åçíÜÉê=ÇáãÉåëáçå=íç=íÜÉ=íÉÅÜåáèìÉ=~åÇ=áíë=êÉëìäíë=EáKÉK=
íÜÉ=ëé~íá~ä=ÇáãÉåëáçåFK=tÜÉêÉ~ë=íÜÉ=ëé~íá~ä=ëíêìÅíìêÉ=íÜ~í=áë=áãéäÉãÉåíÉÇ=áå=éÜóëáÅ~ääóJ
Ä~ëÉÇ=ãçÇÉäë=áë=Ä~ëÉÇ=çå=áåÑÉêÉåÅÉë=~åÇ=~ëëìãéíáçåë=íÜ~í=Å~ååçí=ÄÉ=íêìäó=îÉêáÑáÉÇ=E~ë=
ï~ë=~êÖìÉÇ=áå=íÜÉ=áåíêçÇìÅíáçåFI=íÜÉêÉ=áë=åç=ëé~íá~ä=ÇÉéÉåÇÉåÅó=áãéçëÉÇ=çå=íÜÉ=íáãÉ=
ëÉêáÉë=ãçÇÉäëK=pé~íá~ä=é~ííÉêåë=íÜ~í=ÉãÉêÖÉ=áå=íáãÉ=ëÉêáÉë=~å~äóëáë=êÉëìäíë=~êÉ=íÜÉêÉÑçêÉ=
çÄí~áåÉÇ=áåÇÉéÉåÇÉåíäóI=~åÇ=ã~ó=óáÉäÇ=î~äì~ÄäÉ=áåÑçêã~íáçå=çå=ÄçíÜ=íÜÉ=ãçÇÉä=
êÉëìäíë=íÜÉãëÉäîÉë=~åÇ=íÜÉ=ÑìåÅíáçåáåÖ=~åÇ=éêçéÉêíáÉë=çÑ=ëóëíÉãëK=cìêíÜÉêãçêÉI=ÉÑÑÉÅíë=
çÑ=áåÇáîáÇì~ä=ëíêÉëëÉë=íÜ~í=Å~ååçí=ÄÉ=ëÉé~ê~íÉÇ=íÜêçìÖÜ=íáãÉ=ëÉêáÉë=~å~äóëáë=çÑ=
áåÇáîáÇì~ä=ëÉêáÉë=~äçåÉI=ã~ó=ÄÉÅçãÉ=ëÉé~ê~ÄäÉ=çå=íÜÉ=Ä~ëáë=çÑ=íÜÉ=çÄëÉêîÉÇ=ëé~íá~ä=
é~ííÉêåëK=qÜÉ=ëé~íá~ä=îáëì~äáò~íáçå=~åÇ=~å~äóëáë=íççäë=çÑ=jÉåó~åíÜÉë=ÖêÉ~íäó=ÉåÜ~åÅÉ=
íÜÉ=ìëÉ=~åÇ=áåíÉêéêÉí~íáçå=çÑ=íÜÉëÉ=é~ííÉêåëK=^ë=jÉåó~åíÜÉë=Ñ~Åáäáí~íÉë=~=ëÜáÑí=áå=ÑçÅìë=
Ñêçã=Ç~í~=~åÇ=ëí~íáëíáÅ~ä=~ëéÉÅíë=çÑ=íáãÉ=ëÉêáÉë=íçï~êÇë=íÜÉ=éÜóëáÅ~ä=éêçéÉêíáÉë=çÑ=
ëóëíÉãë=~åÇ=ëé~íá~ä=î~êá~íáçå=íÜÉêÉçÑI=íÜÉ=íÉêã=ÚëóëíÉã=áÇÉåíáÑáÅ~íáçåÛ=~ë=ÅçáåÉÇ=Äó=
w~ÇÉÜ=xNVRSz=~åÇ=~ÇçéíÉÇ=ÄóI=ÉKÖKI=iàìåÖ=xNVVVzI=ÄÉÅçãÉë=ãçêÉ=~ééêçéêá~íÉ=íÜ~å=íÜÉ=
íÉêã=ÚíáãÉ=ëÉêáÉë=~å~äóëáëÛ=íÜ~í=Ü~ë=áíë=çêáÖáå=áå=ëÅáÉåÅÉë=äáâÉ=ÉÅçåçãÉíêáÅëK=qç=Ç~íÉI=
jÉåó~åíÜÉë=áë=ìëÉÇ=çå=íÜêÉÉ=ÅçåíáåÉåíëI=áå=ëáñ=ÅçìåíêáÉëI=Äó=TS=ÇáÑÑÉêÉåí=çêÖ~åáò~íáçåëK=
^=ÑÉï=ÜìåÇêÉÇ=ÉÅçäçÖáëíë=~åÇ=ÜóÇêçÖÉçäçÖáëíë=Ü~îÉ=ÑçääçïÉÇ=~=ÅçìêëÉ=çå=
ÜóÇêçÖÉçäçÖáÅ=íáãÉ=ëÉêáÉë=~å~äóëáë=~åÇ=ìëÉ=çÑ=jÉåó~åíÜÉë=xsçå=^ëãìíÜ=Éí=~äKI=OMMSzI=
~åÇ=ëÉîÉê~ä=íÉåë=çÑ=íÜçìë~åÇë=çÑ=ÖêçìåÇï~íÉê=äÉîÉä=ëÉêáÉë=Ü~îÉ=ÄÉÉå=~å~äóòÉÇ=ïáíÜ=áíK=
qÜÉ=éêçÖê~ã=~åÇ=áíë=ãÉíÜçÇë=íÜÉêÉÑçêÉ=éêçîÉ=íç=ÑìäÑáää=~=åÉÉÇ=íÜ~í=áë=Ü~êÇ=íç=ÑìäÑáää=
çíÜÉêïáëÉK=^ë=ëí~íÉÇI=íÜÉ=Ñ~Åí=íÜ~í=ëí~åÇ~êÇ=íáãÉ=ëÉêáÉë=ãçÇÉäë=~êÉ=äáåÉ~ê=áë=~=ëíêçåÖ=
éçáåíI=Äìí=~äëç=~=äáãáí~íáçåK=jÉíÜçÇë=çÑ=åçåJäáåÉ~ê=íáãÉ=ëÉêáÉë=~å~äóëáë=ÑçääçïáåÖ=íÜÉ=
íÜêÉëÜçäÇ=ÅçåÅÉéí=Ü~îÉ=ÄÉÉå=~ÇÇÉÇ=íç=jÉåó~åíÜÉëI=~åÇ=éêçîÉ=íç=ÄÉ=çÑ=î~äìÉK=qÜÉ=
~ìíÜçêë=ïÉäÅçãÉ=áåáíá~íáîÉë=íç=íÉëí=íÜÉ=ãÉíÜçÇë=çå=~=ïáÇÉê=ê~åÖÉ=çÑ=ëóëíÉãëI=~åÇ=
ÉñíÉåÇ=áíë=ÑìåÅíáçå~äáíó=ïáíÜ=çíÜÉê=EåçåJäáåÉ~êF=éêçÅÉëëÉëK
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8.1 Objectives, contributions and background 
^ë=éÉêÜ~éë=áë=åçí=ìåÅçããçå=áå=êÉëÉ~êÅÜI=íÜÉ=áåáíá~ä=çÄàÉÅíáîÉë=ÇáÑÑÉê=Ñêçã=íÜÉ=Ñáå~ä=
êÉëìäíë=éêÉëÉåíÉÇ=áå=íÜáë=íÜÉëáëK=fåáíá~ääóI=íÜÉ=éêáã~êó=çÄàÉÅíáîÉ=ï~ë=íç=áãéêçîÉ=ÅìêêÉåí=
ãÉíÜçÇë=ïáíÜ=ïÜáÅÜ=íÜÉ=êÉä~íáçåëÜáé=ÄÉíïÉÉå=ÖêçìåÇï~íÉê=Çóå~ãáÅë=E~åÇ=áãé~Åí=çÑ=
ÜóÇêçäçÖáÅ=ãÉ~ëìêÉëF=~åÇ=íÜÉ=ëéÉÅáÉë=Åçãéçëáíáçå=çÑ=ÖêçìåÇï~íÉê=ÇÉéÉåÇÉåí=
ÉÅçëóëíÉãë=áë=ãçÇÉäÉÇK=få=íÜÉ=~äíÉêå~íáîÉ=éêçéçëÉÇ=çêáÖáå~ääó=Äó=xj~~ëI=NVVRzI=~=âÉó=
åçíáçå=áë=íÜ~í=íÜÉ=ëé~íá~ä=ÇáÑÑÉêÉåÅÉë=áå=ÖêçìåÇï~íÉê=äÉîÉä=Çóå~ãáÅë=~êÉ=ã~áåäó=
ÇÉíÉêãáåÉÇ=Äó=íÜÉ=ëé~íá~ääó=î~êá~ÄäÉ=éêçéÉêíáÉë=çÑ=ÖêçìåÇï~íÉê=ëóëíÉãëI=ïÜáäÉ=íÜÉ=
î~êá~íáçå=íÜêçìÖÜ=íáãÉ=çê=íÉãéçê~ä=Çóå~ãáÅë=~êÉ=ã~áåäó=ÇêáîÉå=Äó=íÜÉ=ëé~íá~ääó=äÉëë=
î~êá~ÄäÉ=ãÉíÉçêçäçÖáÅ=Çóå~ãáÅëK=`çåëÉèìÉåíäóI=áí=ï~ë=ÜóéçíÜÉëáòÉÇ=íÜ~í=ëé~íá~ä=
ÇáÑÑÉêÉåÅÉë=áå=îÉÖÉí~íáçå=~êÉ=~äëç=éêáã~êáäó=ÇÉíÉêãáåÉÇ=Äó=ëóëíÉã=éêçéÉêíáÉëI=çê=áå=
çíÜÉê=ïçêÇëI=íÜ~í=íÜÉó=Å~å=ÄÉ=ãçÇÉäÉÇ=ãçêÉ=~ÅÅìê~íÉäó=Äó=ÚÑáäíÉêáåÖ=çìíÛ=íÜÉ=íÉãéçê~äI=
ãÉíÉçêçäçÖáÅ=Çóå~ãáÅëK=qç=ÄÉ=ãçêÉ=ëéÉÅáÑáÅI=j~~ë=éêçéçëÉÇ=íÜÉ=ìëÉ=çÑ=íáãÉ=ëÉêáÉë=
ãçÇÉäë=Ñçê=áåÑÉêêáåÖ=íÜÉ=ëçJÅ~ääÉÇ=áãéìäëÉ=êÉëéçåëÉ=ÑìåÅíáçå=Ñêçã=ëÉêáÉë=çÑ=
ÖêçìåÇï~íÉê=äÉîÉä=çÄëÉêî~íáçåëI=ïÜáÅÜ=áå=íìêå=Å~å=ÄÉ=ÅÜ~ê~ÅíÉêáòÉÇ=ìëáåÖ=ëí~íáëíáÅ~ä=
ãçãÉåíë=EëÉÉ=ëÉÅíáçå=OKPKQFK=jçãÉåíë=~êÉ=ëÅ~ä~êë=~åÇ=Åçåëí~åíë=áå=äáåÉ~êI=íáãÉJ
áåî~êá~åí=ëóëíÉãëK=qçÖÉíÜÉê=ïáíÜ=íÜÉ=ëé~íá~ääó=äÉëë=î~êá~ÄäÉ=ÇêáîáåÖ=ÑçêÅÉëI=íÜÉó=
ÅçãéäÉíÉäó=ÅÜ~ê~ÅíÉêáòÉ=íÜÉ=EÇÉíÉêãáåáëíáÅ=é~êí=çÑ=íÜÉF=Çóå~ãáÅë=~í=~=ÅÉêí~áå=éçáåí=áå=
ëé~ÅÉK=^ë=~å=~ÇÇáíáçå~ä=~Çî~åí~ÖÉI=ãçãÉåíë=Å~å=~äëç=ÄÉ=ëáãìä~íÉÇ=ëé~íá~ääó=ìëáåÖ=~=
ëí~åÇ~êÇ=ÇáëíêáÄìíÉÇ=ÖêçìåÇï~íÉê=ãçÇÉäK=qÜÉ=ëÅçéÉ=çÑ=íÜáë=êÉëÉ~êÅÜ=íÜìë=áåáíá~ääó=
ÉåÅçãé~ëëÉÇ=íÜêÉÉ=ÑáÉäÇë=çÑ=ãçÇÉäáåÖI=áKÉK=íáãÉ=ëÉêáÉëI=ÖêçìåÇï~íÉê=~åÇ=ÉÅçJ
ÜóÇêçäçÖáÅ=ãçÇÉäáåÖK=qÜÉëÉ=ÑáÉäÇë=çÑ=ãçÇÉäáåÖ=íçÖÉíÜÉê=ÅçåëíáíìíÉ=íÜÉ=ãÉíÜçÇ=çÑ=
áãéìäëÉ=êÉëéçåëÉ=ãçãÉåíëI=Ñêçã=ïÜáÅÜ=ãçãÉåíë=Å~å=ÄÉ=ÇÉêáîÉÇ=~åÇ=ÄÉíïÉÉå=ïÜáÅÜ=
íÜÉó=Å~å=ÄÉ=ãìíì~ääó=ÉñÅÜ~åÖÉÇK=^äíÜçìÖÜ=áí=ï~ë=Éåîáë~ÖÉÇ=íÜ~í=íÜÉ=äáåâ=ÄÉíïÉÉå=
íáãÉ=ëÉêáÉë=ãçÇÉäë=~åÇ=ÖêçìåÇï~íÉê=ãçÇÉäë=ïçìäÇ=ÄÉ=~=ëìÄàÉÅí=áå=áíë=çïå=êáÖÜíI=~í=
íÜÉ=íáãÉ=íÜÉ=ÉñáëíáåÖ=^oj^=íáãÉ=ëÉêáÉë=ãçÇÉäë=ïÉêÉ=íÜçìÖÜí=íç=ÄÉ=ïÉää=ÇÉîÉäçéÉÇ=
~åÇ=íç=ÄÉ=ÇáêÉÅíäó=ìë~ÄäÉ=ïáíÜçìí=ãçÇáÑáÅ~íáçåK=^oj^=ãçÇÉäëI=ÜçïÉîÉêI=íìêåÉÇ=çìí=íç=
Ü~îÉ=ëÉîÉê~ä=áãéçêí~åí=äáãáí~íáçåë=EëÉÉ=ëÉÅíáçå=OKOKPFK=tÜ~í=ÑçääçïÉÇ=ï~ë=~=éêçÅÉëë=çÑ=
áãéêçîáåÖ=~åÇ=~Ç~éíáåÖ=íáãÉ=ëÉêáÉë=~å~äóëáë=ãÉíÜçÇë=íç=íÜÉ=åÉÉÇë=ëÉí=Äó=íÜÉ=áåáíá~ä=
çÄàÉÅíáîÉë=çÑ=íÜáë=êÉëÉ~êÅÜ=EÄìí=åçí=äáãáíÉÇ=íç=íÜ~íFK=^ë=ëìÅÜI=ãçëí=çÑ=íÜÉ=~Åíì~ä=
ÅçåíêáÄìíáçåë=çÑ=íÜáë=íÜÉëáë=~êÉ=áå=íÜÉ=ÑáÉäÇ=çÑ=íáãÉ=ëÉêáÉë=~å~äóëáëK=
=
^ééêÉÅá~íáåÖ=íÜÉ=ÅçåíÉåíë=çÑ=íÜáë=íÜÉëáë=êÉèìáêÉë=ëçãÉ=âåçïäÉÇÖÉ=çÑ=áíë=Ä~ÅâÖêçìåÇI=
áKÉK=íÜÉ=ãÉíÜçÇë=~åÇ=íÜÉçêó=çå=EÜóÇêçÖÉçäçÖáÅF=íáãÉ=ëÉêáÉë=~å~äóëáë=~åÇ=ëóëíÉã=
áÇÉåíáÑáÅ~íáçåK=få=ÅÜ~éíÉê=OI=~=Ä~ëáÅ=áåíêçÇìÅíáçå=áë=íÜÉêÉÑçêÉ=ÖáîÉåI=~åÇ=ÇáÑÑÉêÉåí=îáÉïë=
çå=íÜÉ=ëìÄàÉÅí=~êÉ=éêÉëÉåíÉÇK=cáêëíI=ëçãÉ=íÜçìÖÜí=áë=ÖáîÉå=íç=íÜÉ=ëóëíÉãë=~ééêç~ÅÜ=áå=
ÖÉåÉê~äI=~ë=íç=Ç~íÉI=ãçëí=ÜóÇêçäçÖáëí=~êÉ=äÉëë=Ñ~ãáäá~ê=ïáíÜ=ëóëíÉã=áÇÉåíáÑáÅ~íáçå=
ãÉíÜçÇë=íÜ~å=ïáíÜ=éÜóëáÅ~ääóJÄ~ëÉÇI=ëé~íá~ääóJÇáëíêáÄìíÉÇ=ãçÇÉäëK=få=ëÜçêíI=íÜÉ=ëóëíÉã=
îáÉïéçáåí=Å~å=ÄÉ=ÅÜ~ê~ÅíÉêáòÉÇ=Äó=íÜÉ=Ñ~Åí=íÜ~í=áå=ÉëëÉåÅÉ=áí=áë=íçéJÇçïåK=qÜÉ=ëóëíÉã=
îáÉïéçáåí=íêÉ~íë=~=ÖêçìåÇï~íÉê=ëóëíÉã=Ñáêëíäó=~ë=~=ÚïÜçäÉÛ=~åÇ=åçí=ÄçííçãJìéI=~ë=~å=
~ÖÖêÉÖ~íÉ=çÑ=ÅÉääëI=ä~óÉêë=~åÇLçê=ÉäÉãÉåíëK=e~îáåÖ=ë~áÇ=íÜáëI=~äëç=Ñêçã=íÜÉ=ëóëíÉãë=
éÉêëéÉÅíáîÉI=íÜÉêÉ=~êÉ=ÇáÑÑÉêÉåí=ï~óë=áå=ïÜáÅÜ=íáãÉ=ëÉêáÉë=çê=çÄëÉêîÉÇ=Çóå~ãáÅë=Å~å=ÄÉ=
éÉêÅÉáîÉÇ=~åÇ=ãçÇÉäÉÇK=qáãÉ=ëÉêáÉë=~å~äóëáë=áë=~=ãÉíÜçÇ=íÜ~í=çêáÖáå~íÉë=Ñêçã=íÜÉ=
ëí~íáëíáÅ~ä=ëÅáÉåÅÉëK=få=éêáåÅáéäÉI=áí=ÇçÉë=åçí=êÉèìáêÉ=~åó=âåçïäÉÇÖÉ=çÑ=íÜÉ=éÜóëáÅ~ä=
ÑìåÅíáçåáåÖ=çÑ=íÜÉ=ëóëíÉã=ìåÇÉê=ÅçåëáÇÉê~íáçå=~åÇ=Ä~ëáÅ~ääóI=áí=Å~å=ÄÉ=ëÉÉå=~ë=~=
î~êá~åí=çÑ=ëáãéäÉI=äáåÉ~ê=êÉÖêÉëëáçåK=cêçã=~=éÜóëáÅ~ä=éçáåí=çÑ=îáÉïI=çå=íÜÉ=çíÜÉê=Ü~åÇI=



pìãã~êó=~åÇ=ÅçåÅäìëáçåë==

KKÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁKÁK 

=
==NTR=

íÜÉ=ÅÉåíê~ä=ÅçåÅÉéí=áë=íÜÉ=ëçJÅ~ääÉÇ=áãéìäëÉ=êÉëéçåëÉ=ÑìåÅíáçåK=fãéìäëÉ=êÉëéçåëÉ=
ÑìåÅíáçåë=Å~å=ÄÉ=áåÑÉêêÉÇ=Ñêçã=~=Ç~í~=ëÉí=íÜêçìÖÜ=íáãÉ=ëÉêáÉë=~å~äóëáëI=Äìí=~äëç=ìëáåÖ=
ÚéìêÉäóÛ=éÜóëáÅ~ääóJÄ~ëÉÇ=ãÉíÜçÇëI=ÉáíÜÉê=~å~äóíáÅ=çê=åìãÉêáÅK=^=äáåâ=ÄÉíïÉÉå=íáãÉ=
ëÉêáÉë=~åÇ=ÇáëíêáÄìíÉÇ=ãçÇÉäë=Å~åI=~ë=ëí~íÉÇ=éêÉîáçìëäóI=ÄÉ=Éëí~ÄäáëÜÉÇ=ìëáåÖ=ãçãÉåíë=
çÑ=áãéìäëÉ=êÉëéçåëÉ=ÑìåÅíáçåëK=jçãÉåíë=Å~å=ÄÉ=ÖÉåÉê~íÉÇ=ÇáêÉÅíäó=~åÇ=ëé~íá~ääó=ìëáåÖ=
ãçãÉåíJÖÉåÉê~íáåÖ=ÇáÑÑÉêÉåíá~ä=Éèì~íáçåëI=áãéäÉãÉåíÉÇ=áå=~=ëí~åÇ~êÇ=ÖêçìåÇï~íÉê=
ãçÇÉäK=`çåîçäìíáçå=çÑ=~å=áãéìäëÉ=êÉëéçåëÉ=ÑìåÅíáçå=ïáíÜ=~=íáãÉ=ëÉêáÉë=íÜ~í=ÇÉëÅêáÄÉë=
íÜÉ=Çóå~ãáÅë=çÑ=íÜÉ=ÇêáîáåÖ=ÑçêÅÉ=óáÉäÇë=~=ëáãìä~íáçå=çÑ=íÜÉ=ÖêçìåÇï~íÉê=äÉîÉä=
Çóå~ãáÅë=~í=~=ÅÉêí~áå=äçÅ~íáçå=EëÉÉ=ëÉÅíáçå=OKPKOFK=fí=Å~å=ëÉêîÉ=~ë=~å=~äíÉêå~íáîÉ=ãÉíÜçÇ=
Ñçê=ëçäîáåÖ=é~êíá~ä=ÇáÑÑÉêÉåíá~ä=Éèì~íáçåë=çê=ÖêçìåÇï~íÉê=ãçÇÉäëI=åÉñí=íç=ÅìêêÉåí=
ãÉíÜçÇë=~ë=íÜÉ=~å~äóíáÅ=ÉäÉãÉåíI=ÑáåáíÉ=ÉäÉãÉåí=çê=ÑáåáíÉ=ÇáÑÑÉêÉåÅÉ=ãÉíÜçÇK=
bñ~ãáå~íáçå=çÑ=íÜÉ=áãéìäëÉ=êÉëéçåëÉë=çÑ=ëÉîÉê~ä=ÉäÉãÉåí~êó=ÖêçìåÇï~íÉê=ëóëíÉãë=
óáÉäÇë=áåëáÖÜí=áå=áíë=ëÜ~éÉI=~ë=~=ÑìåÅíáçå=çÑ=ÉäÉãÉåí~êó=éÜóëáÅ~ä=î~êá~íáçåK==
=
få=íÜáë=íÜÉëáëI=~=ÚãáñÛ=ÄÉíïÉÉå=ëí~íáëíáÅ~ä=~åÇ=éÜóëáÅ~ääóJÄ~ëÉÇ=íáãÉ=ëÉêáÉë=ãçÇÉäáåÖ=
ãÉíÜçÇë=áë=ÇÉîÉäçéÉÇ=~åÇ=éêÉëÉåíÉÇK=få=íÜáë=~ééêç~ÅÜI=ïÜáÅÜ=ï~ë=å~ãÉÇ=íÜÉ=mfocf`q=
ãÉíÜçÇI=íÜÉ=íáãÉ=ëÉêáÉë=~å~äóëáë=éêçÄäÉã=áë=Ñçêãìä~íÉÇ=áå=~=Åçåíáåìçìë=íáãÉ=Ççã~áåI=
Ü~îáåÖ=~=Åçåîçäìíáçå=áåíÉÖê~ä=~ë=áíë=Ä~ëáëK=fí=~ääçïë=Ñçê=íÜÉ=ìëÉ=çÑ=EÅçåíáåìçìëF=
ÇáëíêáÄìíáçå=ÑìåÅíáçåë=íÜ~í=Ü~îÉ=~=ëí~íáëíáÅ~ä=çêáÖáåI=~ë=ïÉää=~ë=éÜóëáÅ~ääóJÄ~ëÉÇ=~å~äóíáÅ=
êÉëéçåëÉ=ÑìåÅíáçåëK=aáëíêáÄìíáçå=ÑìåÅíáçåë=çÑ=ëâÉïJd~ìëëá~å=å~íìêÉI=ÜçïÉîÉêI=äáâÉ=íÜÉ=
ëÅ~äÉÇ=Ö~ãã~=ÇáëíêáÄìíáçåI=éêçîÉ=íç=Ñáí=íÜÉ=ÄÉÜ~îáçê=çÑ=~=ïáÇÉ=ê~åÖÉ=çÑ=ëóëíÉãë=èìáíÉ=
ïÉääK=qÜÉ=mfocf`q=ãÉíÜçÇ=Ü~ë=ëÉîÉê~ä=~Çî~åí~ÖÉë=çîÉê=^oj^=ãçÇÉäë=~åÇ=éÉêÜ~éë=
ãçëí=áãéçêí~åíäóI=áí=~ääçïë=Ñçê=íÜÉ=~ééäáÅ~íáçå=çÑ=íáãÉ=ëÉêáÉë=~å~äóëáë=ãÉíÜçÇë=çå=~=
ä~êÖÉ=ëÅ~äÉ=~åÇ=áå=~=ëí~åÇ~êÇáòÉÇI=äÉëë=âåçïäÉÇÖÉ=~åÇ=ä~Äçê=áåíÉåëáîÉ=Ñ~ëÜáçåK=^ë=Ñçê=
~ééäáÅ~íáçå=áå=éê~ÅíáÅÉI=~å=áãéçêí~åí=ëíÉé=áë=íÜ~í=~=ìëÉê=ÑêáÉåÇäó=ÅçãéìíÉê=éêçÖê~ã=
å~ãÉÇ=jÉåó~åíÜÉë=ï~ë=ÇÉîÉäçéÉÇI=ïÜáÅÜ=Åçåí~áåë=ãçëí=çÑ=íÜÉ=ãÉíÜçÇë=éêÉëÉåíÉÇK=
rëÉ=çÑ=íÜÉ=ãÉíÜçÇë=~åÇ=íççäë=ÇÉîÉäçéÉÇ=~ääçïë=êÉëÉ~êÅÜÉêë=~åÇ=EÉÅçFÜóÇêçäçÖáëíë=íç=
áåÑÉê=íÜÉ=ÉÑÑÉÅíëI=áãéìäëÉ=êÉëéçåëÉë=~åÇ=ãçãÉåíë=çÑ=ÇáÑÑÉêÉåí=ÇêáîáåÖ=ÑçêÅÉë=ÉÑÑÉÅíáîÉäó=
Ñêçã=~=ÖáîÉå=Ç~í~=ëÉíI=~åÇ=ëÉé~ê~íÉ=íÜÉãK=páãéäó=éìíI=íÜáë=íÜÉëáë=éêçîáÇÉë=íÜÉ=
ãÉíÜçÇë=~åÇ=íççäë=íÜ~í=~êÉ=ÄÉííÉê=éìí=ìé=íç=íÜÉ=çêáÖáå~ä=í~ëâë=ëÉí=Ñçê=áíK=få=íÜÉ=åÉñí=
ëÉÅíáçåëI=~=ëìãã~êó=~åÇ=ÅçåÅäìëáçåë=çÑ=íÜÉ=ÇáÑÑÉêÉåí=ëíÉéë=í~âÉå=~åÇ=éÉÉê=êÉîáÉïÉÇ=
é~éÉêë=éìÄäáëÜÉÇ=~êÉ=ÖáîÉåK==
=

8.2 Time series modeling using continuous response functions 
^ë=ÇáëÅìëëÉÇ=áå=ëÉÅíáçå=OKOKPI=íÜÉ=íê~Çáíáçå~ä=ãÉíÜçÇë=Ñçê=íáãÉ=ëÉêáÉë=~å~äóëáë=EíÜÉ=
ÇáëÅêÉíÉJíáãÉ=^ìíçoÉÖêÉëëáîÉJjçîáåÖ=^îÉê~ÖÉ=E^oj^F=JíóéÉ=íê~åëÑÉê=ÑìåÅíáçå=åçáëÉ=
ãçÇÉä=çÑ=x_çñ=~åÇ=gÉåâáåëI=NVTMzF=Ü~îÉ=ëÉîÉê~ä=äáãáí~íáçåëK=få=ÅÜ~éíÉê=PI=~å=~äíÉêå~íáîÉ=
ãÉíÜçÇ=áë=éêÉëÉåíÉÇ=íÜ~í=áë=Ñçêãìä~íÉÇ=áå=Åçåíáåìçìë=íáãÉ=~åÇ=Ü~ë=~=Åçåîçäìíáçå=
áåíÉÖê~ä=~í=áíë=Ä~ëáëK=få=íÜáë=ëçJÅ~ääÉÇ=mfocf`q=ãçÇÉäI=áå=éêáåÅáéäÉ=~åó=~å~äóíáÅ=ÑìåÅíáçå=
Å~å=ÄÉ=ìëÉÇ=~ë=áãéìäëÉ=êÉëéçåëÉ=ÑìåÅíáçåI=~ë=äçåÖ=~ë=áí=Ü~ë=~=âåçïå=áåíÉÖê~ä=çê=ëíÉé=
êÉëéçåëÉ=ÑìåÅíáçåK=^=ëÅ~äÉÇ=Ö~ãã~=ÇáëíêáÄìíáçåI=ÜçïÉîÉêI=ïÜçëÉ=éÜóëáÅ~ä=~å~äçÖ=áë=~=
Å~ëÅ~ÇÉ=çÑ=äáåÉ~ê=êÉëÉêîçáêëI=éêçîÉë=íç=Ñáí=íÜÉ=ÖêçìåÇï~íÉê=äÉîÉä=êÉëéçåëÉ=íç=
éêÉÅáéáí~íáçå=~åÇ=Éî~éçê~íáçå=ÅäçëÉäó=áå=ÖÉåÉê~äK=qÜáë=áë=ëÜçïå=áå=íÜÉ=Éñ~ãéäÉ=
~ééäáÅ~íáçå=çÑ=ÅÜ~éíÉê=P=E~åÇ=áå=ã~åó=ä~íÉê=êÉëìäíëFK=cìêíÜÉêãçêÉI=íÜÉ=êÉëìäíë=çÑ=íÜÉ=
mfocf`q=ãçÇÉä=éêçîÉ=íç=ÄÉ=Éèìáî~äÉåí=íç=íÜçëÉ=çÑ=^oj^=ãçÇÉäëI=ïÜáÅÜ=Å~å=ÄÉ=
ÅçåÅäìÇÉÇ=Ñêçã=íÜÉ=Ñ~Åí=íÜ~í=íÜÉ=íê~åëÑÉê=ÑìåÅíáçåë=çÑ=ÄçíÜ=ãçÇÉäë=Ü~îÉ=íÜÉ=ë~ãÉ=



`Ü~éíÉê=U=

..…………………………………………………………………………………………….…. 

=
== NTS=

ÖÉåÉê~ä=ëÜ~éÉI=ïÜÉå=íÜÉ=ãçÇÉäë=~êÉ=~ééäáÉÇ=íç=íÜÉ=ë~ãÉ=Ç~í~K=^oj^=íê~åëÑÉê=
ÑìåÅíáçåëI=ÜçïÉîÉêI=ëÜçï=~å=áêêÉÖìä~ê=é~ííÉêå=áå=íÜÉ=é~êí=íÜ~í=áë=áåÑäìÉåÅÉÇ=Äó=j^=
é~ê~ãÉíÉêëI=ïÜÉêÉ~ë=íÜÉ=ëÜ~éÉ=çÑ=íÜÉ=Ö~ãã~=ÇáëíêáÄìíáçå=áë=ëãççíÜK=lå=íÜÉ=çíÜÉê=
Ü~åÇI=íÜÉ=éÉêÑçêã~åÅÉ=çÑ=ÄçíÜ=ãçÇÉäë=áå=íÉêãë=çÑ=Å~äáÄê~íáçå=~åÇ=î~äáÇ~íáçå=ojpb=
Eoççí=jÉ~å=pèì~êÉÇ=bêêçêF=~äëç=éêçîÉÇ=íç=ÄÉ=ÜáÖÜäó=Åçãé~ê~ÄäÉK=tÜÉå=Åçãé~êáåÖ=
êÉëìäíë=Ñêçã=NR=éáÉòçãÉíÉê=ëÉêáÉëI=íÜÉ=çåäó=ÇáÑÑÉêÉåÅÉ=ÑçìåÇ=ï~ë=íÜ~í=íÜÉ=Å~äáÄê~íáçå=
Éêêçê=çÑ=íÜÉ=mfocf`q=ãçÇÉä=ï~ë=ëäáÖÜíäó=ÜáÖÜÉêI=ïÜÉêÉ~ë=áíë=î~äáÇ~íáçå=Éêêçê=ï~ë=
~Åíì~ääó=ëäáÖÜíäó=äçïÉêK=^äíÜçìÖÜ=íÜÉ=ÇáÑÑÉêÉåÅÉë=~êÉ=ëã~ääI=íÜÉó=Å~å=ÄÉ=Éñéä~áåÉÇ=Äó=
íÜÉ=ÇáÑÑÉêÉåí=ãçÇÉä=ëíêìÅíìêÉK=^ë=íÜÉ=ëÜ~éÉ=çÑ=íÜÉ=j^=é~êí=çÑ=~å=^oj^=íê~åëÑÉê=
ÑìåÅíáçå=áë=ÑêÉÉI=áí=áë=~äëç=ÑêÉÉ=íç=Ñáí=ÅçáåÅáÇÉåí~ä=ÅêçëëJÅçêêÉä~íáçåë=ÄÉíïÉÉå=áåéìí=~åÇ=
çìíéìíK=pìÅÜ=ÚçîÉêÑáííáåÖÛ=ÄÉÜ~îáçê=ïáää=êÉëìäí=áå=~=äçïÉê=Å~äáÄê~íáçå=ojpbI=~=ÜáÖÜÉê=
î~äáÇ~íáçå=ojpbI=~åÇ=áå=~=é~êíäó=ÅçáåÅáÇÉåí~ä=çê=ê~åÇçã=é~ííÉêå=çÑ=íÜÉ=íê~åëÑÉê=
ÑìåÅíáçåI=~ë=ï~ë=ÑçìåÇ=áå=íÜÉ=Éñ~ãéäÉ=~ééäáÅ~íáçåK=_ÉÅ~ìëÉ=íÜÉ=Åçåíáåìçìë=êÉëéçåëÉ=
ÑìåÅíáçåë=çÑ=íÜÉ=mfocf`q=ãÉíÜçÇ=~êÉ=ëãççíÜ=~åÇ=áå=ÖÉåÉê~ä=Ü~îÉ=ÑÉïÉê=é~ê~ãÉíÉêëI=áí=
áë=äÉëë=ëÉåëáíáîÉ=íç=çîÉêÑáííáåÖK=eçïÉîÉêI=íÜÉ=ÅÜçáÅÉ=çÑ=~=ëéÉÅáÑáÅ=êÉëéçåëÉ=ÑìåÅíáçå=áå=
íÜÉ=mfocf`q=ãÉíÜçÇ=~äëç=áãéçëÉë=êÉëíêáÅíáçåë=çå=áíë=ëÜ~éÉK=qÜÉëÉ=êÉëíêáÅíáçåë=Å~å=~äëç=
åÉÖ~íáîÉäó=áåÑäìÉåÅÉ=íÜÉ=ãçÇÉä=êÉëìäíëI=ïÜÉå=íÜÉ=ÑìåÅíáçå=ÅÜçëÉå=ÇçÉë=åçí=~ÇÉèì~íÉäó=
ã~íÅÜ=íÜÉ=ÚíêìÉÛ=êÉëéçåëÉK=^ää=áå=~ääI=íÜÉ=mfocf`q=ãÉíÜçÇ=Ü~ë=íÜÉ=ÑçääçïáåÖ=~ííê~ÅíáîÉ=
ÑÉ~íìêÉëW=
=

• qÜÉ=é~ê~ãÉíÉêë=áå=íÜÉ=mfocf`q=~ééêç~ÅÜ=~êÉ=áå=éêáåÅáéäÉ=Åçåëí~åíë=~åÇ=
áåëÉåëáíáîÉ=íç=íÜÉ=Ç~í~=ÑêÉèìÉåÅóK=qÜáë=áë=áãéçêí~åí=ïÜÉå=~áãáåÖ=íç=~ëëÉëë=
íáãÉ=áåî~êá~åí=êÉëéçåëÉ=ÅÜ~ê~ÅíÉêáëíáÅë=çÑ=ëóëíÉãëI=~ë=áå=íÜÉ=çêáÖáå~ä=çÄàÉÅíáîÉ=
çÑ=íÜáë=íÜÉëáëK=qÜÉ=Éñ~ãéäÉ=~ééäáÅ~íáçå=çÑ=ÅÜ~éíÉê=P=ëÜçïë=íÜ~íI=~ë=ÉñéÉÅíÉÇI=
íÜÉ=êÉëìäíë=çÑ=^oj^=ãçÇÉäë=Çç=ÇÉéÉåÇ=çå=ãçÇÉä=çêÇÉê=~åÇ=Ç~í~=ÑêÉèìÉåÅó=
EïÜáÅÜI=ÜçïÉîÉêI=ã~ó=~äëç=ÄÉ=ÚêÉé~áêÉÇÛ=ÖáîÉå=íÜÉ=Åçåíáåìçìë=íáãÉ=îáÉïéçáåíFK=

• _ÉÅ~ìëÉ=íÜÉ=Éèì~íáçåë=~êÉ=Åçåíáåìçìë=áå=íáãÉI=íÜÉ=ãçÇÉä=Å~å=ëáãìä~íÉ=~åÇ=
çéÉê~íÉ=çå=Ç~í~=~í=~åó=ÑêÉèìÉåÅóK=qÜÉ=ÑêÉèìÉåÅó=çÑ=íÜÉ=áåéìí=~åÇ=çìíéìí=Çç=
åçí=Ü~îÉ=íç=ÄÉ=Éèì~ä=~åÇ=Å~å=ÉîÉå=ÄÉ=áêêÉÖìä~êK=få=Åçãé~êáëçå=íç=íÜÉ=
ÅçãÄáåÉÇ=h~äã~å=ÑáäíÉê=~åÇ=^ou=ãçÇÉä=~ééêç~ÅÜ=x_áÉêâÉåë=Éí=~äKI=NVVVzI=íÜÉ=
mfocf`q=ãÉíÜçÇ=áë=ãçêÉ=ÖÉåÉê~äK=få=éêáåÅáéäÉ=~åó=~å~äóíáÅ=êÉëéçåëÉ=ÑìåÅíáçå=
Å~å=ÄÉ=ìëÉÇI=åçí=çåäó=íÜÉ=ÉñéçåÉåíá~ä=ÑìåÅíáçå=çÑ=íÜÉ=^ou=ãçÇÉäK=^ë=
ÇáëÅìëëÉÇ=áå=ëÉÅíáçå=OKPKRI=íÜáë=áë=áãéçêí~åí=áå=ã~åó=ëáíì~íáçåëI=ÉKÖKI=Ñçê=í~âáåÖ=
áåíç=~ÅÅçìåí=íÜÉ=êÉä~íáîÉ=éçëáíáçå=áå=~=ëóëíÉãI=Ñçê=ãçÇÉäáåÖ=íÜÉ=ÉÑÑÉÅíë=çÑ=íÜÉ=
ìåë~íìê~íÉÇ=òçåÉ=~åÇ=ÉñÅáí~íáçåë=çíÜÉê=íÜ~å=éêÉÅáéáí~íáçå=~åÇ=Éî~éçê~íáçåK==

• rëÉ=çÑ=íÜÉ=mfocf`q=~ééêç~ÅÜ=ëíêçåÖäó=ëáãéäáÑáÉë=íÜÉ=ãçÇÉä=áÇÉåíáÑáÅ~íáçå=
éêçÅÉÇìêÉK=qÜÉ=Åçåíáåìçìë=íáãÉ=Ñçêãìä~íáçå=Ñáêëíäó=ÉåÜ~åÅÉë=éÜóëáÅ~ä=áåëáÖÜí=
áå=íÜÉ=ãçÇÉä=ëíêìÅíìêÉ=~åÇ=áíë=êÉëìäíëK=qÜÉ=éÜóëáÅ~ä=ÑìåÅíáçåáåÖ=çÑ=~=ëéÉÅáÑáÅ=
ëóëíÉãI=áåÅäìÇáåÖ=áíë=éÜóëáÅ~ääóJÄ~ëÉÇ=é~ê~ãÉíÉêëI=Å~å=áå=éêáåÅáéäÉ=ÄÉ=ÇáêÉÅíäó=
áãéäÉãÉåíÉÇ=áå=íÜÉ=ãçÇÉäI=áå=íÜÉ=ëÜ~éÉ=çÑ=~å=~å~äóíáÅ=ëçäìíáçåK=qÜÉ=çêÇÉê=çÑ=
^oj^=ãçÇÉäëI=çå=íÜÉ=çíÜÉê=Ü~åÇI=Åçåí~áåë=~í=äÉ~ëí=ëáñ=íÉêãë=EïÜÉå=áåÅäìÇáåÖ=
íÜÉ=ÑêÉèìÉåÅóFK=fíë=ÇÉÑáåáíáçå=áë=~=ÅçãéäÉñ=~åÇ=é~êíäó=ëìÄàÉÅíáîÉ=ã~ííÉêK=qÜÉ=
ãçÇÉä=çêÇÉê=Ü~ë=íç=ÄÉ=áÇÉåíáÑáÉÇ=ãçêÉ=çê=äÉëë=ã~åì~ääóI=çê=ëáãéäó=éìíI=íÜÉ=ëáñ=
íÉêãë=çê=åìãÄÉêë=Ü~îÉ=íç=ÄÉ=Úã~åì~ääó=çéíáãáòÉÇÛ=Äó=íÜÉ=ãçÇÉäÉêK=få=
Åçåíê~ëíI=êÉëéçåëÉ=ÑìåÅíáçåë=äáâÉ=íÜÉ=ëÅ~äÉÇ=Ö~ãã~=ÇáëíêáÄìíáçå=Ü~îÉ=~=ïáÇÉ=
~ééäáÅ~ÄáäáíóX=íÜÉó=~êÉ=îÉêó=ÑäÉñáÄäÉ=~åÇ=ÅçãéêáëÉ=~=ê~åÖÉ=çÑ=^oj^=ãçÇÉä=



pìãã~êó=~åÇ=ÅçåÅäìëáçåë==

KKÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁKÁK 

=
==NTT=

çêÇÉêëK=tÜÉå=ìëáåÖ=ëìÅÜ=ÑìåÅíáçåëI=ãçÇÉä=áÇÉåíáÑáÅ~íáçå=ÖÉåÉê~ääó=êÉÇìÅÉë=íç=
áÇÉåíáÑóáåÖ=ïÜáÅÜ=Ñ~Åíçêë=áåÑäìÉåÅÉ=~=ÅÉêí~áå=ëóëíÉãK=^ÑíÉê=íÜ~íI=íÜÉ=ë~ãÉ=
ãçÇÉä=Å~å=ÄÉ=~ééäáÉÇ=íç=~ää=éáÉòçãÉíÉêë=áå=~å=~êÉ~I=êÉÖ~êÇäÉëë=çÑ=íÜÉáê=
ÖÉçÜóÇêçäçÖáÅ=ëÉííáåÖ=~åÇ=äçÅ~íáçåK=qÜáë=ÑÉ~íìêÉI=íçÖÉíÜÉê=ïáíÜ=íÜÉ=éêÉîáçìë=
éçáåíI=ã~âÉë=íÜÉ=mfocf`q=ãÉíÜçÇ=ÉëéÉÅá~ääó=ëìáíÉÇ=Ñçê=ëí~åÇ~êÇáòÉÇ=~åÇ=
~ìíçã~íÉÇ=~å~äóëáë=çÑ=ä~êÖÉ=åìãÄÉêë=çÑ=íáãÉ=ëÉêáÉëK=

=

8.3 A continuous noise model for autocorrelated data of 
irregular frequency 

dêçìåÇï~íÉê=ÜÉ~Ç=ëÉêáÉëI=~åÇ=ãçëí=ÉåîáêçåãÉåí~ä=íáãÉ=ëÉêáÉë=Ñçê=íÜ~í=ã~ííÉêI=ëÜ~êÉ=
íÜÉ=Åçããçå=ÑÉ~íìêÉ=íÜ~í=íÜÉ=çÄëÉêî~íáçåë=E•åÇ=íÜÉ=Éêêçêë=çÑ=~åó=ãçÇÉä=~ééäáÉÇ=íç=
íÜÉãF=~êÉ=~ìíçÅçêêÉä~íÉÇK=få=ëÜçêíI=~ìíçÅçêêÉä~íáçå=ãÉ~åë=íÜ~í=íÜÉ=î~äìÉ=çÑ=~=î~êá~ÄäÉ=
~í=~=ÅÉêí~áå=íáãÉ=ëíÉé=áë=ÅçêêÉä~íÉÇ=ïáíÜ=íÜÉ=î~äìÉë=~í=éêÉîáçìë=íáãÉ=ëíÉéëK=tÜÉåÉîÉê=
ãçÇÉä=Éêêçêë=~êÉ=~ìíçÅçêêÉä~íÉÇI=íÜÉó=Å~ååçí=ÄÉ=ãçÇÉäÉÇ=~ë=ëáãéäÉI=áåÇÉéÉåÇÉåí=
d~ìëëá~å=ÇÉîá~íÉëI=~ë=ëìÅÜ=~=éê~ÅíáÅÉ=ïçìäÇ=óáÉäÇ=áåÉÑÑáÅáÉåí=é~ê~ãÉíÉê=Éëíáã~íÉë=~åÇ=
Åçî~êá~åÅÉ=Éëíáã~íÉë=íÜ~í=áå=ÖÉåÉê~ä=~êÉ=íçç=äçï=EëÉÉ=~äëç=ëÉÅíáçå=OKOKOFK=få=ëìÅÜ=Å~ëÉëI=
íÜÉ=ãçÇÉä=Éêêçê=ëÜçìäÇ=ÄÉ=ãçÇÉäÉÇ=áå=~=ï~ó=íÜ~í=~ÅÅçìåíë=Ñçê=íÜÉ=~ìíçÅçêêÉä~íáçåI=~ë=
áë=íÜÉ=Å~ëÉ=ïÜÉå=~=ëÉé~ê~íÉI=ëçJÅ~ääÉÇ=åçáëÉ=ãçÇÉä=áë=ìëÉÇK==
=
få=ÅÜ~éíÉê=QI=~=Åçåíáåìçìë=íáãÉ=åçáëÉ=ãçÇÉä=áë=éêÉëÉåíÉÇ=íÜ~í=Å~å=Ü~åÇäÉ=áêêÉÖìä~êäó=
ëé~ÅÉÇ=Ç~í~=~åÇ=ïÜçëÉ=Ä~ëáë=áë=íÜÉ=ëçJÅ~ääÉÇ=lêåëíÉáåJrÜäÉåÄÉÅâ=éêçÅÉëëK=_ÉÅ~ìëÉ=çÑ=
íÜÉ=Åçåíáåìçìë=íáãÉ=Ñçêãìä~íáçåI=áí=ÅçãÄáåÉë=ïÉää=ïáíÜ=íÜÉ=mfocf`q=ãçÇÉäK=fí=áëI=
ÜçïÉîÉêI=åçí=êÉëíêáÅíÉÇ=íç=íÜ~íI=~åÇ=Å~å=ÄÉ=~ééäáÉÇ=Ñçê=ãçÇÉäáåÖ=áêêÉÖìä~êäó=ëé~ÅÉÇ=
êÉëáÇì~äë=çÑ=î~êáçìë=ÇÉíÉêãáåáëíáÅ=ãçÇÉäëK=cçê=Ö~áåáåÖ=áåëáÖÜí=áå=áíë=ÑìåÅíáçåáåÖI=~=
Åçãé~êáëçå=áë=ã~ÇÉ=ÄÉíïÉÉå=íÜÉ=^oENF=ãçÇÉäI=ÚÅçåîÉåíáçå~äÛ=çê=ÉãÄÉÇÇÉÇ=áå=~=
h~äã~å=ÑáäíÉêI=~åÇ=íÜÉ=lêåëíÉáåJrÜäÉåÄÉÅâ=Ä~ëÉÇ=Elr_F=åçáëÉ=ãçÇÉäK=få=íÜáë=êÉëéÉÅíI=
íÜÉ=h~äã~å=ÑáäíÉê=áë=íêÉ~íÉÇ=áå=íÜÉ=éìêÉ=éêÉÇáÅíáçå=ëÅÉå~êáç=çê=áíë=ÚÇÉÖÉåÉê~íÉÛ=Ñçêã=
x^Üë~å=~åÇ=lD`çååçêI=NVVQzI=ãÉ~åáåÖ=íÜ~í=íÜÉ=î~êá~åÅÉ=çÑ=ãÉ~ëìêÉãÉåí=åçáëÉ=áë=
êÉÖ~êÇÉÇ=íç=ÄÉ=òÉêç=çê=åÉÖäáÖáÄäÉ=Åçãé~êÉÇ=íç=íÜÉ=çíÜÉê=ëçìêÅÉë=çÑ=åçáëÉK=fí=áë=ëÜçïå=
íÜ~í=íÜÉ=Éèì~íáçåë=Ñçê=Ü~åÇäáåÖ=íÜÉ=éêÉÇáÅíáçåë=áå=íÜÉ=íáãÉ=ìéÇ~íÉ=çÑ=íÜÉ=ÚÇÉÖÉåÉê~íÉÛ=
h~äã~å=ÑáäíÉêI=íÜçëÉ=çÑ=íÜÉ=ÑçêÉÅ~ëíáåÖ=ãçÇÉ=áå=íÜÉ=^oENF=ãçÇÉäI=~åÇ=íÜçëÉ=óáÉäÇáåÖ=
íÜÉ=áååçî~íáçåë=áå=íÜÉ=Åçåíáåìçìë=åçáëÉ=ãçÇÉä=~êÉ=ã~íÜÉã~íáÅ~ääó=Éèìáî~äÉåíK=qÜÉ=
lr_=ãçÇÉäI=ÜçïÉîÉêI=áë=Éñ~Åí=~åÇ=Åçãéìí~íáçå~ääó=ãçêÉ=ÉÑÑáÅáÉåíI=~ë=áí=áë=åçí=
Éî~äì~íÉÇ=êÉÅìêëáîÉäóK=^äëçI=ÄÉÅ~ìëÉ=çÑ=áíë=ëáãéäáÅáíóI=íÜÉ=lr_=ãçÇÉä=Å~å=ÄÉ=É~ëáäó=
áãéäÉãÉåíÉÇK=^=äáãáí~íáçå=çÑ=íÜÉ=lr_=ãçÇÉäI=ÜçïÉîÉêI=áë=íÜ~í=áí=áë=äáãáíÉÇ=íç=
éêçÅÉëëÉë=ëÜçïáåÖ=ÉñéçåÉåíá~ä=ÇÉÅ~óK==
=
^ë=Ñçê=íÜÉ=çéíáãáò~íáçå=éêçÅÉëëI=~=ëáãéäáÑáÅ~íáçå=íÜ~í=áë=ã~ÇÉ=áë=íÜ~í=~=ïÉáÖÜíÉÇ=äÉ~ëí=
ëèì~êÉë=ÅêáíÉêáçå=ï~ë=ÇÉêáîÉÇ=Ñêçã=íÜÉ=äáâÉäáÜççÇ=ÑìåÅíáçå=ìëÉÇ=çíÜÉêïáëÉK=qÜáë=
ÅêáíÉêáçå=ï~ë=å~ãÉÇ=íÜÉ=pìã=çÑ=tÉáÖÜíÉÇ=pèì~êÉÇ=fååçî~íáçåë=EptpfF=ÅêáíÉêáçåK=
m~ê~ãÉíÉê=Éëíáã~íÉë=Ä~ëÉÇ=çå=íÜÉ=ptpf=ÅêáíÉêáçå=ÅçåîÉêÖÉ=íç=ã~ñáãìã=äáâÉäáÜççÇ=
Éëíáã~íÉë=Ñçê=ä~êÖÉê=ë~ãéäÉ=ëáòÉëK=^å=~Çî~åí~ÖÉ=çÑ=íÜÉ=ptpf=ÅêáíÉêáçå=áë=íÜ~í=áí=Å~å=ÄÉ=
çéíáãáòÉÇ=ìëáåÖ=ëí~åÇ~êÇ=åçåäáåÉ~ê=äÉ~ëí=ëèì~êÉë=êÉÖêÉëëáçå=ãÉíÜçÇëI=ÉKÖKI=íÜÉ=
ãÉíÜçÇ=çÑ=iÉîÉåÄÉêÖJj~êèì~êÇíI=ïÜáÅÜ=~êÉ=îÉêó=Åçãéìí~íáçå~ääó=ÉÑÑáÅáÉåíK=kÉñí=íç=
íÜÉ=lr_=ãçÇÉäI=~äëç=íÜÉ=ptpf=ÅêáíÉêáçå=Å~å=ÄÉ=ìëÉÇ=áå=ÅçãÄáå~íáçå=ïáíÜ=çíÜÉê=ãçÇÉäëI=
ÉKÖKI=Ñçê=íÜÉ=áååçî~íáçåë=çÑ=~=h~äã~å=ÑáäíÉê=ïÜÉå=ÉñéçåÉåíá~ä=ÇÉÅ~ó=áë=~ëëìãÉÇK==



`Ü~éíÉê=U=
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=
== NTU=

=
i~ëí=Äìí=åçí=äÉ~ëíI=íÜáë=ÅÜ~éíÉê=áåíêçÇìÅÉë=íÜÉ=áååçî~íáçå=î~êá~åÅÉ=ÑìåÅíáçå=~ë=~=íççä=
Ñçê=Çá~ÖåçëíáÅ~ääó=ÅÜÉÅâáåÖ=íÜÉ=î~äáÇáíó=çÑ=íÜÉ=êÉëéçåëÉ=ÑìåÅíáçå=çÑ=~=åçáëÉ=ãçÇÉäK=qÜáë=
ÅÜÉÅâ=Å~å=ÄÉ=éÉêÑçêãÉÇ=Äó=Åçãé~êáåÖ=íÜÉ=Éëíáã~íÉÇ=áååçî~íáçå=î~êá~åÅÉë=Ñçê=
ÇáÑÑÉêÉåí=íáãÉ=ëíÉéë=ïáíÜ=íÜÉ=íÜÉçêÉíáÅ~ä=áååçî~íáçå=î~êá~åÅÉ=ÑìåÅíáçåI=~ÅÅçãé~åáÉÇ=Äó=
áíë=ÅçåÑáÇÉåÅÉ=áåíÉêî~äK=qÜÉ=áååçî~íáçå=î~êá~åÅÉ=ÑìåÅíáçå=éêçîáÇÉë=~ÇÇáíáçå~ä=
áåÑçêã~íáçå=çå=íÜÉ=î~äáÇáíó=çÑ=~=ãçÇÉäI=ÉëéÉÅá~ääó=áå=äáÖÜí=çÑ=áíë=ìëÉ=çå=Ç~í~=çÑ=áêêÉÖìä~ê=
ÑêÉèìÉåÅóK=
=

8.4 Modeling groundwater head series subjected to multiple 
stresses 

få=^oj^=íê~åëÑÉê=ÑìåÅíáçå=åçáëÉ=ãçÇÉäëI=íÜÉ=ëí~åÇ~êÇ=éêçÅÉÇìêÉ=Ñçê=ãçÇÉäáåÖ=íáãÉ=
ëÉêáÉë=íÜ~í=~êÉ=ëìÄàÉÅíÉÇ=íç=ãìäíáéäÉ=ëíêÉëëÉë=áë=ëáãéäó=íç=ÅçååÉÅí=íÜÉã=áå=é~ê~ääÉä=áå=
íÜÉ=ãçÇÉäK=få=çíÜÉê=ïçêÇëI=É~ÅÜ=áåÇáîáÇì~ä=ëíêÉëë=áë=~ëëáÖåÉÇ=áíë=çïåI=áåÇÉéÉåÇÉåí=
íê~åëÑÉê=ÑìåÅíáçåI=~åÇ=íÜÉáê=ÉÑÑÉÅí=áë=ëìããÉÇ=íç=ÖáîÉ=íÜÉ=íçí~ä=EÇÉíÉêãáåáëíáÅF=
éêÉÇáÅíáçåK=^äíÜçìÖÜ=íÜÉ=ë~ãÉ=éêçÅÉÇìêÉ=ÅçìäÇ=ÄÉ=ÑçääçïÉÇ=áå=íÜÉ=mfocf`q=~ééêç~ÅÜI=
íÜÉ=ëìÄàÉÅí=ÇÉëÉêîÉë=ãçêÉ=~ííÉåíáçå=íÜ~å=íÜ~íI=ÄÉÅ~ìëÉW==
=

• qÜÉ=ëÅ~äÉÇ=Ö~ãã~=ÇáëíêáÄìíáçå=EëÉÉ=ëÉÅíáçå=OKQKNF=ÖÉåÉê~ääó=Ñáíë=íÜÉ=êÉëéçåëÉ=
íç=éêÉÅáéáí~íáçå=~åÇ=Éî~éçê~íáçå=ïÉääI=Äìí=åçí=åÉÅÉëë~êáäó=íÜ~í=íç=çíÜÉê=íóéÉë=
çÑ=ëíêÉëëÉëK=få=ÅÜ~éíÉê=RI=áãéìäëÉ=êÉëéçåëÉ=ÑìåÅíáçåë=Ñçê=çíÜÉê=ëíêÉëëÉë=~êÉ=
ÇÉêáîÉÇ=Ñêçã=~å~äóíáÅ=ëçäìíáçåë=íç=íÜÉ=~ééêçéêá~íÉ=ÉäÉãÉåí~êó=ÖÉçÜóÇêçäçÖáÅ=
éêçÄäÉãëK==

• qÜÉ=êÉëéçåëÉ=íç=ÇáÑÑÉêÉåí=íóéÉë=çÑ=ëíêÉëëÉë=Å~å=ÄÉ=~=ÑìåÅíáçå=çÑ=íÜÉ=ë~ãÉI=
éÜóëáÅ~ä=é~ê~ãÉíÉêëK=få=ëìÅÜ=Å~ëÉëI=íÜÉ=åìãÄÉê=çÑ=é~ê~ãÉíÉêë=~åÇ=ÇÉÖêÉÉë=çÑ=
ÑêÉÉÇçã=áå=íÜÉ=ãçÇÉä=Å~å=ÄÉ=êÉÇìÅÉÇ=Äó=í~âáåÖ=íÜáë=áåíç=~ÅÅçìåíK=^å=
Éñ~ãéäÉ=áë=Éî~éçê~íáçåI=ïÜçëÉ=êÉëéçåëÉ=Å~å=ÄÉ=ãçÇÉäÉÇ=~ë=íÜÉ=êÉîÉêëÉ=çÑ=
íÜ~í=çÑ=éêÉÅáéáí~íáçåI=~é~êí=Ñêçã=~=êÉÇìÅíáçå=Ñ~ÅíçêK==

• få=íáãÉ=ëÉêáÉë=äáíÉê~íìêÉI=íÜÉ=ÑçÅìë=äáÉë=çå=~å~äóòáåÖ=áåÇáîáÇì~ä=ëÉêáÉëI=ìëáåÖ=
ëí~íáëíáÅ~ääó=Ä~ëÉÇ=ãÉíÜçÇë=~åÇ=ÅêáíÉêá~K=få=Å~ëÉ=çÑ=ÖêçìåÇï~íÉê=ÜÉ~ÇëI=
ÜçïÉîÉêI=~=éÜóëáÅ~äJÜóÇêçäçÖáÅ=éÉêëéÉÅíáîÉI=áå=ÅçãÄáå~íáçå=ïáíÜ=íÜÉ=
ëáãìäí~åÉçìë=~å~äóëáë=çÑ=ãìäíáéäÉ=ëÉêáÉëI=Å~å=ÄÉ=îÉêó=ÜÉäéÑìäK=fí=Å~å=ÉîÉå=ÄÉ=~=
åÉÅÉëëáíóI=ïÜÉå=êÉëìäíë=Ñêçã=ëáåÖäÉ=ëÉêáÉë=~êÉ=~ãÄáÖìçìëK==

=
qÜÉ=mfocf`q=~ééêç~ÅÜ=~ää=áå=~ää=Å~ääë=Ñçê=~=ÇáÑÑÉêÉåí=éÉêëéÉÅíáîÉ=çå=ãçÇÉäáåÖ=éêçÅÉÇìêÉë=
~åÇ=áåíÉêéêÉí~íáçå=çÑ=êÉëìäíëK=^ë=áí=áë=ãçêÉ=ÅçãéäÉñ=íÜ~å=íÜÉ=ëáåÖäÉ=áåéìí=Å~ëÉI=áå=íÜÉ=
ãìäíáéäÉ=áåéìí=Å~ëÉ=~äëç=íÜÉ=áåíÉêéêÉí~íáçå=çÑ=êÉëìäíë=áë=ãçêÉ=ÅçãéäÉñK=mÜóëáÅ~ä=
âåçïäÉÇÖÉ=Å~åI=~ë=ëí~íÉÇI=ÄÉ=îÉêó=î~äì~ÄäÉ=áå=ÅÜÉÅâáåÖ=íÜÉ=ÅçåëáëíÉåÅó=~åÇ=éä~ìëáÄáäáíó=
çÑ=êÉëìäíëI=~åÇ=Ñçêãë=~=ïÉäÅçãÉ=~ÇÇáíáçå=íç=ëí~íáëíáÅ~ä=Çá~ÖåçëíáÅ=ÅÜÉÅâëK=cáêëí=~åÇ=
äçÖáÅ~ääóI=íÜÉ=é~ê~ãÉíÉê=î~äìÉë=ëÜçìäÇ=Ñ~ää=ïáíÜáå=~=ê~åÖÉ=íÜ~í=áë=éÜóëáÅ~ääó=éä~ìëáÄäÉK=
kÉñí=íç=íÜ~íI=ïÜÉåÉîÉê=ãìäíáéäÉ=äçÅ~íáçåë=~êÉ=ãçåáíçêÉÇ=~åÇ=~å~äóòÉÇI=ëé~íá~ä=
é~ííÉêåë=ëìééäó=áãéçêí~åí=~åÇ=áåÇÉéÉåÇÉåí=ÑÉÉÇÄ~Åâ=çå=íÜÉ=êÉëìäíëK=qÜÉëÉ=é~ííÉêåë=
~êÉ=áåÇÉéÉåÇÉåíI=~ë=íÜÉêÉ=áë=åç=ëé~íá~ä=ÇÉéÉåÇÉåÅó=áãéçëÉÇ=~=éêáçêá=çå=íÜÉ=áåÇáîáÇì~ä=
ãçÇÉäëK=sá~=íÜÉ=ãçÇÉä=êÉëáÇì~äë=~åÇ=íÜÉáê=é~ííÉêåëI=ãáëëáåÖ=ëíêÉëëÉëI=ãÉ~ëìêÉë=çê=
çíÜÉê=ëçìêÅÉë=çÑ=Éêêçê=ã~ó=ÄÉ=êÉ~Çáäó=áÇÉåíáÑáÉÇK=eáÖÜ=äÉîÉäë=çÑ=Éêêçê=Å~å=Å~ìëÉ=
é~ê~ãÉíÉê=Éëíáã~íÉë=íç=ÄÉ=Äá~ëÉÇI=~ë=çíÜÉê=ëíêÉëëÉë=ã~ó=é~êíäó=ÅçãéÉåë~íÉ=ãáëëáåÖ=



pìãã~êó=~åÇ=ÅçåÅäìëáçåë==

KKÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁKÁK 

=
==NTV=

ëíêÉëëÉë=ïÜÉå=íÜÉáê=áåÑäìÉåÅÉ=áë=ÅçêêÉä~íÉÇK=^=ëíêÉëë=ïÜçëÉ=Éëíáã~íÉÇ=ÉÑÑÉÅí=áë=É~ëáäó=
Äá~ëÉÇ=áë=Éî~éçê~íáçåI=~ë=áí=Çáëéä~óë=~=ëÉ~ëçå~ä=é~ííÉêå=íÜ~í=É~ëáäó=ÅçêêÉä~íÉë=ïáíÜ=çíÜÉê=
EëÉ~ëçå~äF=Ñ~ÅíçêëK=^å=Éñ~ãéäÉ=áë=ÖáîÉå=áå=ÅÜ~éíÉê=RI=ïÜÉêÉ=íÜÉ=ëé~íá~ä=ÇáëíêáÄìíáçå=áå=
íÜÉ=Éî~éçê~íáçå=Ñ~Åíçê=ÅäÉ~êäó=ëÜçïÉÇ=áíë=Äá~ëK=få=íÜáë=Å~ëÉI=íÜÉ=ã~áå=ëçìêÅÉ=çÑ=Éêêçê=
ï~ë=íÜÉ=Ñ~Åí=íÜ~í=íÜÉ=ÄÉÜ~îáçê=çÑ=íÜÉ=áåÇáîáÇì~ä=éìãéáåÖ=ïÉääë=ï~ë=åçí=~ÅÅçìåíÉÇ=ÑçêI=
ïÜÉêÉ~ë=íÜÉ=íçí~ä=éìãéáåÖ=ê~íÉ=áåÇÉÉÇ=Çáëéä~óÉÇ=~=ëÉ~ëçå~ä=é~ííÉêåK=pìÅÜ=~=éêçÄäÉã=
ã~ó=ÄÉ=ëçäîÉÇ=Äó=áåÅçêéçê~íáåÖ=Ç~í~=çå=ãáëëáåÖ=Ñ~Åíçêë=áå=íÜÉ=ãçÇÉäI=áå=íÜáë=Å~ëÉ=íÜÉ=
éìãéáåÖ=çÑ=íÜÉ=áåÇáîáÇì~ä=ïÉääëK=fÑ=ëìÅÜ=Ç~í~=~êÉ=åçí=~î~áä~ÄäÉ=E~ë=áå=íÜáë=Å~ëÉFI=íÜÉ=Äá~ë=
Å~å=ÄÉ=êÉÇìÅÉÇ=Äó=Åçåëíê~áåáåÖ=íÜÉ=çéíáãáò~íáçå=éêçÄäÉã=íç=~=êÉ~äáëíáÅ=ê~åÖÉI=Ä~ëÉÇ=
çå=íÜÉ=î~äìÉë=~åÇ=é~ííÉêåë=áå=íÜÉ=ëìêêçìåÇáåÖ=çÄëÉêî~íáçå=ïÉääëK==
=
kÉñí=íç=íÜÉëÉ=ãÉíÜçÇçäçÖáÅ~ä=áëëìÉëI=ÅÜ~éíÉê=R=ëÉêîÉë=~ë=~å=Éñ~ãéäÉ=çÑ=íÜÉ=Ñ~Åí=íÜ~í=~=
íáãÉ=ëÉêáÉë=ãçÇÉä=Å~å=ÉÑÑÉÅíáîÉäó=ÇÉÅçãéçëÉ=ÜÉ~Ç=ëÉêáÉë=áåíç=é~êíá~ä=ëÉêáÉëI=ïÜáÅÜ=É~ÅÜ=
ëÜçï=íÜÉ=ÉÑÑÉÅí=çÑ=~å=áåÇáîáÇì~ä=ëíêÉëëK=qÜáë=áë=éÉêÜ~éë=çåÉ=çÑ=íÜÉ=ÑçêÉãçëí=Úéê~ÅíáÅ~ä=
î~äìÉëÛ=çÑ=~=íáãÉ=ëÉêáÉë=ãçÇÉäK=råÇÉê=ÅÉêí~áå=ÅçåÇáíáçåëI=Äó=ÇçáåÖ=ëçI=íÜÉ=ÉÑÑÉÅí=çÑ=
áåÇáîáÇì~ä=ÜóÇêçäçÖáÅ=ãÉ~ëìêÉë=çê=Ñ~Åíçêë=ëìÅÜ=~ë=ÖêçìåÇï~íÉê=éìãéáåÖ=Å~å=ÄÉ=
áÇÉåíáÑáÉÇ=~åÇ=èì~åíáÑáÉÇK=cìêíÜÉêãçêÉI=áå=íÜÉ=ãçÇÉä=~äëç=íÜÉ=ÉÑÑÉÅí=çÑ=ÅÜ~åÖÉë=áå=íÜÉ=
äÉîÉä=çÑ=íÜÉ=ëíêÉëëÉë=áë=Åçåí~áåÉÇI=Äó=ãÉ~åë=çÑ=íÜÉ=áåÇáîáÇì~ä=êÉëéçåëÉ=ÑìåÅíáçåëK=qÜáë=
~ääçïë=áíë=êÉëìäíë=íç=ÄÉ=ìëÉÇ=Ñçê=ëÅÉå~êáç=Å~äÅìä~íáçåëI=çéíáãáò~íáçå=çÑ=ÖêçìåÇï~íÉê=
ÜÉ~Çë=~åÇLçê=íÜÉáê=ã~å~ÖÉãÉåíK=
=

8.5 Characterizing groundwater dynamics based on response 
properties 

^ë=ÇáëÅìëëÉÇ=áå=ëÉÅíáçå=NKNI=íÜÉ=áåáíá~ä=~áã=çÑ=íÜáë=íÜÉëáë=ï~ë=íç=áãéêçîÉ=ÅìêêÉåí=
ãÉíÜçÇë=Ñçê=ãçÇÉäáåÖ=íÜÉ=êÉä~íáçåëÜáé=ÄÉíïÉÉå=íÜÉ=ÖêçìåÇï~íÉê=äÉîÉä=~åÇ=
ÖêçìåÇï~íÉê=ÇÉéÉåÇÉåí=îÉÖÉí~íáçåK=j~~ë=xNVVRz=éêçéçëÉÇ=íÜÉ=ìëÉ=çÑ=ãçãÉåíë=çÑ=
íÜÉ=áãéìäëÉ=êÉëéçåëÉ=ÑìåÅíáçå=~ë=ëóëíÉã=ÅÜ~ê~ÅíÉêáëíáÅëI=áå=ëíÉ~Ç=çÑ=ëí~íáëíáÅë=
ÇÉëÅêáÄáåÖ=íÜÉ=ÖêçìåÇï~íÉê=äÉîÉä=Çóå~ãáÅë=íÜÉãëÉäîÉëK=aÉëÅêáéíáîÉ=ëí~íáëíáÅë=~êÉ=
áåÑäìÉåÅÉÇ=Äó=Åäáã~íáÅ=î~êá~íáçå=~åÇ=çåäó=Å~éíìêÉ=ÅÉêí~áå=~ëéÉÅíëI=ïÜÉêÉ~ë=ãçãÉåíë=
~êÉ=Åçåëí~åíë=~åÇ=ÅçãéäÉíÉäó=ÅÜ~ê~ÅíÉêáòÉ=íÜÉ=Çóå~ãáÅëK=eçïÉîÉêI=áí=áë=åçí=íÜÉ=
ãçãÉåíë=Äìí=íÜÉ=ÖêçìåÇï~íÉê=äÉîÉä=áíëÉäÑ=íÜ~í=ÇÉíÉêãáåÉë=ÖêçïíÜ=ÅçåÇáíáçåë=áå=ïÉí=
ÉÅçëóëíÉãë=EíçÖÉíÜÉê=ïáíÜ=çíÜÉê=~ÄáçíáÅ=~åÇ=ÄáçíáÅ=Ñ~ÅíçêëI=~åÇ=ãçêÉ=çê=äÉëë=ÇáêÉÅíFK=
jçãÉåíë=ã~ó=åçí=åÉ=ÇáêÉÅíäó=çê=ìåáèìÉäó=ìë~ÄäÉ=Ñçê=ÉÅçJÜóÇêçäçÖáÅ=ãçÇÉäáåÖI=
ÄÉÅ~ìëÉW=
=

• jçãÉåíë=~êÉ=Åçåëí~åíëI=ïÜÉêÉ~ë=ÉÅçëóëíÉãë=~êÉ=åçíK=tÜáäÉ=áí=ã~ó=ÄÉ=~å=
~ííê~ÅíáîÉ=ÑÉ~íìêÉ=áå=êÉä~íáîÉäó=ëí~ÄäÉ=ÉÅçëóëíÉãëI=íÜáë=äáãáíë=íÜÉ=ÇáêÉÅí=ìëÉ=çÑ=
ãçãÉåíë=áå=ãçÇÉäáåÖ=íÜÉ=Çóå~ãáÅë=çÑ=ÉÅçëóëíÉãëI=ÉKÖKI=áå=êÉëéçåëÉ=íç=
Åäáã~íáÅ=Çóå~ãáÅëK==

• få=ÇÉåëÉäó=éçéìä~íÉÇ=~êÉ~ë=äáâÉ=íÜÉ=kÉíÜÉêä~åÇëI=EÖêçìåÇFï~íÉê=äÉîÉäë=~êÉ=
çÑíÉå=ã~å~ÖÉÇ=~åÇLçê=áåÑäìÉåÅÉÇ=Äó=~åíÜêçéçÖÉåáÅ=~ÅíáîáíáÉëK=få=ëìÅÜ=Å~ëÉëI=
åçí=çåÉ=Äìí=ëÉîÉê~ä=ëÉíë=çÑ=ãçãÉåíë=~êÉ=çÑ=áãéçêí~åÅÉI=~åÇ=íÜÉ=~ÅíáîáíáÉë=
íÜÉãëÉäîÉë=~êÉ=ëé~íá~ääó=î~êá~ÄäÉ=~äëçK==

• tÉí=ÉÅçëóëíÉãë=Äó=ÇÉÑáåáíáçå=Ü~îÉ=ÜáÖÜ=ï~íÉê=í~ÄäÉëI=êÉëìäíáåÖ=áå=
éêÉÇçãáå~åí=åçåJäáåÉ~ê=ÄÉÜ~îáçêK=^äëç=áå=Å~ëÉ=çÑ=åçåJäáåÉ~êáíóI=åçí=çåÉ=Äìí=
ëÉîÉê~ä=ëÉíë=çÑ=ãçãÉåíë=~êÉ=çÑ=áãéçêí~åÅÉK=



`Ü~éíÉê=U=

..…………………………………………………………………………………………….…. 

=
== NUM=

=
få=çêÇÉê=íç=ÇÉëÅêáÄÉ=íÜÉ=éêçÄäÉã=ãçêÉ=~ÅÅìê~íÉäóI=ÇáÑÑÉêÉåí=ãÉíÜçÇë=Ñçê=ÅÜ~ê~ÅíÉêáòáåÖ=
íÜÉ=ÖêçìåÇï~íÉê=äÉîÉä=Çóå~ãáÅë=~êÉ=ÇáëÅìëëÉÇ=áå=ÅÜ~éíÉê=SK=^äëçI=íÜÉ=êÉä~íáçåëÜáé=
ÄÉíïÉÉå=ÖêçìåÇï~íÉê=äÉîÉä=ÅÜ~ê~ÅíÉêáëíáÅë=~åÇ=áãéìäëÉ=êÉëéçåëÉ=ãçãÉåíë=áë=
áåîÉëíáÖ~íÉÇI=Ä~ëÉÇ=çå=íÜÉ=ëÅ~äÉÇ=Ö~ãã~=ÇáëíêáÄìíáçå=~åÇ=mfocf`q=~ééêç~ÅÜ=íç=íáãÉ=
ëÉêáÉë=~å~äóëáëK=få=çêÇÉê=íç=éêçîáÇÉ=~äíÉêå~íáîÉëI=~=ÑêÉèìÉåÅó=Ççã~áå=~å~äóëáë=çÑ=íÜÉ=
Çóå~ãáÅë=~åÇ=êÉëéçåëÉ=çÑ=ëóëíÉãë=ï~ë=ã~ÇÉK=cêçã=íÜáëI=~=ãÉíÜçÇ=ï~ë=ÇÉîÉäçéÉÇ=
íÜ~í=ÅçãÄáåÉë=íÜÉ=íÉãéçê~ä=Çóå~ãáÅë=çÑ=íÜÉ=áåéìí=EÅÜ~ê~ÅíÉêáòÉÇ=Äó=áíë=ãÉ~å=äÉîÉä=~åÇ=
~ååì~ä=~ãéäáíìÇÉF=ïáíÜ=íÜÉ=ëé~íá~ääó=î~êá~ÄäÉ=áãéìäëÉ=êÉëéçåëÉ=ãçãÉåíëK=qÜáë=ãÉíÜçÇ=
êÉëìäíë=áå=~=åÉï=ëÉí=çÑ=é~ê~ãÉíÉêë=íÜ~í=ÅÜ~ê~ÅíÉêáòÉë=íÜÉ=çìíéìí=çê=ÖêçìåÇï~íÉê=
Çóå~ãáÅë=EdaFI=ìëáåÖ=ëáãéäÉ=~å~äóíáÅ=ÉñéêÉëëáçåëK=qÜÉëÉ=ëçJÅ~ääÉÇ=da=ÅÜ~ê~ÅíÉêáëíáÅë=
~êÉ=íÜÉ=ãÉ~å=ÇÉéíÜI=ÅçåîÉñáíóI=~ååì~ä=~ãéäáíìÇÉ=~åÇ=éÜ~ëÉ=ëÜáÑí=çÑ=íÜÉ=ÖêçìåÇï~íÉê=
äÉîÉäI=~åÇ=áí=áë=ëÜçïå=íÜ~í=íÜÉó=ÅÜ~ê~ÅíÉêáòÉ=íÜÉ=ÖêçìåÇï~íÉê=Çóå~ãáÅë=áå=ÇÉí~áä=EÑçê=~ë=
Ñ~ê=~ë=íÜÉ=íáãÉ=ëÉêáÉë=ãçÇÉä=ÇçÉëFK=qÜÉ=äáåâ=ÄÉíïÉÉå=áåéìíI=ãçãÉåíë=~åÇ=da=
ÅÜ~ê~ÅíÉêáëíáÅë=Å~å=~äëç=ÄÉ=ìëÉÇ=îáÅÉ=îÉêë~I=Ñçê=áåëí~åÅÉ=íç=ã~âÉ=Éëíáã~íÉë=çÑ=íÜÉ=
êÉÅÜ~êÖÉ=íç=~å=~èìáÑÉêI=~å~äçÖçìë=íç=ïÜ~í=ï~ë=éêçéçëÉÇ=É~êäáÉê=áå=x`ÜÉå=Éí=~äKI=OMMOzK=
=
få=íÜÉ=Éñ~ãéäÉ=~ééäáÅ~íáçå=áå=ÅÜ~éíÉê=SI=íÜÉ=da=ÅÜ~ê~ÅíÉêáëíáÅë=~êÉ=Åçãé~êÉÇ=íç=çíÜÉê=
ãÉíÜçÇë=çÑ=ÅÜ~ê~ÅíÉêáòáåÖ=íÜÉ=ÖêçìåÇï~íÉê=êÉÖáãÉI=ìëáåÖ=íïç=ëÉêáÉë=çÑ=ÖêçìåÇï~íÉê=
äÉîÉä=çÄëÉêî~íáçåëK=fí=áë=ëÜçïå=íÜ~í=íÜÉ=ëçJÅ~ääÉÇ=~åÇ=çÑíÉå=ìëÉÇ=jñdi=ëí~íáëíáÅë=EáKÉK=
íÜÉ=jÉ~å=eáÖÜÉëíI=içïÉëí=~åÇ=péêáåÖ=dêçìåÇï~íÉê=iÉîÉäF=Ü~îÉ=ëçãÉ=áãéçêí~åí=
Çê~ïÄ~Åâë=~åÇ=Çç=åçí=ÇáÑÑÉêÉåíá~íÉ=ïÉää=ÄÉíïÉÉå=ÇáÑÑÉêÉåí=ÖêçìåÇï~íÉê=êÉÖáãÉëK=få=
jñdi=ëí~íáëíáÅëI=ÇáÑÑÉêÉåí=~ëéÉÅíë=çÑ=íÜÉ=ÑäìÅíì~íáçåë=~êÉ=ãáñÉÇ=ìéI=~ë=íÜÉ=íÜêÉÉ=
ÜáÖÜÉëí=EedPF=~åÇ=äçïÉëí=äÉîÉäë=EidPF=áå=~=óÉ~ê=~êÉ=íÜÉ=êÉëìäí=çÑ=ÄçíÜ=~ååì~ä=~åÇ=
ÜáÖÜÉê=ÑêÉèìÉåÅáÉëK=_ó=~îÉê~ÖáåÖ=íÜÉ=ñdP=çîÉê=~=äçåÖÉê=éÉêáçÇ=Eãáåáã~ääó=U=óÉ~êëFI=
äçïJÑêÉèìÉåÅó=Çóå~ãáÅë=~åÇ=áåíÉêJ~ååì~ä=ÉñíêÉãÉë=~êÉ=ÉÑÑÉÅíáîÉäó=ÑáäíÉêÉÇ=çìíI=~åÇ=~êÉ=
ÅçåëÉèìÉåíäó=ÇáëêÉÖ~êÇÉÇK=_ó=~îÉê~ÖáåÖ=íÜÉ=íÜêÉÉ=ÉñíêÉãÉ=î~äìÉë=áå=~=óÉ~êI=~åÇ=Äó=
áãéçëáåÖ=~å=çÄëÉêî~íáçå=éÉêáçÇ=çÑ=NQ=Ç~óëI=íÜÉ=jñdi=ëí~íáëíáÅë=~äëç=Çç=åçí=êÉÑäÉÅí=íÜÉ=
~ååì~ä=ÉñíêÉãÉë=ÇáêÉÅíäóK=_çíÜ=íÜÉ=~ååì~ä=~åÇ=áåíÉê=~ååì~ä=ÉñíêÉãÉ=äÉîÉäëI=ÜçïÉîÉêI=
~êÉ=çÑ=ÖêÉ~í=áåíÉêÉëí=ÄÉÅ~ìëÉ=çÑ=íÜÉáê=Çáëéêçéçêíáçå~íÉ=ÉÅçåçãáÅ=Ç~ã~ÖÉ=çê=ÉÅçäçÖáÅ=
áåÑäìÉåÅÉK=`çåëÉèìÉåíäóI=áí=áë=ÅçåÅäìÇÉÇ=íÜ~í=íÜÉ=Å~é~Äáäáíó=çÑ=jñdi=ëí~íáëíáÅë=áå=
ÅÜ~ê~ÅíÉêáòáåÖ=íÜÉ=ÖêçìåÇï~íÉê=Çóå~ãáÅë=~í=ÇáÑÑÉêÉåí=äçÅ~íáçåë=áë=äÉëë=íÜ~å=íÜ~í=çÑ=da=
ÅÜ~ê~ÅíÉêáëíáÅëK=qÜÉ=ãÉíÜçÇë=Äó=ïÜáÅÜ=daJÅÜ~ê~ÅíÉêáëíáÅë=~êÉ=çÄí~áåÉÇ=Å~å=ÄÉ=êÉ~Çáäó=
ÉñíÉåÇÉÇ=íç=áåÅäìÇÉ=ÉñÅáí~íáçåë=ëìÅÜ=~ë=ÖêçìåÇï~íÉê=éìãéáåÖ=çê=ëìêÑ~ÅÉ=ï~íÉê=äÉîÉäëK=
cçê=äáåÉ~ê=ëóëíÉãëI=íÜÉ=ëí~íáçå~êó=äÉîÉä=~åÇ=~ååì~ä=~ãéäáíìÇÉ=çÑ=íÜÉ=ÉÑÑÉÅí=çÑ=~ää=
ëíêÉëëÉë=Å~å=ëáãéäó=ÄÉ=ëìããÉÇK=låäó=ïÜÉå=ëíêÉëëÉë=Ü~îÉ=~=îÉêó=ÇáÑÑÉêÉåí=Çóå~ãáÅ=
ÄÉÜ~îáçêI=ëìÅÜ=~å=~ééêç~ÅÜ=ÇçÉë=åçí=~ÇÉèì~íÉäó=ÅÜ~ê~ÅíÉêáòÉ=íÜÉ=Çóå~ãáÅë=~åÇ=
~ÇÇáíáçå~ä=ÅÜ~ê~ÅíÉêáëíáÅë=ãáÖÜí=ÄÉ=åÉÉÇÉÇK=^=ëéÉÅá~ä=Å~ëÉ=çÑ=~åçíÜÉê=Ñ~Åíçê=íÜ~í=
áåÑäìÉåÅÉë=íÜÉ=ÖêçìåÇï~íÉê=äÉîÉä=áë=íÜÉ=ãçÇÉä=Éêêçê=çê=åçáëÉ=íÜ~í=ÉåíÉêë=íÜÉ=ëóëíÉãK=
eçïÉîÉêI=~ë=íÜÉ=ÉñéÉÅíÉÇ=î~äìÉ=çÑ=ïÜáíÉ=åçáëÉ=áë=òÉêç=~åÇ=áíë=ÑêÉèìÉåÅó=ëéÉÅíêìã=áë=
Ñä~íI=ÄçíÜ=áíë=ëí~íáçå~êó=áåÑäìÉåÅÉ=~åÇ=áíë=~ãéäáíìÇÉ=~í=~ååì~ä=çê=~åó=çíÜÉê=ëéÉÅáÑáÅ=
ÑêÉèìÉåÅó=Å~å=ÄÉ=åÉÖäÉÅíÉÇK=
=
^ää=áå=~ääI=da=ÅÜ~ê~ÅíÉêáëíáÅë=éêçîáÇÉ=~=Åçãé~Åí=ï~ó=çÑ=ÇÉëÅêáÄáåÖ=íÜÉ=ÖêçìåÇï~íÉê=
Çóå~ãáÅë=~í=~=ÅÉêí~áå=äçÅ~íáçåK=qÜÉó=Å~å=ÄÉ=ìëÉÇ=åçí=çåäó=Ñçê=ÉÅçJÜóÇêçäçÖáÅ=ãçÇÉäáåÖI=
Äìí=ïÜÉåÉîÉê=íÜÉ=~ãçìåí=çÑ=áåÑçêã~íáçå=Åçåí~áåÉÇ=áå=~=Ñìää=ëé~íáçíÉãéçê~ä=
ÇÉëÅêáéíáçå=çÑ=íÜÉ=ÖêçìåÇï~íÉê=äÉîÉä=Çóå~ãáÅë=áë=ëáãéäó=íçç=ä~êÖÉI=ÉKÖKI=îáëì~ä=



pìãã~êó=~åÇ=ÅçåÅäìëáçåë==
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=
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áåíÉêéêÉí~íáçåI=ã~ééáåÖ=çê=ÉãéáêáÅ~ä=ãçÇÉäáåÖ=éìêéçëÉëK=^ë=~å=~ÇÇáíáçå~ä=~Çî~åí~ÖÉI=
da=ÅÜ~ê~ÅíÉêáëíáÅë=Å~å=ÄÉ=êÉ~Çáäó=çÄí~áåÉÇ=Ñçê=~åó=áåéìí=EÉKÖKI=Åäáã~íáÅF=ëÅÉå~êáç=ìëáåÖ=
íÜÉ=~å~äóíáÅ=ÉñéêÉëëáçåë=ÖáîÉåK=qÜáë=~ÇÇë=ÑäÉñáÄáäáíó=íç=íÜÉ=ãÉíÜçÇI=ïÜáÅÜ=áë=åÉÅÉëë~êó=
Ñçê=ÇÉ~äáåÖ=ïáíÜ=ëáíì~íáçåë=ïÜÉêÉ=ÖêçìåÇï~íÉê=äÉîÉä=ÑäìÅíì~íáçåë=~êÉ=åçåJëí~íáçå~êóK=
kçåJëí~íáçå~êáíó=áë=Å~ìëÉÇ=Äó=Åäáã~íáÅ=ÅÜ~åÖÉëI=Äìí=~äëç=Ñ~Åíçêë=äáâÉ=ÖêçìåÇï~íÉê=
éìãéáåÖK=få=ëìÅÜ=Å~ëÉëI=íÜÉ=ÅÜ~ê~ÅíÉêáëíáÅë=çÑ=~å=ÜáëíçêáÅ~ä=UJ=çê=PMJóÉ~ê=êÉÅçêÇ=çÑ=
ãÉ~ëìêÉãÉåíë=Çç=åçí=~ÇÉèì~íÉäó=êÉÑäÉÅí=íÜÉ=ÅìêêÉåí=çê=ÑìíìêÉ=ëí~íÉK==
=

8.6 Menyanthes: software for groundwater head data 
få=íïç=ï~óëI=íÜáë=ÅÜ~éíÉê=éêçîáÇÉë=~=ëóåíÜÉëáë=çÑ=íÜÉ=ÅçåíÉåíë=~åÇ=êÉëìäíë=çÑ=íÜáë=íÜÉëáëK=
cáêëíI=áí=Åçåí~áåë=~=ëÜçêí=çîÉêîáÉï=çÑ=íÜÉ=ãÉíÜçÇë=ÇÉîÉäçéÉÇ=~åÇ=êÉëìäíë=çÄí~áåÉÇI=áå=
êÉä~íáçå=íç=~äíÉêå~íáîÉ=ãÉíÜçÇëK=tÜáäÉ=ã~åó=é~éÉêë=~ééêç~ÅÜ=íáãÉ=ëÉêáÉë=~å~äóëáë=
ãÉíÜçÇë=Ñêçã=~=ëí~íáëíáÅ~ä=îáÉïéçáåíI=íÜáë=ÅÜ~éíÉê=ëí~êíë=Ñêçã=~=éÜóëáÅ~ä=îáÉïéçáåí=íç=
ÄÉííÉê=ëÉêîÉ=íÜçëÉ=íÜ~í=~êÉ=åçí=áåáíá~íÉÇ=áå=íáãÉ=ëÉêáÉë=~å~äóëáëK=fí=ÑìêíÜÉêãçêÉ=ÑçÅìëÉë=
ëéÉÅáÑáÅ~ääó=çå=íÜÉ=áåíÉêÑ~ÅÉ=ÄÉíïÉÉå=Ç~í~=~åÇ=éÜóëáÅ~ääóJÄ~ëÉÇ=ãÉíÜçÇëI=~ë=íÜ~í=áë=íÜÉ=
ã~áå=ÅÜ~ê~ÅíÉêáëíáÅ=çÑ=íÜÉ=mfocf`q=ãÉíÜçÇ=~åÇ=íÜÉáê=áåíÉÖê~íáçå=êÉÑäÉÅíë=íÜÉ=çêáÖáå~ä=
çÄàÉÅíáîÉë=çÑ=íÜáë=íÜÉëáëK=pÉÅçåÇI=íÜÉ=éêçÖê~ã=jÉåó~åíÜÉë=áë=éêÉëÉåíÉÇI=ïÜáÅÜ=ï~ë=
ÇÉîÉäçéÉÇ=ïáíÜáå=íÜÉ=ëÅçéÉ=çÑ=íÜáë=êÉëÉ~êÅÜI=~åÇ=áå=ïÜáÅÜ=ãçëí=çÑ=íÜÉ=ãÉíÜçÇë=
ÇÉîÉäçéÉÇ=~åÇ=ÑìåÅíáçå~äáíó=åÉÉÇÉÇ=Ñçê=éÉêÑçêãáåÖ=íÜÉ=êÉëÉ~êÅÜ=ïÉêÉ=áåÅçêéçê~íÉÇK=få=
íÜ~í=ëÉåëÉI=jÉåó~åíÜÉë=~äëç=éêçîáÇÉë=~=ëóåíÜÉëáë=çÑ=íÜÉ=ãÉíÜçÇë=~åÇ=êÉëìäíëI=~ë=íÜÉó=
~êÉ=àçáåÉÇ=áå=íÜÉ=éêçÖê~ãK==
=
^ãçåÖ=íÜÉ=äáãáíÉÇ=åìãÄÉê=çÑ=ìëÉêJÑêáÉåÇäó=íççäë=Ñçê=íáãÉ=ëÉêáÉë=~å~äóëáë=íÜ~í=ÉñáëíI=
jÉåó~åíÜÉë=í~âÉë=~=ëéÉÅá~ä=éçëáíáçåK=jÉåó~åíÜÉë=Ñáêëí=áåíÉÖê~íÉë=~=î~êáÉíó=çÑ=ÑìåÅíáçåëI=
ëí~êíáåÖ=Ñêçã=íÜÉ=EÇ~í~FÄ~ëÉ=çÑ=íÜÉ=afht=éóê~ãáÇ=çÑ=x^ÅâçÑÑI=NVUVzI=~ÄçîÉ=ïÜáÅÜ=~êÉ=
îáëì~äáò~íáçå=~åÇ=~å~äóëáë=íççäëI=~åÇ=ÉåÇáåÖ=ïáíÜ=íÜÉ=íáãÉ=ëÉêáÉë=ãçÇÉäáåÖ=íççäë=çå=íçéK=
qÜÉ=ÅçãÄáå~íáçå=çÑ=íÜÉëÉ=ÑìåÅíáçåë=ëíêÉåÖíÜÉåë=É~ÅÜ=çåÉ=çÑ=íÜÉãK=cçê=Éñ~ãéäÉI=íÜÉ=
îáëì~äáò~íáçå=íççäë=~åÇ=ÅäçëÉ=äáåâ=ïáíÜ=íÜÉ=Ç~í~=ã~ó=ÄÉ=î~äì~ÄäÉ=ÇìêáåÖ=íÜÉ=íáãÉ=ëÉêáÉë=
ãçÇÉäáåÖ=éêçÅÉëëK=sáÅÉ=îÉêë~I=íáãÉ=ëÉêáÉë=ãçÇÉäë=ã~ó=~äëç=ÄÉ=ìëÉÇ=Ñçê=áãéêçîÉÇ=
îáëì~äáò~íáçå=~åÇ=ÅÜ~ê~ÅíÉêáò~íáçå=çÑ=íÜÉ=Çóå~ãáÅë=çÑ=ÜóÇêçäçÖáÅ=ëóëíÉãëK=qÜÉó=Å~å=
ÉîÉå=ÄÉ=çÑ=ìëÉ=Ñçê=Ç~í~=ã~å~ÖÉãÉåíI=ÉKÖKI=Ñçê=Éêêçê=çê=çìíäáÉê=ÇÉíÉÅíáçåK=pÉÅçåÇI=
jÉåó~åíÜÉë=Ü~ë=~=ëíêçåÖ=éÜóëáÅ~äJÜóÇêçäçÖáÅ=ÑçÅìëI=~åÇ=Ñ~Åáäáí~íÉë=íÜÉ=ìëÉ=çÑ=éÜóëáÅ~ä=
éêáåÅáéäÉë=~åÇ=éÜóëáÅ~ä=áåíÉêéêÉí~íáçåK=få=íÜáë=êÉëéÉÅíI=íÜÉ=mfocf`q=ãÉíÜçÇ=çÑ=íáãÉ=
ëÉêáÉë=~å~äóëáë=Ü~ë=~=é~ê~ääÉä=ïáíÜ=íÜÉ=Ç~í~JÄ~ëÉÇ=ãÉÅÜ~åáëíáÅ=ãçÇÉäáåÖ=Ea_jF=
ãÉíÜçÇçäçÖó=xvçìåÖ=~åÇ=_ÉîÉåI=NVVQX=vçìåÖI=NVVUzK=^=ÇáÑÑÉêÉåÅÉ=áë=íÜ~í=éÜóëáÅ~ä=
éêáåÅáéäÉë=çê=éÜóëáÅ~ääó=áåëéáêÉÇ=ÄÉÜ~îáçê=Å~å=ÄÉ=áãéäÉãÉåíÉÇ=~=éêáçêá=áå=~=mfocf`q=
ãçÇÉäI=áå=~ÇÇáíáçå=íç=íÜÉ=ìëÉ=çÑ=éÜóëáÅ~ä=áåëáÖÜí=íç=ÅÜÉÅâ=çê=ëÉäÉÅí=êÉëìäíë=~=éçëíÉêáçêá=
~ë=áå=íÜÉ=a_j=~ééêç~ÅÜK=pÅêìíáåó=ëÜçìäÇI=ÜçïÉîÉêI=ÄÉ=éê~ÅíáÅÉÇ=áå=íÜÉ=ìëÉ=çÑ=éÜóëáÅ~ä=
áåëáÖÜíK=qÜÉ=ÅÜçáÅÉ=çÑ=~=éêÉÇÉÑáåÉÇ=Åçåíáåìçìë=êÉëéçåëÉ=ÑìåÅíáçå=ïáíÜáå=íÜÉ=mfocf`q=
ãÉíÜçÇ=áë=áå=Ñ~Åí=~å=~ëëìãéíáçåI=ïÜçëÉ=~ÇÉèì~Åó=ã~ó=ÄÉ=ÅÜÉÅâÉÇ=áå=jÉåó~åíÜÉë=Äó=
Åçãé~êáåÖ=êÉëìäíë=ïáíÜ=íÜçëÉ=çÑ=^oj^=ãçÇÉäëK=^äëçI=íÜÉ=~ëëÉëëãÉåí=çÑ=íÜÉ=éÜóëáÅ~ä=
éä~ìëáÄáäáíó=çÑ=ãçÇÉä=êÉëìäíë=ëÜçìäÇ=ÄÉ=ã~ÇÉ=Å~êÉÑìääóK=qáãÉ=ëÉêáÉë=E~åÇ=~äëç=éÜóëáÅ~ääóJ
Ä~ëÉÇF=ãçÇÉä=êÉëìäíë=ã~ó=ÄÉ=áåÑäìÉåÅÉÇ=Äó=åçåJÅ~ìë~ä=ÅêçëëJÅçêêÉä~íáçåëK=lå=íÜÉ=çíÜÉê=
Ü~åÇI=ìåÉñéÉÅíÉÇ=ãçÇÉä=êÉëìäíë=~êÉ=åçí=åÉÅÉëë~êáäó=áãéä~ìëáÄäÉI=Äìí=ã~ó=äÉ~Ç=íç=åÉï=
áåëáÖÜíëK==
=



`Ü~éíÉê=U=
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qÜÉ=éçëëáÄäÉ=~ééäáÅ~íáçåë=çÑ=íÜÉ=mfofc`q=ãÉíÜçÇ=~êÉ=ÉëëÉåíá~ääó=íÜÉ=ë~ãÉ=E~åÇ=~ë=
Äêç~ÇF=~ë=íÜçëÉ=çÑ=^oj^=íáãÉ=ëÉêáÉë=ãçÇÉäëK=^å=~ííê~ÅíáîÉ=ÑÉ~íìêÉ=çÑ=íáãÉ=ëÉêáÉë=
ãçÇÉäë=áë=íÜ~í=íÜÉó=~êÉ=Ä~ëÉÇ=çå=êÉä~íáîÉäó=ÑÉï=~ëëìãéíáçåë=~åÇ=íÜÉ=Ñáíë=~êÉ=ÖÉåÉê~ääó=
ÜáÖÜK=^ë=ëìÅÜI=íáãÉ=ëÉêáÉë=ãçÇÉäë=ã~ó=ÄÉ=~=î~äì~ÄäÉ=íççä=Ñçê=éêÉéêçÅÉëëáåÖ=
ÖêçìåÇï~íÉê=äÉîÉä=ëÉêáÉë=ÄÉÑçêÉ=Å~äáÄê~íáåÖ=ÇáëíêáÄìíÉÇ=ãçÇÉäëK=rëáåÖ=íáãÉ=ëÉêáÉë=
ãçÇÉäëI=ãáëëáåÖ=ëíêÉëëÉë=çê=ëÉêáÉë=íÜ~í=~êÉ=áåÑäìÉåÅÉÇ=Äó=ÜóÇêçäçÖáÅ=áåíÉêîÉåíáçåë=ã~ó=
ÄÉ=êÉ~Çáäó=áÇÉåíáÑáÉÇK=^äëçI=ëÉêáÉë=ã~ó=ÄÉ=áÇÉåíáÑáÉÇ=íÜ~í=~êÉ=åçí=ëìáí~ÄäÉ=Ñçê=ìëÉ=áå=
ãçÇÉä=Å~äáÄê~íáçåI=Ñçê=áåëí~åÅÉ=ÄÉÅ~ìëÉ=íÜÉó=êÉéêÉëÉåí=~=ÜóÇêçäçÖáÅ=ÑÉ~íìêÉ=íÜ~í=áë=åçí=
áåÅçêéçê~íÉÇ=áå=íÜÉ=ãçÇÉäI=ëìÅÜ=~ë=éÉêÅÜÉÇ=ï~íÉê=í~ÄäÉëK=låÉ=ëíÉé=ÑìêíÜÉêI=íÉãéçê~ä=
ãçãÉåí=ã~íÅÜáåÖ=~ääçïë=Ñçê=~=ÇáêÉÅí=äáåâ=ÄÉíïÉÉå=íáãÉ=ëÉêáÉë=~åÇ=ëé~íá~ääóJÇáëíêáÄìíÉÇI=
éÜóëáÅ~ääóJÄ~ëÉÇ=ãçÇÉäë=xsçå=^ëãìíÜ=~åÇ=j~~ëI=OMMNX=_~ââÉê=Éí=~äKI=OMMTX=_~ââÉê=Éí=
~äKI=OMMUzK=^=ëéÉÅáÑáÅ=ÑÉ~íìêÉ=çÑ=íÜÉ=mfofc`q=ãÉíÜçÇ=áë=áíë=áåÅêÉ~ëÉÇ=ÉÑÑáÅáÉåÅó=~åÇ=É~ëÉ=
çÑ=ìëÉK=qÜÉ=ÑáåÇáåÖ=íÜ~í=ëâÉïJd~ìëëá~å=ÇáëíêáÄìíáçå=ÑìåÅíáçåë=éêçîÉ=íç=Ñáí=íÜÉ=ÄÉÜ~îáçê=
çÑ=ÜóÇêçÖÉçäçÖáÅ=E~åÇ=çíÜÉêF=ëóëíÉãë=ïÉää=áå=ÖÉåÉê~äI=~ääçïë=Ñçê=~ää=íáãÉ=ëÉêáÉë=áå=~å=
~êÉ~=íç=ÄÉ=ãçÇÉäÉÇ=áå=Ä~íÅÜK=_~íÅÜ=ãçÇÉäáåÖ=áë=åçí=ÚçåäóÛ=~=éê~ÅíáÅ~ä=~Çî~åí~ÖÉI=Äìí=
íÜÉ=ëáãìäí~åÉçìë=îáëì~äáò~íáçå=~åÇ=~å~äóëáë=çÑ=êÉëìäíë=Ñêçã=ãìäíáéäÉ=äçÅ~íáçåë=äáíÉê~ääó=
~ÇÇë=~åçíÜÉê=ÇáãÉåëáçå=íç=íÜÉ=íÉÅÜåáèìÉ=~åÇ=áíë=êÉëìäíë=EáKÉK=íÜÉ=ëé~íá~ä=ÇáãÉåëáçåFK=
tÜÉêÉ~ë=íÜÉ=ëé~íá~ä=ëíêìÅíìêÉ=íÜ~í=áë=áãéäÉãÉåíÉÇ=áå=éÜóëáÅ~ääóJÄ~ëÉÇ=ãçÇÉäë=áë=Ä~ëÉÇ=
çå=áåÑÉêÉåÅÉë=~åÇ=~ëëìãéíáçåë=íÜ~í=Å~ååçí=ÄÉ=íêìäó=îÉêáÑáÉÇ=E~ë=ï~ë=~êÖìÉÇ=áå=íÜÉ=
áåíêçÇìÅíáçåFI=íÜÉêÉ=áë=åç=ëé~íá~ä=ÇÉéÉåÇÉåÅó=áãéçëÉÇ=çå=íÜÉ=íáãÉ=ëÉêáÉë=ãçÇÉäëK=
pé~íá~ä=é~ííÉêåë=íÜ~í=ÉãÉêÖÉ=áå=íáãÉ=ëÉêáÉë=~å~äóëáë=êÉëìäíë=~êÉ=íÜÉêÉÑçêÉ=áåÇÉéÉåÇÉåí=
~åÇ=ÑêÉÉ=çÑ=~ëëìãéíáçåë=EÉñÅÉéí=Ñçê=íÜÉ=Ñ~Åí=íÜ~í=íÜÉ=êÉéêÉëÉåí~íáîÉåÉëë=çÑ=áåéìí=ëÉêáÉë=
ã~ó=î~êó=áå=ëé~ÅÉFI=~åÇ=ã~ó=óáÉäÇ=î~äì~ÄäÉ=áåÑçêã~íáçå=çå=ÄçíÜ=íÜÉ=ãçÇÉä=êÉëìäíë=
íÜÉãëÉäîÉë=~åÇ=íÜÉ=ÑìåÅíáçåáåÖ=~åÇ=éêçéÉêíáÉë=çÑ=ëóëíÉãëK=cìêíÜÉêãçêÉI=ÉÑÑÉÅíë=çÑ=
áåÇáîáÇì~ä=ëíêÉëëÉë=íÜ~í=Å~ååçí=ÄÉ=ëÉé~ê~íÉÇ=íÜêçìÖÜ=íáãÉ=ëÉêáÉë=~å~äóëáë=çÑ=áåÇáîáÇì~ä=
ëÉêáÉë=~äçåÉI=ã~ó=ÄÉÅçãÉ=ëÉé~ê~ÄäÉ=çå=íÜÉ=Ä~ëáë=çÑ=íÜÉ=çÄëÉêîÉÇ=ëé~íá~ä=é~ííÉêåëK=qÜÉ=
ëé~íá~ä=îáëì~äáò~íáçå=~åÇ=~å~äóëáë=íççäë=çÑ=jÉåó~åíÜÉë=~êÉ=áãéçêí~åí=áå=íÜáë=êÉëéÉÅíI=
~åÇ=ÖêÉ~íäó=ÉåÜ~åÅÉ=íÜÉ=ìëÉ=~åÇ=áåíÉêéêÉí~íáçå=çÑ=íÜÉëÉ=é~ííÉêåëK=^ë=ëìÅÜI=íÜÉ=
ãÉíÜçÇë=~åÇ=ÑìåÅíáçå~äáíáÉë=çÑ=jÉåó~åíÜÉë=Ñ~Åáäáí~íÉ=~=ëÜáÑí=áå=ÑçÅìë=Ñêçã=Ç~í~=~åÇ=
ëí~íáëíáÅ~ä=~ëéÉÅíë=çÑ=íáãÉ=ëÉêáÉë=íçï~êÇë=íÜÉ=éÜóëáÅ~ä=éêçéÉêíáÉë=çÑ=ëóëíÉãë=~åÇ=ëé~íá~ä=
î~êá~íáçå=íÜÉêÉçÑK=qÜÉ=íÉêã=ÚëóëíÉã=áÇÉåíáÑáÅ~íáçåÛI=~ë=ÅçáåÉÇ=Äó=xw~ÇÉÜI=NVRSz=~åÇ=
~ÇçéíÉÇ=Äó=xÉKÖKI=iàìåÖI=NVVVzI=íÜìë=ÄÉÅçãÉë=ãçêÉ=~ééêçéêá~íÉ=íÜ~å=íÜÉ=íÉêã=ÚíáãÉ=
ëÉêáÉë=~å~äóëáëÛI=ïÜáÅÜ=Ü~ë=áíë=çêáÖáå=áå=ëÅáÉåÅÉë=äáâÉ=ÉÅçåçãÉíêáÅëK==
=
qç=Ç~íÉI=jÉåó~åíÜÉë=áë=ìëÉÇ=çå=íÜêÉÉ=ÅçåíáåÉåíëI=áå=ëáñ=ÅçìåíêáÉëI=Äó=TS=ÇáÑÑÉêÉåí=
çêÖ~åáò~íáçåëK=^=ÑÉï=ÜìåÇêÉÇ=ÉÅçäçÖáëíë=~åÇ=ÜóÇêçÖÉçäçÖáëíë=Ü~îÉ=ÑçääçïÉÇ=~=ÅçìêëÉ=
çå=ÜóÇêçÖÉçäçÖáÅ=íáãÉ=ëÉêáÉë=~å~äóëáë=~åÇ=ìëÉ=çÑ=jÉåó~åíÜÉë=xsçå=^ëãìíÜ=Éí=~äKI=
OMMSzI=~åÇ=ëÉîÉê~ä=íÉåë=çÑ=íÜçìë~åÇë=çÑ=ÖêçìåÇï~íÉê=äÉîÉä=ëÉêáÉë=Ü~îÉ=ÄÉÉå=~å~äóòÉÇ=
ïáíÜ=áíK=qÜÉ=éêçÖê~ã=~åÇ=áíë=ãÉíÜçÇë=íÜÉêÉÑçêÉ=éêçîÉ=íç=ÑìäÑáää=~=åÉÉÇ=íÜ~í=áë=Ü~êÇ=íç=
ÑìäÑáää=çíÜÉêïáëÉK=^ë=ëí~íÉÇI=íÜÉ=Ñ~Åí=íÜ~í=ëí~åÇ~êÇ=íáãÉ=ëÉêáÉë=ãçÇÉäë=~êÉ=äáåÉ~ê=áë=~=
ëíêçåÖ=éçáåíI=Äìí=~äëç=~=äáãáí~íáçåK=jÉíÜçÇë=çÑ=åçåJäáåÉ~ê=íáãÉ=ëÉêáÉë=~å~äóëáë=
ÑçääçïáåÖ=íÜÉ=íÜêÉëÜçäÇ=ÅçåÅÉéí=xhåçííÉêë=~åÇ=aÉ=dççáàÉêI=NVVVz=Ü~îÉ=ÄÉÉå=~ÇÇÉÇ=íç=
jÉåó~åíÜÉëI=~åÇ=éêçîÉ=íç=ÄÉ=çÑ=î~äìÉK=fåáíá~íáîÉë=íç=íÉëí=íÜÉ=ãÉíÜçÇë=çå=~=ïáÇÉê=
ê~åÖÉ=çÑ=ëóëíÉãëI=~åÇ=ÉñíÉåÇ=áíë=ÑìåÅíáçå~äáíó=ïáíÜ=çíÜÉê=EåçåJäáåÉ~êF=éêçÅÉëëÉë=~êÉ=
ïÉäÅçãÉÇK
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9 Samenvatting en conclusies 

9Samenvatting en conclusies

Hoofdstuk
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9.1 Doelstelling, bijdrage en achtergrond 
aÉ=ççêëéêçåâÉäáàâÉ=ÇçÉäëíÉääáåÖ=î~å=Çáí=éêçãçíáÉçåÇÉêòçÉâ=îÉêëÅÜáäíI=òç~äë=ïÉääáÅÜí=åáÉí=
çåÖÉÄêìáâÉäáàâ=Äáà=çåÇÉêòçÉâI=î~å=ÇÉ=ìáíÉáåÇÉäáàâÉ=êÉëìäí~íÉå=ÇáÉ=ÜáÉê=ÖÉéêÉëÉåíÉÉêÇ=
ïçêÇÉåK=açÉäëíÉääáåÖ=î~å=ÜÉí=çåÇÉêòçÉâ=ï~ë=ççêëéêçåâÉäáàâ=ÜÉí=îÉêÄÉíÉêÉå=î~å=ÇÉ=
Ö~åÖÄ~êÉ=ãÉíÜçÇÉå=ï~~êãÉÉ=ÇÉ=êÉä~íáÉ=íìëëÉå=ÖêçåÇï~íÉêÇóå~ãáÉâ=EÉå=áåÖêÉéÉå=
Ç~~êáåF=Éå=ÖêçåÇï~íÉê~ÑÜ~åâÉäáàâÉ=ÉÅçëóëíÉãÉå=ÖÉãçÇÉääÉÉêÇ=ïçêÇíK=få=ÜÉí=
ççêëéêçåâÉäáàâ=Çççê=xj~~ëI=NVVRz=îççêÖÉëíÉäÇÉ=~äíÉêå~íáÉÑI=ëí~~í=ÇÉ=åçíáÉ=ÅÉåíê~~ä=Ç~í=
êìáãíÉäáàâÉ=îÉêëÅÜáääÉå=áå=ÖêçåÇï~íÉêÇóå~ãáÉâ=ÜççÑÇò~âÉäáàâ=ïçêÇÉå=ÄÉé~~äÇ=Çççê=ÇÉ=
êìáãíÉäáàâ=î~êáØêÉåÇÉ=ÉáÖÉåëÅÜ~ééÉå=î~å=ÜÉí=ÖêçåÇï~íÉêëóëíÉÉãK=aÉ=î~êá~íáÉ=áå=ÇÉ=íáàÇ=
çÑïÉä=íÉãéçêÉäÉ=Çóå~ãáÉâ=Ç~~êÉåíÉÖÉåI=ïçêÇí=ÜççÑÇò~âÉäáàâ=ÖÉÇêÉîÉå=Çççê=ÇÉ=
êìáãíÉäáàâ=ãáåÇÉê=î~êá~ÄÉäÉ=ãÉíÉçêçäçÖáëÅÜÉ=Çóå~ãáÉâK=eáÉêìáí=â~å=îÉêîçäÖÉåë=ÇÉ=
ÜóéçíÜÉëÉ=~ÑÖÉäÉáÇ=ïçêÇÉå=Ç~í=ççâ=ÇÉ=êìáãíÉäáàâÉ=îÉêëÅÜáääÉå=áå=îÉÖÉí~íáÉ=
ÜççÑÇò~âÉäáàâ=~ÑÜ~åÖÉå=î~å=ëóëíÉÉãÉáÖÉåëÅÜ~ééÉåI=çÑ=Ç~í=ÇÉòÉI=áå=~åÇÉêÉ=ïççêÇÉåI=
ïÉääáÅÜí=å~ìïâÉìêáÖÉê=ÖÉãçÇÉääÉÉêÇ=âìååÉå=ïçêÇÉå=Çççê=ÇÉ=ãÉíÉçêçäçÖáëÅÜÉ=
Çóå~ãáÉâ=ÚïÉÖ=íÉ=ÑáäíÉêÉåÛK=lã=éêÉÅáÉòÉê=íÉ=òáàåI=j~~ë=ëíÉäÇÉ=îççê=çã=ãÉí=ÄÉÜìäé=î~å=
íáàÇêÉÉâëãçÇÉääÉå=ÇÉ=òçÖÉå~~ãÇÉ=áãéìäëêÉëéçåëÑìåÅíáÉ=~Ñ=íÉ=äÉáÇÉå=ìáí=íáàÇêÉÉâëÉå=
î~å=ÇÉ=ÖêçåÇï~íÉêëí~åÇI=Éå=ÇáÉ=çé=òáàå=ÄÉìêí=íÉ=â~ê~âíÉêáëÉêÉå=ãÉí=ëí~íáëíáëÅÜÉ=
ãçãÉåíÉå=EòáÉ=é~ê~Öê~~Ñ=OKPKQFK=jçãÉåíÉå=òáàå=ëÅ~ä~áê=Éå=Åçåëí~åí=áå=äáåÉ~áêÉI=
ëí~ÄáÉäÉ=ëóëíÉãÉåI=Éå=òÉ=ÄÉé~äÉå=ë~ãÉå=ãÉí=ÇÉ=êìáãíÉäáàâ=ãáåÇÉê=î~êá~ÄÉäÉI=ÇêáàîÉåÇÉ=
âê~ÅÜíÉå=îçääÉÇáÖ=EÜÉí=ÇÉíÉêãáåáëíáëÅÜ=ÇÉÉä=î~åF=ÇÉ=Çóå~ãáÉâ=çé=ÉÉå=ÖÉÖÉîÉå=éä~~íë=áå=
ÇÉ=êìáãíÉK=bÉå=ÄáàâçãÉåÇ=îççêÇÉÉä=áë=Ç~í=ãçãÉåíÉå=ççâ=êìáãíÉäáàâ=ÖÉãçÇÉääÉÉêÇ=
âìååÉå=ïçêÇÉå=ãÉí=ÄÉÜìäé=î~å=ÉÉå=ëí~åÇ~~êÇ=ÖêçåÇï~íÉê=ãçÇÉäK=eÉí=çåÇÉêïÉêé=
î~å=Çáí=éêçÉÑëÅÜêáÑí=çãî~ííÉ=Çìë=ççêëéêçåâÉäáàâ=ÇêáÉ=îÉäÇÉå=î~å=EÉÅçFÜóÇêçäçÖáëÅÜÉ=
ãçÇÉääÉêáåÖI=íÉ=ïÉíÉå=íáàÇêÉÉâëJI=ÖêçåÇï~íÉêJ=Éå=ÉÅçÜóÇêçäçÖáëÅÜÉ=ãçÇÉääÉåK=ráí=Éäâ=
íóéÉ=ãçÇÉä=âìååÉå=ãçãÉåíÉå=~ÑÖÉäÉáÇ=ïçêÇÉåK=qÉò~ãÉå=îçêãÉå=òÉ=ÇÉ=
áãéìäëêÉëéçåëJãçãÉåíÉåJãÉíÜçÇÉI=ï~~êÄáååÉå=ãçãÉåíÉå=çåÇÉêäáåÖ=ìáíÖÉïáëëÉäÇ=
âìååÉå=ïçêÇÉåK=^äÜçÉïÉä=îççêòáÉå=ï~ë=Ç~í=ÇÉ=äáåâ=íìëëÉå=íáàÇêÉÉâëJ=Éå=
ÖêçåÇï~íÉêãçÇÉääÉå=åáÉí=ÉÉåîçìÇáÖ=íÉ=äÉÖÖÉå=áë=Éå=ÉÉå=~é~êíÉ=ëíìÇáÉ=òçì=âìååÉå=
îÉêÖÉåI=ï~ë=ÇÉëíáàÇë=ÇÉ=áåëÅÜ~ííáåÖ=Ç~í=ÇÉ=ÄÉëí~~åÇÉ=^oj^JíáàÇêÉÉâëãçÇÉääÉå=
ìáíçåíïáââÉäÇ=Éå=òçåÇÉê=ãÉÉê=ÄêìáâÄ~~ê=òçìÇÉå=òáàåK=_áà=ÜÉí=ÄÉÖáå=î~å=ÜÉí=
éêçãçíáÉçåÇÉêòçÉâ=ÄäÉÉâ=ÉÅÜíÉê=~ä=Ö~ìï=Ç~í=^oj^JãçÇÉääÉå=îÉêëÅÜáääÉåÇÉ=
ÄÉä~åÖêáàâÉ=ÄÉéÉêâáåÖÉå=âÉååÉå=EòáÉ=é~ê~Öê~~Ñ=OKOKPFK=t~í=ÜáÉêçé=îçäÖÇÉ=ï~ë=ÉÉå=
éêçÅÉë=î~å=ÜÉí=~~åÄêÉåÖÉå=î~å=ïáàòáÖáåÖÉå=Éå=îÉêÄÉíÉêáåÖÉå=áå=ÇÉ=íáàÇêÉÉâë~å~äóëÉ=
ãÉíÜçÇáÉâI=çã=òÉ=ÄÉíÉê=ÄêìáâÄ~~ê=íÉ=ã~âÉå=îççê=ÇÉ=ççêëéêçåâÉäáàâÉ=ÇçÉäëíÉääáåÖÉå=
î~å=Çáí=çåÇÉêòçÉâ=Eã~~ê=åáÉí=ÄÉéÉêâí=Ç~~êíçÉFK=eÉí=ÖêççíëíÉ=ÇÉÉä=î~å=ÇÉ=ÉáÖÉåäáàâÉI=
ìáíÉáåÇÉäáàâÉ=ÄáàÇê~ÖÉå=î~å=Çáí=éêçÉÑëÅÜêáÑí=äáÖí=Ç~å=ççâ=çé=ÜÉí=îä~â=î~å=ÇÉ=
íáàÇêÉÉâë~å~äóëÉK=
=
eÉí=âìååÉå=éä~~íëÉå=î~å=ÇÉ=áåÜçìÇ=î~å=Çáí=éêçÉÑëÅÜêáÑí=îÉêÖí=ÉåáÖÉ=âÉååáë=î~å=Ü~~ê=
~ÅÜíÉêÖêçåÇÉåI=íÉ=ïÉíÉå=ÇÉ=íÜÉçêáÉ=Éå=ãÉíÜçÇáÉâ=î~å=íáàÇêÉÉâë~å~äóëÉ=Eî~å=
ÖêçåÇï~íÉêëí~åÇÉåF=Éå=ëóëíÉÉãáÇÉåíáÑáÅ~íáÉK=eççÑÇëíìâ=O=ÄÉî~í=Ç~~êçã=ÉÉå=Ä~ë~äÉ=
áåíêçÇìÅíáÉ=çé=ÜÉí=çåÇÉêïÉêéI=î~åìáí=îÉêëÅÜáääÉåÇÉ=ÖÉòáÅÜíëéìåíÉåK=^ääÉêÉÉêëí=ïçêÇí=
ÉåáÖÉ=~~åÇ~ÅÜí=ÄÉëíÉÉÇ=~~å=ÇÉ=ëóëíÉÉãÄÉå~ÇÉêáåÖ=áå=ÜÉí=~äÖÉãÉÉåI=çãÇ~í=ÇÉ=
ãÉÉëíÉ=EÉÅçFÜóÇêçäçÖÉå=çé=ÜÉí=ãçãÉåí=ãáåÇÉê=îÉêíêçìïÇ=òáàå=ãÉí=ëóëíÉÉã=
áÇÉåíáÑáÅ~íáÉ=Éå=Ü~~ê=ãÉíÜçÇÉå=Ç~å=ãÉí=çé=ÇÉ=ÑóëáÅ~=ÖÉÄ~ëÉÉêÇÉI=êìáãíÉäáàâ=
ÖÉÇáëíêáÄìÉÉêÇÉ=ãçÇÉääÉåK=aÉ=ëóëíÉÉãÄÉå~ÇÉêáåÖ=â~å=âçêíïÉÖ=ÖÉâ~ê~âíÉêáëÉÉêÇ=
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ïçêÇÉå=Çççê=íÉ=ëíÉääÉå=Ç~í=Ü~~ê=ÖÉòáÅÜíëéìåí=áå=ÉëëÉåíáÉ=ÚíçéJÇçïåÛ=áëK=bÉå=
ÖêçåÇï~íÉêëóëíÉÉã=ïçêÇí=Ç~~êÄáà=áå=ÉÉêëíÉ=áåëí~åíáÉ=~äë=ÚÖÉÜÉÉäÛ=ÄÉå~ÇÉêÇI=Éå=åáÉí=
ÚÄçííçãJìéÛ=~äë=ÉÉå=îÉêò~ãÉäáåÖ=î~å=ÅÉääÉåI=ä~ÖÉå=ÉåLçÑ=~åÇÉêÉ=ÉäÉãÉåíÉåK=eáÉê=òáà=
ÉÅÜíÉê=çéÖÉãÉêâí=Ç~í=Éê=ççâ=î~åìáí=ëóëíÉÉãéÉêëéÉÅíáÉÑ=îÉêëÅÜáääÉåÇÉ=ã~åáÉêÉå=òáàå=
ï~~êçé=íáàÇêÉÉâëÉå=ÉåLçÑ=ÇÉ=ï~~êÖÉåçãÉå=Çóå~ãáÉâ=ÄÉëÅÜçìïÇ=Éå=ÖÉãçÇÉääÉÉêÇ=
âìååÉå=ïçêÇÉåK=qáàÇêÉÉâë~å~äóëÉ=áë=ÉÉå=ãÉíÜçÇÉ=ÇáÉ=Ü~~ê=ççêëéêçåÖ=îáåÇí=áå=ÇÉ=
ëí~íáëíáÉâK=qáàÇêÉÉâë~å~äóëÉ=â~å=çéÖÉî~í=ïçêÇÉå=~äë=î~êá~åí=î~å=ÉÉåîçìÇáÖÉI=äáåÉ~áêÉ=
êÉÖêÉëëáÉI=Éå=îççê=ÜÉí=íçÉé~ëëÉå=Éêî~å=áë=áå=ÄÉÖáåëÉä=ÖÉÉå=âÉååáë=åçÇáÖ=çîÉê=ÜÉí=
ÑóëáÉâÉ=ÑìåÅíáçåÉêÉå=î~å=ÜÉí=ÄÉëÅÜçìïÇÉ=ëóëíÉÉãK=s~åìáí=ÑóëáëÅÜ=ççÖéìåíI=~~å=ÇÉ=
~åÇÉêÉ=â~åíI=åÉÉãí=ÇÉ=òçÖÉå~~ãÇÉ=áãéìäëêÉëéçåëÑìåÅíáÉI=çÑ=âçêíïÉÖ=áãéìäëêÉëéçåëI=
ÉÉå=ÅÉåíê~äÉ=éä~~íë=áåK=wÉ=â~å=ìáí=ãÉíáåÖÉå=~ÑÖÉäÉáÇ=ïçêÇÉå=îá~=íáàÇêÉÉâë~å~äóëÉI=ã~~ê=
ççâ=îá~=ÚéììêÛ=ÑóëáëÅÜ=ÖÉÄ~ëÉÉêÇÉI=~å~äóíáëÅÜÉ=Ç~å=ïÉä=åìãÉêáÉâÉI=ãÉíÜçÇÉåK=aÉ=äáåâ=
íìëëÉå=íáàÇêÉÉâëJ=Éå=ÖêçåÇï~íÉêãçÇÉääÉå=â~åI=òç~äë=ÖÉòÉÖÇI=ÖÉäÉÖÇ=ïçêÇÉå=îá~=ÇÉ=
ãçãÉåíÉå=î~å=ÇÉ=áãéìäëêÉëéçåëI=ÇáÉ=êìáãíÉäáàâ=ÖÉëáãìäÉÉêÇ=âìååÉå=ïçêÇÉå=îá~=
òçÖÉå~~ãÇÉ=ãçãÉåíJÖÉåÉêÉêÉåÇÉ=ÇáÑÑÉêÉåíá~~äîÉêÖÉäáàâáåÖÉåI=ÖÉ≥ãéäÉãÉåíÉÉêÇ=áå=
ÉÉå=ïáääÉâÉìêáÖ=ÖêçåÇï~íÉêãçÇÉäK=`çåîçäìíáÉ=î~å=ÇÉ=áãéìäëêÉëéçåë=ãÉí=ÉÉå=íáàÇêÉÉâë=
ÇáÉ=ÇÉ=Çóå~ãáÉâ=î~å=ÇÉ=ÇêáàîÉåÇÉ=âê~ÅÜí=ÄÉëÅÜêáàÑíI=ÖÉÉÑí=ÉÉå=ëáãìä~íáÉ=î~å=ÇÉ=
ÖêçåÇï~íÉêëéáÉÖÉäÇóå~ãáÉâ=çé=ÉÉå=ÄÉé~~äÇÉ=éäÉâK=eÉí=â~å=ÇáÉåÉå=~äë=~äíÉêå~íáÉîÉ=
ãÉíÜçÇÉ=îççê=ÜÉí=çéäçëëÉå=î~å=ÉÉå=ÖêçåÇï~íÉêãçÇÉä=çÑ=é~êíáØäÉ=ÇáÑÑÉêÉåíá~~ä=
îÉêÖÉäáàâáåÖI=å~~ëí=Ö~åÖÄ~êÉ=ãÉíÜçÇÉå=~äë=ÇÉ=~å~äóíáëÅÜÉ=ÉäÉãÉåíÉåI=ÉáåÇáÖÉ=
ÉäÉãÉåíÉå=çÑ=ÉáåÇáÖÉ=ÇáÑÑÉêÉåíáÉ=ãÉíÜçÇÉ=EòáÉ=é~ê~Öê~~Ñ=OKPKOFK=_ÉëÅÜçìïáåÖ=î~å=ÇÉ=
áãéìäëêÉëéçåë=î~å=ÉÉå=~~åí~ä=ÉäÉãÉåí~áêÉ=ÖêçåÇï~íÉêëóëíÉãÉå=ÖÉÉÑí=áåòáÅÜí=áå=ÇÉ=
îçêã=Éêî~åI=~äë=ÑìåÅíáÉ=î~å=ÉäÉãÉåí~áêÉ=ÑóëáëÅÜÉ=î~êá~íáÉK==
=
^äë=çåÇÉêÇÉÉä=î~å=Çáí=éêçÉÑëÅÜêáÑí=áë=ÉÉå=åáÉìïÉ=ãÉíÜçÇÉ=î~å=íáàÇêÉÉâë~å~äóëÉ=
çåíïáââÉäÇI=ÇáÉ=~äë=òçÇ~åáÖ=ÉÉå=ÚãáñÛ=îçêãí=íìëëÉå=ëí~íáëíáëÅÜÉ=Éå=ÑóëáëÅÜÉ=ÖÉÄ~ëÉÉêÇÉ=
ãÉíÜçÇÉå=î~å=íáàÇêÉÉâëãçÇÉääÉêáåÖK=få=ÇÉòÉ=ÄÉå~ÇÉêáåÖI=ÇáÉ=mfocf`qJãÉíÜçÇÉ=
ÖÉÇççéí=áëI=áë=ÜÉí=íáàÇêÉÉâë~å~äóëÉéêçÄäÉÉã=ÖÉÑçêãìäÉÉêÇ=áå=ÅçåíáåìÉ=íáàÇI=Éå=ÜÉí=ÜÉÉÑí=
ÉÉå=ÅçåîçäìíáÉáåíÉÖê~~ä=~äë=Ä~ëáëK=aÉ=ÑçêãìäÉêáåÖ=ëí~~í=ÜÉí=ÖÉÄêìáâ=î~å=EÅçåíáåìÉF=
îÉêÇÉäáåÖëÑìåÅíáÉë=ìáí=ÇÉ=ëí~íáëíáÉâ=íçÉ=~äë=êÉëéçåëÑìåÅíáÉI=ã~~ê=ççâ=ÑóëáëÅÜJÖÉÄ~ëÉÉêÇÉI=
~å~äóíáëÅÜÉ=ÑìåÅíáÉëK=sÉêÇÉäáåÖëÑìåÅíáÉë=ÇáÉ=ÇÉ=îçêã=~~ååÉãÉå=î~å=ÉÉå=ëÅÜÉîÉ=
åçêã~äÉ=îÉêÇÉäáåÖI=òç~äë=ÇÉ=ÖÉëÅÜ~~äÇÉ=Ö~ãã~=îÉêÇÉäáåÖI=ÄäáàâÉå=ÉÅÜíÉê=áå=ÜÉí=
~äÖÉãÉÉå=ÖçÉÇ=áå=ëí~~í=ÜÉí=ÖÉÇê~Ö=î~å=ÉÉå=êÉÉâë=î~å=ëóëíÉãÉå=íÉ=ÄÉëÅÜêáàîÉåK=aÉ=
mfocf`qJãÉíÜçÇÉ=ÜÉÉÑí=ÉÉå=~~åí~ä=îççêÇÉäÉå=íÉå=çéòáÅÜíÉ=î~å=ÇÉ=íê~ÇáíáçåÉäÉ=^oj^J
ãçÇÉääÉå=Éå=JãÉíÜçÇÉK=eÉí=ÜÉÉÑí=~äë=ïÉääáÅÜí=ÄÉä~åÖêáàâëíÉ=ÉáÖÉåëÅÜ~é=Ç~í=ÜÉí=çé=ÉÉå=
ÖÉëí~åÇ~~êÇáëÉÉêÇÉI=Éå=ãáåÇÉê=âÉååáëJ=Éå=~êÄÉáÇëáåíÉåëáÉîÉ=ã~åáÉêI=íçÉÖÉé~ëí=â~å=
ïçêÇÉå=çé=ÉÉå=Öêççí=~~åí~ä=ãÉÉíêÉÉâëÉå=íÉÖÉäáàâK=bÉå=ÄÉä~åÖêáàâÉ=ëí~é=áå=ÇÉ=
íçÉé~ëëáåÖ=î~å=ÇÉ=çåíïáââÉäÇÉ=ãÉíÜçÇÉå=áå=ÇÉ=éê~âíáàâ=áë=ÇÉ=çåíïáââÉäáåÖ=î~å=ÉÉå=
ÖÉÄêìáâëîêáÉåÇÉäáàâ=ÅçãéìíÉêéêçÖê~ãã~=ÖÉïÉÉëíI=ÖÉå~~ãÇ=jÉåó~åíÜÉëK=eÉí=ÖÉÄêìáâ=
î~å=Çáí=éêçÖê~ãã~=Éå=ÇÉ=Ç~~êáå=çéÖÉåçãÉå=ãÉíÜçÇÉå=ëíÉäí=çåÇÉêòçÉâÉêë=Éå=
EÉÅçFÜóÇêçäçÖÉå=áå=ÇÉ=éê~âíáàâ=áå=ëí~~í=çã=ÇÉ=ÉÑÑÉÅíÉåI=áãéìäëêÉëéçåëÑìåÅíáÉë=Éå=
ãçãÉåíÉå=î~å=îÉêëÅÜáääÉåÇÉ=áåîäçÉÇëÑ~ÅíçêÉå=~Ñ=íÉ=äÉáÇÉå=ìáí=ÇÉ=Ç~í~I=Éå=íÉ=ëÅÜÉáÇÉåK=
hçêí=ÖÉòÉÖÇ=äÉîÉêí=Çáí=éêçãçíáÉçåÇÉêòçÉâ=ÇÉ=ãÉíÜçÇÉå=Éå=ÜìäéãáÇÇÉäÉå=ÇáÉ=åçÇáÖ=
òáàå=îççê=ÜÉí=ìáíîçÉêÉå=î~å=ÇÉ=í~âÉå=ÇáÉ=ÜÉí=ççêëéêçåâÉäáàâ=íÉå=ÇçÉä=ÖÉëíÉäÇ=ï~êÉåK=aÉ=
åì=îçäÖÉåÇÉ=é~ê~Öê~ÑÉå=ÄÉî~ííÉå=ÇÉ=ë~ãÉåî~ííáåÖ=Éå=ÅçåÅäìëáÉë=î~å=ÇÉ=îÉêëÅÜáääÉåÇÉ=
ëí~ééÉå=ìáí=ÜÉí=çåÇÉêòçÉâI=Éå=ÇÉ=ïÉíÉåëÅÜ~ééÉäáàâÉ=~êíáâÉäÉå=ÇáÉ=ÜÉí=ÜÉÉÑí=
çéÖÉäÉîÉêÇK=



eççÑÇëíìâ=V=

..…………………………………………………………………………………………….…. 

=
== NUS=

9.2 Tijdreeksmodellering met behulp van continue 
responsfuncties 

aÉ=Ö~åÖÄ~êÉ=ãÉíÜçÇÉå=îççê=íáàÇêÉÉâë~å~äóëÉ=EÇÉ=ÇáëÅêÉíÉ=^oj^=E^ìíçoÉÖêÉëëáîÉJ
jçîáåÖ=^îÉê~ÖÉF=íê~åëÑÉêêìáëJãçÇÉääÉå=î~å=x_çñ=~åÇ=gÉåâáåëI=NVTMz=ÜÉÄÄÉåI=òç~äë=
ÄÉëéêçâÉå=áå=é~ê~Öê~~Ñ=OKOKPI=îÉêëÅÜáääÉåÇÉ=ÄÉéÉêâáåÖÉåK=få=ÜççÑÇëíìâ=P=ïçêÇí=ÉÉå=
~äíÉêå~íáÉîÉ=ãÉíÜçÇÉ=ÖÉéêÉëÉåíÉÉêÇ=ÇáÉ=ÖÉÑçêãìäÉÉêÇ=áë=áå=ÉÉå=Åçåíáåì=íáàÇëÇçãÉáåK=
aÉ=Ä~ëáë=î~å=ÇÉòÉ=òçÖÉå~~ãÇÉ=mfocf`qJãÉíÜçÇÉ=áë=ÉÉå=ÅçåîçäìíáÉáåíÉÖê~~äK=_áååÉå=ÇÉ=
mfocf`qJãÉíÜçÇáÉâ=â~å=áå=éêáåÅáéÉ=ÉäâÉ=~å~äóíáëÅÜÉ=ÑìåÅíáÉ=~äë=áãéìäëêÉëéçåë=ÖÉÄêìáâí=
ïçêÇÉåI=òçä~åÖ=ÇÉòÉ=ÉÉå=ÄÉâÉåÇÉ=áåíÉÖê~~ä=çÑ=ëí~éêÉëéçåë=ÜÉÉÑíK=bÉå=ÖÉëÅÜ~~äÇÉ=
Ö~ãã~îÉêÇÉäáåÖI=ãÉí=~äë=ÑóëáëÅÜ=~å~äççÖ=ÉÉå=Å~ëÅ~ÇÉ=î~å=äáåÉ~áêÉ=êÉëÉêîçáêëI=Ääáàâí=
ÉÅÜíÉê=áå=ëí~~í=çã=ÇÉ=êÉëéçåë=î~å=ÇÉ=ÖêçåÇï~íÉêëí~åÇ=çé=åÉÉêëä~Ö=Éå=îÉêÇ~ãéáåÖ=áå=
ÜÉí=~äÖÉãÉÉå=å~ìïÖÉòÉí=íÉ=âìååÉå=ÄÉëÅÜêáàîÉåK=aáí=Ääáàâí=ìáí=ÇÉ=ÄÉëÅÜêÉîÉå=
íçÉé~ëëáåÖ=áå=ÜççÑÇëíìâ=P=EÉå=ìáí=ÇÉ=îÉäÉ=ä~íÉêÉ=êÉëìäí~íÉåFK=aÉ=êÉëìäí~íÉå=î~å=ÜÉí=
mfocf`qJãçÇÉä=ÄäáàâÉå=Éèìáî~äÉåí=íÉ=òáàå=ãÉí=ÇáÉ=î~å=^oj^JãçÇÉääÉåI=ï~í=
ÖÉÅçåÅäìÇÉÉêÇ=â~å=ïçêÇÉå=ìáí=ÜÉí=ÑÉáí=Ç~í=ÇÉ=íê~åëÑÉêÑìåÅíáÉë=î~å=ÄÉáÇÉ=ãçÇÉääÉå=
ÖäçÄ~~ä=ÇÉòÉäÑÇÉ=îçêã=~~ååÉãÉåI=ï~ååÉÉê=ÇÉ=ãçÇÉääÉå=íçÉÖÉé~ëí=ïçêÇÉå=çé=
ÇÉòÉäÑÇÉ=Ç~í~K=aÉ=íê~åëÑÉêÑìåÅíáÉë=î~å=^oj^JãçÇÉääÉå=îÉêíçåÉå=ÉÅÜíÉê=ÉÉå=
çåêÉÖÉäã~íáÖ=é~íêççå=áå=ÜÉí=ÇÉÉä=Ç~í=ÄÉ≥åîäçÉÇí=ïçêÇí=Çççê=j^Jé~ê~ãÉíÉêëI=íÉêïáàä=
ÇÉ=îçêã=î~å=ÇÉ=Ö~ãã~îÉêÇÉäáåÖ=Öä~Ç=áëK=lçâ=ÇÉ=éêÉëí~íáÉë=î~å=ÄÉáÇÉ=ãçÇÉääÉåI=áå=
íÉêãÉå=î~å=ÇÉ=â~äáÄê~íáÉJ=Éå=î~äáÇ~íáÉÑçìí=çÑïÉä=oççí=jÉ~å=pèì~êÉÇ=bêêçê=EojpbFI=
ÄäáàâÉå=áå=ÜçÖÉ=ã~íÉ=îÉêÖÉäáàâÄ~~êK=_áà=ÜÉí=îÉêÖÉäáàâÉå=î~å=ÇÉ=êÉëìäí~íÉå=î~å=NR=
ëíáàÖÜççÖíÉêÉÉâëÉå=âï~ã=~äë=ÉåáÖÉ=îÉêëÅÜáä=å~~ê=îçêÉå=Ç~í=ÇÉ=â~äáÄê~íáÉÑçìí=î~å=ÜÉí=
mfocf`qJãçÇÉä=áÉíë=ÖêçíÉê=Éå=ÇÉ=î~äáÇ~íáÉÑçìí=àìáëí=áÉíë=âäÉáåÉê=ï~ëK=aÉ=îÉêëÅÜáääÉåI=
ÜçÉïÉä=âäÉáåI=âìååÉå=îÉêâä~~êÇ=ïçêÇÉå=Çççê=ÜÉí=îÉêëÅÜáä=áå=ãçÇÉäëíêìÅíììêK=lãÇ~í=
ÇÉ=îçêã=î~å=ÇÉ=^oj^Jíê~åëÑÉêÑìåÅíáÉ=îêáà=áë=áå=ÜÉí=j^JÇÉÉäI=â~å=ÜÉí=ÇÉÉäë=ççâ=îêáàÉäáàâ=
~ÑÜ~åÖÉå=î~å=íçÉî~ääáÖÉ=âêìáëÅçêêÉä~íáÉë=íìëëÉå=áåJ=Éå=ìáíîçÉêK=aÉêÖÉäáàâ=
ÚçîÉêÑáííáåÖëÖÉÇê~ÖÛ=ò~ä=êÉëìäíÉêÉå=áå=ÉÉå=âäÉáåÉêÉ=â~äáÄê~íáÉJojpbI=ÉÉå=ÖêçíÉêÉ=
î~äáÇ~íáÉJojpbI=Éå=áå=ÉÉå=ÇÉÉäë=íçÉî~ääáÖ=çÑ=ê~åÇçã=é~íêççå=î~å=ÇÉ=íê~åëÑÉêÑìåÅíáÉI=
òç~äë=ÖÉîçåÇÉå=áë=áå=ÇÉ=îççêÄÉÉäÇíçÉé~ëëáåÖK=lãÇ~í=ÇÉ=ÅçåíáåìÉ=êÉëéçåëÑìåÅíáÉë=î~å=
ÜÉí=mfocf`qJãçÇÉä=Öä~Ç=òáàåI=Éå=áå=ÜÉí=~äÖÉãÉÉå=ãáåÇÉê=é~ê~ãÉíÉêë=ÜÉÄÄÉåI=áë=ÜÉí=
ãçÇÉä=ççâ=ãáåÇÉê=ÖÉîçÉäáÖ=îççê=çîÉêÑáííáåÖK=eáÉê=òáà=ÉÅÜíÉê=ÖÉëíÉäÇ=Ç~í=ÇÉ=âÉìòÉ=î~å=
ÉÉå=ëéÉÅáÑáÉâÉ=êÉëéçåëÑìåÅíáÉ=ççâ=ÄÉéÉêâáåÖÉå=ëíÉäí=~~å=ÇÉ=îçêã=Éêî~åK=aÉòÉ=
ÄÉéÉêâáåÖÉå=âìååÉå=ÇÉ=ãçÇÉäêÉëìäí~íÉå=ççâ=åÉÖ~íáÉÑ=ÄÉ≥åîäçÉÇÉåI=ï~ååÉÉê=ÇÉ=
ÖÉâçòÉå=ÑìåÅíáÉ=åáÉí=ÖçÉÇ=çîÉêÉÉåâçãí=ãÉí=ÇÉ=ÚïÉêâÉäáàâÉÛ=êÉëéçåëK=aÉ=mfocf`qJ
ãÉíÜçÇÉ=ÜÉÉÑí=~ä=ãÉí=~ä=ÇÉ=îçäÖÉåÇÉI=~ííê~ÅíáÉîÉ=ÉáÖÉåëÅÜ~ééÉåW=
=

• aÉ=ãçÇÉäé~ê~ãÉíÉêë=òáàå=áå=ÇÉ=mfocf`qJÄÉå~ÇÉêáåÖ=áå=éêáåÅáéÉ=Åçåëí~åíÉå=Éå=
çå~ÑÜ~åâÉäáàâ=î~å=ÇÉ=Ç~í~ÑêÉèìÉåíáÉK=aáí=áë=ÄÉä~åÖêáàâ=ï~ååÉÉê=ÄÉççÖÇ=ïçêÇí=
ÇÉ=åáÉíJíáàÇë~ÑÜ~åâÉäáàâÉ=êÉëéçåëâ~ê~âíÉêáëíáÉâÉå=î~å=ëóëíÉãÉå=î~ëí=íÉ=ëíÉääÉåI=
òç~äë=áå=ÇÉ=çêáÖáåÉäÉ=ÇçÉäëíÉääáåÖÉå=î~å=Çáí=éêçÉÑëÅÜêáÑíK=aÉ=êÉëìäí~íÉå=î~å=
^oj^JãçÇÉääÉå=ÄäáàâÉå=áå=ÜççÑÇëíìâ=PI=òç~äë=îÉêï~ÅÜíI=ïÉä=~ÑÜ~åâÉäáàâ=î~å=
ÇÉ=ãçÇÉäçêÇÉ=Éå=Ç~í~ÑêÉèìÉåíáÉ=Eï~í=î~åìáí=ÇÉ=ÅçåíáåìÉ=íáàÇëÖÉÇ~ÅÜíÉ=ÉÅÜíÉê=
ïÉä=ÚíÉ=êÉé~êÉêÉåÛ=òçì=òáàåFK=

• eÉí=mfocf`qJãçÇÉä=â~åI=î~åïÉÖÉ=ÜÉí=ÑÉáí=Ç~í=ÇÉ=ãçÇÉäîÉêÖÉäáàâáåÖÉå=Åçåíáåì=
òáàå=áå=ÇÉ=íáàÇI=îççêëéÉääáåÖÉå=ÇçÉå=Éå=çîÉêïÉÖ=ãÉí=Ç~í~=ãÉí=ÉÉå=ïáääÉâÉìêáÖÉ=
ÑêÉèìÉåíáÉK=aÉ=ÑêÉèìÉåíáÉ=î~å=ãçÇÉäáåéìí=Éå=çìíéìí=òáàå=Ç~~êÄáà=åáÉí=



p~ãÉåî~ííáåÖ=Éå=ÅçåÅäìëáÉë==

KKÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁKÁK 

=
==NUT=

ÖÉâçééÉäÇI=Éå=âìååÉå=ÄçîÉåÇáÉå=çåêÉÖÉäã~íáÖ=òáàåK=aÉ=mfocf`qJãÉíÜçÇÉ=áë=áå=
îÉêÖÉäáàâáåÖ=ãÉí=ÇÉ=ÖÉÅçãÄáåÉÉêÇÉ=h~äã~åJÑáäíÉêJ=Éå=^ouJãçÇÉäÄÉå~ÇÉêáåÖ=
x_áÉêâÉåë=Éí=~äKI=NVVVz=ÄçîÉåÇáÉå=ãÉÉê=ÖÉåÉêáÉâK=få=éêáåÅáéÉ=â~å=ÉäâÉ=
~å~äóíáëÅÜÉ=êÉëéçåëÑìåÅíáÉ=ÖÉÄêìáâí=ïçêÇÉå=ÄáååÉå=ÜÉí=ãçÇÉäI=åáÉí=~ääÉÉå=ÇÉ=
ÉñéçåÉåíáØäÉ=ÑìåÅíáÉ=î~å=ÜÉí=^ouJãçÇÉäK=aáí=áëI=òç~äë=~~å=ÇÉ=çêÇÉ=áë=ÖÉâçãÉå=
áå=é~ê~Öê~~Ñ=OKPKRI=áå=îÉÉä=ëáíì~íáÉë=î~å=ÄÉä~åÖI=ÄáàîççêÄÉÉäÇ=ï~ååÉÉê=
êÉâÉåáåÖ=ÖÉÜçìÇÉå=ãçÉí=ïçêÇÉå=ãÉí=ÇÉ=êÉä~íáÉîÉ=éçëáíáÉ=ÄáååÉå=ÉÉå=
ëóëíÉÉãI=ãÉí=ÇÉ=ÉÑÑÉÅíÉå=î~å=ÇÉ=çåîÉêò~ÇáÖÇÉ=òçåÉI=Éå=ãÉí=~åÇÉêÉ=Ñ~ÅíçêÉå=
Ç~å=åÉÉêëä~Ö=Éå=îÉêÇ~ãéáåÖK==

• eÉí=ÖÉÄêìáâ=î~å=ÇÉ=mfocf`qJÄÉå~ÇÉêáåÖ=îÉêÉÉåîçìÇáÖí=áå=ÜçÖÉ=ã~íÉ=ÜÉí=
éêçÄäÉÉã=î~å=ÇÉ=ãçÇÉäáÇÉåíáÑáÅ~íáÉK=aÉ=ÅçåíáåìÉ=ÑçêãìäÉêáåÖ=ÄÉîçêÇÉêí=
~ääÉêÉÉêëí=ÜÉí=ÑóëáëÅÜJÜóÇêçäçÖáëÅÜÉ=áåòáÅÜí=áå=ÇÉ=ãçÇÉäëíêìÅíììê=Éå=Ó
êÉëìäí~íÉåK=eÉí=ÑóëáëÅÜÉ=ÑìåÅíáçåÉêÉå=î~å=ÉÉå=ëéÉÅáÑáÉâ=ëóëíÉÉãI=áåÅäìëáÉÑ=ÇÉ=
ÑóëáëÅÜ=ÖÉÄ~ëÉÉêÇÉ=é~ê~ãÉíÉêëI=â~å=áå=éêáåÅáéÉ=ÇáêÉÅí=ÖÉ≥ãéäÉãÉåíÉÉêÇ=
ïçêÇÉå=áå=ÜÉí=ãçÇÉäI=áå=ÇÉ=îçêã=î~å=ÉÉå=~å~äóíáëÅÜÉ=çéäçëëáåÖ=Éêî~åK=aÉ=
ãçÇÉäçêÇÉ=î~å=^oj^JãçÇÉääÉå=çãî~íI=íÉê=îÉêÖÉäáàâáåÖI=íÉåãáåëíÉ=òÉë=
ÖÉí~ääÉå=Eï~ååÉÉê=ççâ=ÇÉ=ÑêÉèìÉåíáÉ=áå=ÄÉëÅÜçìïáåÖ=ïçêÇí=ÖÉåçãÉåFK=eÉí=
ÇÉÑáåáØêÉå=Éêî~å=áë=ÉÉå=ÅçãéäÉñÉ=Éå=íÉå=ÇÉäÉ=ëìÄàÉÅíáÉîÉ=~~åÖÉäÉÖÉåÜÉáÇK=aÉ=
ãçÇÉäçêÇÉ=ÇáÉåí=ãáå=çÑ=ãÉÉê=Ü~åÇã~íáÖ=ÖÉ≥ÇÉåíáÑáÅÉÉêÇ=íÉ=ïçêÇÉå=Çççê=ÇÉ=
ãçÇÉääÉìêI=çÑ=âçêí=ÖÉòÉÖÇI=ÇÉ=òÉë=ÖÉí~ääÉå=ÇáÉåÉå=ÚÜ~åÇã~íáÖ=
ÖÉçéíáã~äáëÉÉêÇÛ=íÉ=ïçêÇÉåK=oÉëéçåëÑìåÅíáÉë=~äë=ÇÉ=ÖÉëÅÜ~~äÇÉ=
Ö~ãã~îÉêÇÉäáåÖ=òáàå=ÉÅÜíÉê=ÄêÉÉÇ=íçÉé~ëÄ~~êI=òÉÉê=ÑäÉñáÄÉä=î~å=~~êÇ=òáàåI=Éå=
òÉ=çãî~ííÉå=ÉÉå=êÉÉâë=î~å=^oj^JãçÇÉäçêÇÉëK=_áà=ÖÉÄêìáâ=Ç~~êî~å=âçãí=
ãçÇÉäáÇÉåíáÑáÅ~íáÉ=ÇççêÖ~~åë=åÉÉê=çé=ÜÉí=áÇÉåíáÑáÅÉêÉå=î~å=ÇÉ=Ñ~ÅíçêÉå=ÇáÉ=
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~ääÉ=éÉáäÄìáòÉå=ìáí=ÉÉå=ÖÉÄáÉÇI=çåÖÉ~ÅÜí=ÇÉ=ÖÉçÜóÇêçäçÖáëÅÜÉ=ëáíì~íáÉ=Éå=
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9.3 Een continu ruismodel voor reeksen met autocorrelatie en 
een onregelmatige frequentie 
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ÑçìíÉåÄêçååÉåK=eççÑÇëíìâ=Q=ä~~í=òáÉå=Ç~í=~õ=ÇÉ=îÉêÖÉäáàâáåÖÉå=îççê=ÜÉí=ÇçÉå=î~å=ÇÉ=
îççêëéÉääáåÖÉå=áå=ÇÉ=òçÖÉå~~ãÇÉ=íáàÇëìéÇ~íÉ=î~å=ÜÉí=ÚÖÉÇÉÖÉåÉêÉÉêÇÉÛ=h~äã~åJÑáäíÉêI=
ÄF=ÇáÉ=î~å=ÇÉ=îççêëéÉääáåÖëãçÇìë=î~å=ÜÉí=^oENFJãçÇÉäI=Éå=ÅF=ÇÉ=îÉêÖÉäáàâáåÖÉå=
ï~~êãÉÉ=ÇÉ=áååçî~íáÉë=áå=ÜÉí=lr_JãçÇÉä=ÄÉêÉâÉåÇ=ïçêÇÉåI=ïáëâìåÇáÖ=Éèìáî~äÉåí=
òáàåK=aÉ=îççêëéÉääáåÖÉå=î~å=ÜÉí=lr_JãçÇÉä=òáàå=ÉÅÜíÉê=Éñ~ÅíK=wÉ=òáàå=ÄçîÉåÇáÉå=
êÉâÉåâìåÇáÖ=ÉÑÑáÅáØåíÉêI=çãÇ~í=òÉ=ÇáêÉÅí=Éå=åáÉí=êÉÅìêëáÉÑ=ÖÉØî~äìÉÉêÇ=ïçêÇÉåK=
s~åïÉÖÉ=Ü~~ê=ÉÉåîçìÇ=áë=ÜÉí=lr_JãçÇÉä=ÄçîÉåÇáÉå=ÉÉåîçìÇáÖ=áãéäÉãÉåíÉÉêÄ~~êK=
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âäÉáåëíÉ=âï~Çê~íÉå=ÅêáíÉêáìã=~Ñ=íÉ=äÉáÇÉå=ìáí=ÇÉ=òçÖÉå~~ãÇÉ=iáâÉäáÜççÇJÑìåÅíáÉ=ÇáÉ=
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ÅçåîÉêÖÉêÉå=å~~ê=òçÖÉå~~ãÇÉ=Új~ñáãìã=iáâÉäáÜççÇÚJëÅÜ~ííáåÖÉå=îççê=ÖêçíÉêÉ=
~~åí~ääÉå=ãÉíáåÖÉåK=bÉå=îççêÇÉÉä=î~å=ÜÉí=ptpfJÅêáíÉêáìã=áë=Ç~í=ÜÉí=ÖÉçéíáã~äáëÉÉêÇ=
â~å=ïçêÇÉå=ãÉí=ëí~åÇ~~êÇ=åáÉíJäáåÉ~áêÉ=êÉÖêÉëëáÉãÉíÜçÇÉåI=òç~äë=ÇÉ=ãÉíÜçÇÉ=î~å=
iÉîÉåÄÉêÖJj~êèì~êÇíI=ÇáÉ=êÉâÉåâìåÇáÖ=ÉêÖ=ÉÑÑáÅáØåí=òáàåK=k~~ëí=ÜÉí=lr_JãçÇÉä=â~å=
ççâ=ÜÉí=ptpfJÅêáíÉêáìã=ÖÉÄêìáâí=ïçêÇÉå=áå=ÅçãÄáå~íáÉ=ãÉí=~åÇÉêÉ=ãçÇÉääÉåI=
ÄáàîççêÄÉÉäÇ=îççê=ÇÉ=áååçî~íáÉë=î~å=ÉÉå=h~äã~åJÑáäíÉêI=ï~ååÉÉê=Ç~~êÄáà=ÉñéçåÉåíáÉÉä=
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=

9.4 Het modelleren van stijghoogtereeksen die beïnvloedt 
worden door meerdere factoren 
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~ÑÖÉòáÉå=î~å=ÉÉå=êÉÇìÅíáÉÑ~ÅíçêK==

• få=ÇÉ=íáàÇêÉÉâë~å~äóëÉ=äáíÉê~íììê=äáÖí=ÇÉ=ÑçÅìë=çé=ÜÉí=~å~äóëÉêÉå=î~å=áåÇáîáÇìÉäÉ=
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ÅçãÄáå~íáÉ=ãÉí=ÇÉ=~å~äóëÉ=î~å=ãÉÉêÇÉêÉ=êÉÉâëÉå=íÉÖÉäáàâI=ÉêÖ=ÄÉÜìäéò~~ã=
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~ÑïáàâáåÖÉå=îÉêíççåí=áë=îÉêÇ~ãéáåÖK=sÉêÇ~ãéáåÖ=îÉêíççåí=ÉÉå=ëÉáòçÉåë~ÑÜ~åâÉäáàâ=
é~íêççå=Ç~í=ëåÉä=ÅçêêÉäÉÉêí=ãÉí=~åÇÉêÉ=ëÉáòçÉåë~ÑÜ~åâÉäáàâÉ=Ñ~ÅíçêÉåK=bÉå=îççêÄÉÉäÇ=
ÜáÉêî~å=áë=íÉ=îáåÇÉå=áå=ÜççÑÇëíìâ=RI=ï~~ê=ÇÉ=êìáãíÉäáàâÉ=îÉêÇÉäáåÖ=î~å=ÇÉ=ÖÉëÅÜ~ííÉ=
îÉêÇ~ãéáåÖëÑ~Åíçê=ÇìáÇÉäáàâ=ïáàëí=çé=ÉÉå=ÇÉêÖÉäáàâÉ=~ÑïáàâáåÖK=få=Çáí=ëéÉÅáÑáÉâÉ=ÖÉî~ä=
ï~ë=ÇÉ=ÄÉä~åÖêáàâëíÉ=ÑçìíÉåÄêçå=áå=ÜÉí=ãçÇÉä=ÜÉí=ÑÉáí=Ç~í=Éê=ÖÉÉå=êÉâÉåáåÖ=ïÉêÇ=
ÖÉÜçìÇÉå=ãÉí=ÜÉí=ÖÉÇê~Ö=î~å=ÇÉ=áåÇáîáÇìÉäÉ=çåííêÉââáåÖëéìííÉåI=íÉêïáàä=ÇÉ=íçí~äÉ=
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=
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çåííêÉââáåÖëÜçÉîÉÉäÜÉáÇ=ÉÉå=ëÉáòçÉåëé~íêççå=ä~~í=òáÉåK=bÉå=ÇÉêÖÉäáàâ=éêçÄäÉÉã=â~å=
îÉêÜçäéÉå=ïçêÇÉå=Çççê=ÇÉ=çåíÄêÉâÉåÇÉ=áåÑçêã~íáÉ=ãÉÉ=íÉ=åÉãÉå=áå=ÜÉí=ãçÇÉäI=áå=Çáí=
ÖÉî~ä=ÇÉ=çåííêÉââáåÖÉå=î~å=ÇÉ=áåÇáîáÇìÉäÉ=éìííÉåK=t~ååÉÉê=ÇáÉ=áåÑçêã~íáÉ=åáÉí=
îççêÜ~åÇÉå=áë=Eòç~äë=áå=Çáí=ÖÉî~äFI=âìååÉå=ÇÉ=~ÑïáàâáåÖÉå=ÄÉéÉêâí=ïçêÇÉå=Çççê=ÜÉí=
çéíáã~äáë~íáÉéêçÄäÉÉã=áå=íÉ=éÉêâÉå=íçí=ÉÉå=êÉ~äáëíáëÅÜ=ÄÉêÉáâI=ÖÉÄ~ëÉÉêÇ=çé=ÇÉ=
ï~~êÇÉå=Éå=é~íêçåÉå=áå=ÇÉ=çãäáÖÖÉåÇÉ=ï~~êåÉãáåÖëéìííÉåK==
=
k~~ëí=ÇÉòÉ=ãÉíÜçÇçäçÖáëÅÜÉ=âïÉëíáÉë=ÇáÉåí=ÜççÑÇëíìâ=R=ççâ=~äë=îççêÄÉÉäÇ=î~å=ÜÉí=
ÑÉáí=Ç~í=ÉÉå=íáàÇêÉÉâëãçÇÉä=áå=ëí~~í=áë=çã=ëíáàÖÜççÖíÉêÉÉâëÉå=ÉÑÑÉÅíáÉÑ=íÉ=çåíÄáåÇÉå=áå=
ÇÉÉäêÉÉâëÉåI=ÇáÉ=ÇÉ=áåîäçÉÇ=íçåÉå=î~å=ÇÉ=~ÑòçåÇÉêäáàâÉ=Ñ~ÅíçêÉåK=aáí=áë=ïÉääáÅÜí=ÉÉå=î~å=
ÇÉ=ÄÉä~åÖêáàâëíÉ=éê~âíáëÅÜÉ=íçÉé~ëëáåÖÉå=î~å=ÉÉå=íáàÇêÉÉâëãçÇÉäK=lé=ÇáÉ=ã~åáÉê=â~åI=
çåÇÉê=ÄÉé~~äÇÉ=îççêï~~êÇÉåI=ÜÉí=ÉÑÑÉÅí=î~å=~ÑòçåÇÉêäáàâÉ=ÜóÇêçäçÖáëÅÜÉ=ã~~íêÉÖÉäÉå=
çÑ=Ñ~ÅíçêÉå=~äë=ÖêçåÇï~íÉêçåííêÉââáåÖÉå=áå=ÄÉÉäÇ=ÖÉÄê~ÅÜí=Éå=ÖÉâï~åíáÑáÅÉÉêÇ=
ïçêÇÉåK=eÉí=ãçÇÉä=äÉîÉêí=ÄçîÉåÇáÉå=ÉÉå=ëÅÜ~ííáåÖ=çé=î~å=ÜÉí=ÉÑÑÉÅí=î~å=
îÉê~åÇÉêáåÖÉå=áå=ÇÉ=áåîäçÉÇëÑ~ÅíçêÉåI=áå=ÇÉ=îçêã=î~å=ÇÉ=áåÇáîáÇìÉäÉ=êÉëéçåëÑìåÅíáÉëK=
aÉ=êÉëìäí~íÉå=âìååÉå=ÜáÉêÇççê=ççâ=ÖÉÄêìáâí=ïçêÇÉå=îççê=ëÅÉå~êáçÄÉêÉâÉåáåÖÉåI=ÜÉí=
çéíáã~äáëÉêÉå=î~å=ÇÉ=ÖêçåÇï~íÉêëí~åÇÉå=ÉåLçÑ=ÜÉí=ÄÉÜÉÉê=Ç~~êî~åK=
=

9.5 Het karakteriseren van de grondwaterstandsdynamiek op 
basis van responseigenschappen 

wç~äë=ÄÉëéêçâÉå=áë=áå=é~ê~Öê~~Ñ=NKN=Ü~Ç=Çáí=éêçÉÑëÅÜêáÑí=ççêëéêçåâÉäáàâ=íÉå=ÇçÉä=ÜÉí=
îÉêÄÉíÉêÉå=î~å=ÇÉ=Ö~åÖÄ~êÉ=ãÉíÜçÇÉå=ï~~êãÉÉ=ÇÉ=êÉä~íáÉ=íìëëÉå=ÖêçåÇï~íÉêëí~åÇ=
Éå=îÉÖÉí~íáÉ=áå=ÉÅçÜóÇêçäçÖáëÅÜÉ=ãçÇÉääÉå=ÖÉãçÇÉääÉÉêÇ=ïçêÇíK=j~~ë=xj~~ëI=NVVRz=
ëíÉäÇÉ=ÜÉí=ÖÉÄêìáâ=î~å=ãçãÉåíÉå=î~å=ÇÉ=áãéìäëêÉëéçåëÑìåÅíáÉ=îççêI=~äë=~äíÉêå~íáÉÑ=
îççê=ÜÉí=ÖÉÄêìáâ=î~å=ëí~íáëíáÉâÉå=ÇáÉ=ÇÉ=ÖêçåÇï~íÉêëéáÉÖÉäÇóå~ãáÉâ=òÉäÑ=ÄÉëÅÜêáàîÉåK=
wìäâÉ=ÄÉëÅÜêáàîÉåÇÉ=ëí~íáëíáÉâÉå=ïçêÇÉå=ÄÉ≥åîäçÉÇí=Çççê=ãÉíÉçêçäçÖáëÅÜÉ=î~êá~íáÉI=¨å=
òÉ=âÉåãÉêâÉå=ÄçîÉåÇáÉå=ëäÉÅÜíë=ÉÉå=ÄÉéÉêâí=~~åí~ä=Ñ~ÅÉííÉå=î~å=ÇÉ=ÖÉãÉíÉå=
Çóå~ãáÉâK=eÉí=òáàåI=ïÉäÄÉëÅÜçìïÇI=ÉÅÜíÉê=åáÉí=ÇÉ=ãçãÉåíÉåI=ã~~ê=ÜÉí=áë=ÇÉ=
ÖêçåÇï~íÉêëí~åÇ=òÉäÑ=ÇáÉ=ÇÉ=ÖêçÉáçãëí~åÇáÖÜÉÇÉå=áå=å~ííÉ=ÉÅçëóëíÉãÉå=ÄÉé~~äí=
Eë~ãÉå=ãÉí=~åÇÉêÉ=~ÄáçíáëÅÜÉ=Éå=ÄáçíáëÅÜÉ=Ñ~ÅíçêÉåI=Éå=ãÉÉê=çÑ=ãáåÇÉê=ÇáêÉÅíFK=
jçãÉåíÉå=òáàå=Ç~~êÄáà=åáÉí=~äíáàÇI=çÑ=åáÉí=òçåÇÉê=ãÉÉêI=ÄêìáâÄ~~ê=îççê=
ÉÅçÜóÇêçäçÖáëÅÜÉ=ãçÇÉääÉêáåÖI=çã=ÇÉ=îçäÖÉåÇÉ=êÉÇÉåÉåW=
=

• jçãÉåíÉå=òáàå=Åçåëí~åíI=íÉêïáàä=ÉÅçëóëíÉãÉå=Ç~í=åáÉí=òáàåK=^äÜçÉïÉä=Çáí=
ïÉääáÅÜí=ÉÉå=~~åíêÉââÉäáàâÉ=ÉáÖÉåëÅÜ~é=áë=îççê=êÉä~íáÉÑ=ëí~ÄáÉäÉ=ÉÅçëóëíÉãÉåI=
ÅçãéäáÅÉÉêí=ÜÉí=ÜÉí=ÖÉÄêìáâ=î~å=ãçãÉåíÉå=îççê=ÜÉí=ãçÇÉäÉêÉå=î~å=ÇÉ=
ÉÅçëóëíÉÉãÇóå~ãáÉâ=òÉäÑI=ÉKÖKI=áå=êÉëéçåë=çé=âäáã~~íÇóå~ãáÉâ=Éå=J
îÉê~åÇÉêáåÖK==

• få=ÇáÅÜíÄÉîçäâíÉ=ÖÉÄáÉÇÉå=òç~äë=kÉÇÉêä~åÇ=ïçêÇí=ÇÉ=EÖêçåÇFï~íÉêëí~åÇ=
ÖÉïççåäáàâ=~ÅíáÉÑ=ÄÉÜÉÉêÇ=çÑ=~åÇÉêëòáåë=ÄÉ≥åîäçÉÇí=Çççê=ãÉåëÉäáàâÉ=
~ÅíáîáíÉáíÉåK=få=òìäâÉ=ÖÉî~ääÉå=òáàå=åáÉí=¨¨åI=ã~~ê=îÉêëÅÜáääÉåÇÉ=êÉëéçåëÑìåÅíáÉë=
î~å=ÄÉä~åÖI=Éå=Çáí=ëççêí=~ÅíáîáíÉáíÉå=òáàå=ÄçîÉåÇáÉå=ççâ=òÉäÑ=î~êá~ÄÉä=áå=ÇÉ=
êìáãíÉK==

• k~ííÉ=ÉÅçëóëíÉãÉå=âÉååÉå=éÉê=ÇÉÑáåáíáÉ=ÜçÖÉ=EÖêçåÇFï~íÉêëí~åÇÉåI=Éå=
ÖÉÇê~ÖÉå=òáÅÜ=Ç~~êÇççê=î~~â=ëíÉêâ=åáÉíJäáåÉ~áêK=aÉ=



p~ãÉåî~ííáåÖ=Éå=ÅçåÅäìëáÉë==

KKÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁKÁK 

=
==NVN=

ÖêçåÇï~íÉêëéáÉÖÉäÇóå~ãáÉâ=â~å=ççâ=Äáà=åáÉíJäáåÉ~êáíÉáí=åáÉí=îçääÉÇáÖ=
ÖÉâ~ê~âíÉêáëÉÉêÇ=ïçêÇÉå=Çççê=ãáÇÇÉä=î~å=ëäÉÅÜíë=¨¨å=îÉêò~ãÉäáåÖ=ãçãÉåíÉåK=

=
lã=ÇÉ=ÜáÉêÄçîÉå=ÄÉëÅÜêÉîÉå=éêçÄäÉã~íáÉâ=íÉ=îÉêÜÉäÇÉêÉå=ïçêÇÉå=áå=ÜççÑÇëíìâ=S=
îÉêëÅÜáääÉåÇÉ=ãÉíÜçÇÉå=îççê=ÜÉí=â~ê~âíÉêáëÉêÉå=î~å=ÇÉ=ÖêçåÇï~íÉêëéáÉÖÉäÇóå~ãáÉâ=
ÄÉÜ~åÇÉäÇK=få=ÜÉí=ÜççÑÇëíìâ=ïçêÇí=ÄçîÉåÇáÉå=ÉÉå=êÉä~íáÉ=ÖÉäÉÖÇ=íìëëÉå=òìäâÉ=
ÖêçåÇï~íÉêëí~åÇëâ~ê~âíÉêáëíáÉâÉå=Éå=ãçãÉåíÉå=î~å=áãéìäëêÉëéçåëÑìåÅíáÉëK=^äë=
ìáíÖ~åÖëéìåí=áë=ÜáÉêÄáà=ÇÉ=ÖÉëÅÜ~~äÇÉ=Ö~ãã~JîÉêÇÉäáåÖ=Éå=mfocf`qJÄÉå~ÇÉêáåÖ=î~å=
íáàÇêÉÉâë~å~äóëÉ=ÖÉâçòÉåK=lã=íçí=~äíÉêå~íáÉîÉ=çéäçëëáåÖÉå=íÉ=âçãÉå=áë=ÉÉå=~å~äóëÉ=
ÖÉã~~âí=î~å=òçïÉä=ÇÉ=ÖêçåÇï~íÉêëéáÉÖÉäÇóå~ãáÉâ=~äë=ÇÉ=áãéìäëêÉëéçåëÑìåÅíáÉ=áå=ÜÉí=
ÑêÉèìÉåíáÉÇçãÉáåK=eáÉêìáí=áë=ÉÉå=ãÉíÜçÇÉ=çåíïáââÉäÇ=ÇáÉ=ÇÉ=íÉãéçêÉäÉ=Çóå~ãáÉâ=î~å=
ÇÉ=áåîäçÉÇëÑ~ÅíçêÉå=EÖÉâ~ê~âíÉêáëÉÉêÇ=Çççê=Ü~~ê=ÖÉãáÇÇÉäÇÉ=Éå=à~~êäáàâëÉ=~ãéäáíìÇÉF=
ÅçãÄáåÉÉêí=ãÉí=ÇÉ=êìáãíÉäáàâ=î~êá~ÄÉäÉ=áãéìäëêÉëéçåëãçãÉåíÉåK=aÉòÉ=ãÉíÜçÇÉ=
êÉëìäíÉÉêí=áå=ÉÉå=åáÉìïÉ=ëÉí=î~å=é~ê~ãÉíÉêë=ÇáÉ=ÇÉ=ìáíîçÉê=çÑ=ÖêçåÇï~íÉêëéáÉÖÉäJ
Çóå~ãáÉâ=òÉäÑ=â~ê~âíÉêáëÉêÉåI=Éå=ã~~âí=ÖÉÄêìáâ=î~å=ÉÉåîçìÇáÖÉ=~å~äóíáëÅÜÉ=ÑçêãìäÉëK=
aÉòÉ=òçÖÉå~~ãÇÉ=daJâ~ê~âíÉêáëíáÉâÉå=òáàå=ÇÉ=ÖÉãáÇÇÉäÇÉ=ÇáÉéíÉI=çéÄçääáåÖI=à~~êäáàâëÉ=
~ãéäáíìÇÉ=Éå=Ñ~ëÉîÉêëÅÜìáîáåÖ=î~å=ÇÉ=ÖêçåÇï~íÉêëí~åÇK=eÉí=ÜççÑÇëíìâ=ä~~í=ÄçîÉåÇáÉå=
òáÉå=Ç~í=ÇÉòÉ=îáÉê=â~ê~âíÉêáëíáÉâÉå=ë~ãÉå=ÇÉ=ÖêçåÇï~íÉêëéáÉÖÉäÇóå~ãáÉâ=áå=ÇÉí~áä=
â~ê~âíÉêáëÉêÉå=Eáå=ÇÉòÉäÑÇÉ=ã~íÉ=~äë=ÜÉí=íáàÇêÉÉâëãçÇÉäFK=aÉ=ÄÉëÅÜêÉîÉå=êÉä~íáÉ=íìëëÉå=
áåîäçÉÇI=ãçãÉåíÉå=Éå=daJâ~ê~âíÉêáëíáÉâ=â~å=ççâ=áå=çãÖÉâÉÉêÇÉ=òáå=ÖÉÄêìáâí=ïçêÇÉåI=
ÄáàîççêÄÉÉäÇ=çã=ÇÉ=~~åîìääáåÖ=î~å=ÉÉå=~èìáÑÉê=áå=íÉ=ëÅÜ~ííÉåI=~å~äççÖ=~~å=ï~í=ÉÉêÇÉê=
îççêÖÉëíÉäÇ=áë=Çççê=x`ÜÉå=Éí=~äKI=OMMOzK==
=
få=ÇÉ=îççêÄÉÉäÇíçÉé~ëëáåÖ=áå=ÜççÑÇëíìâ=S=ïçêÇÉå=ÇÉ=daJâ~ê~âíÉêáëíáÉâÉå=îÉêÖÉäÉâÉå=
ãÉí=~åÇÉêÉ=ãÉíÜçÇÉå=îççê=ÜÉí=â~ê~âíÉêáëÉêÉå=î~å=ÜÉí=ÖêçåÇï~íÉêêÉÖáãÉI=îççê=íïÉÉ=
êÉÉâëÉå=ãÉí=ëíÉêâ=~ÑïáàâÉåÇÉ=ÉáÖÉåëÅÜ~ééÉåK=aÉ=îÉêÖÉäáàâáåÖ=ä~~í=òáÉå=Ç~í=ÇÉ=
îÉÉäÖÉÄêìáâíÉI=òçÖÉåçÉãÇÉ=dñdJï~~êÇÉå=EÇKïKòK=ÇÉ=dÉãáÇÇÉäÇ=eççÖëíÉI=i~~ÖëíÉ=Éå=
sççêà~~êëdêçåÇï~íÉêëí~åÇF=ÄÉä~åÖêáàâÉ=å~ÇÉäÉå=ÜÉÄÄÉåI=Éå=åáÉí=ÖçÉÇ=çåÇÉêëÅÜÉáÇ=
ã~âÉå=íìëëÉå=ÇÉ=îÉêëÅÜáääÉåÇÉ=êÉÖáãÉëK=_áà=ÇÉ=ÄÉêÉâÉåáåÖ=î~å=dñdJï~~êÇÉå=ïçêÇÉå=
îÉêëÅÜáääÉåÇÉ=Ñ~ÅÉííÉå=î~å=ÇÉ=ÑäìÅíì~íáÉë=Çççê=Éäâ~~ê=ÖÉÜ~~äÇI=~~åÖÉòáÉå=ÇÉ=ÇêáÉ=
ÜççÖëíÉ=EedPF=Éå=ä~~ÖëíÉ=EidPF=ëí~åÇÉå=áå=ÉÉå=à~~ê=ÉÉå=êÉëìäí~åíÉ=òáàå=î~å=òçïÉä=ÇÉ=
à~~êäáàâëÉ=~äë=ÜçÖÉêÉ=ÑêÉèìÉåíáÉë=áå=ÜÉí=ëáÖå~~äK=aççê=ÜÉí=ãáÇÇÉäÉå=î~å=ÇÉ=ñdPJ
ï~~êÇÉå=çîÉê=ä~åÖÉêÉ=éÉêáçÇÉë=Eãáåáã~~ä=U=à~~êF=ïçêÇÉå=ÄçîÉåÇáÉå=ÇÉ=ä~ÖÉêÉ=
ÑêÉèìÉåíáÉë=Éå=ä~åÖà~êáÖÉ=ÉñíêÉãÉå=ÉÑÑÉÅíáÉÑ=ïÉÖÖÉÑáäíÉêÇI=Éå=Çìë=ÄìáíÉå=ÄÉëÅÜçìïáåÖ=
ÖÉä~íÉåK=aççêÇ~í=ÇÉ=ÇêáÉ=ÉñíêÉãÉ=ï~~êÇÉå=áå=ÉÉå=à~~ê=ÖÉãáÇÇÉäÇ=ïçêÇÉå=íçí=ñdPI=Éå=
ÇççêÇ~í=ÉÉå=ï~~êåÉãáåÖëáåíÉêî~ä=î~å=NQ=Ç~ÖÉå=îççêÖÉëÅÜêÉîÉå=áëI=êÉÑäÉÅíÉêÉå=ÇÉ=
dñdJï~~êÇÉå=ÄçîÉåÇáÉå=ÇÉ=à~~êäáàâëÉ=çéíêÉÇÉåÇÉ=ÉñíêÉãÉå=åáÉí=ÖçÉÇK=wçïÉä=ÇÉ=
à~~êäáàâëÉ=~äë=ä~åÖà~êáÖÉ=ÉñíêÉãÉå=òáàå=ÉÅÜíÉê=î~å=Öêççí=ÄÉä~åÖ=î~åïÉÖÉ=ÇÉ=
ÇáëéêçéçêíáçåÉäÉ=ÉÅçäçÖáëÅÜÉ=áåîäçÉÇ=Éå=ÉÅçåçãáëÅÜÉ=ëÅÜ~ÇÉ=ÇáÉ=Éê=ìáí=çåíëí~~åK=^ä=
ãÉí=~ä=â~å=ÖÉÅçåÅäìÇÉÉêÇ=ïçêÇÉå=Ç~í=dñdJï~~êÇÉå=ãáåÇÉê=ÖçÉÇ=áå=ëí~~í=òáàå=çã=ÇÉ=
ÖêçåÇï~íÉêëéáÉÖÉäÇóå~ãáÉâ=çé=îÉêëÅÜáääÉåÇÉ=äçÅ~íáÉë=íÉ=â~ê~âíÉêáëÉêÉå=Ç~å=daJ
â~ê~âíÉêáëíáÉâÉåK=aÉ=ãÉíÜçÇáÉâ=ï~~êãÉÉ=daJâ~ê~âíÉêáëíáÉâÉå=ïçêÇÉå=îÉêâêÉÖÉå=â~å=
ÉÉåîçìÇáÖ=ïçêÇÉå=ìáíÖÉÄêÉáÇ=å~~ê=ëáíì~íáÉë=ï~~ê=ãÉÉêÇÉêÉ=Ñ~ÅíçêÉå=áåîäçÉÇ=ÜÉÄÄÉåI=
òç~äë=ÖêçåÇï~íÉêçåííêÉââáåÖÉå=çÑ=çééÉêîä~âíÉï~íÉêëí~åÇÉåK=sççê=äáåÉ~áêÉ=ëóëíÉãÉå=
â~å=ÜÉí=ëí~íáçå~áêÉ=åáîÉ~ì=Éå=ÇÉ=à~~êäáàâëÉ=~ãéäáíìÇÉ=î~å=ÜÉí=ÉÑÑÉÅí=î~å=~ääÉ=
áåîäçÉÇëÑ~ÅíçêÉå=ÖÉëçããÉÉêÇ=ïçêÇÉåK=_áà=Ñ~ÅíçêÉå=ãÉí=ÉÉå=ëíÉêâ=~ÑïáàâÉåÇ=
Çóå~ãáëÅÜ=ÖÉÇê~Ö=îçäÇçÉí=ÇÉòÉ=ÄÉå~ÇÉêáåÖ=ÉÅÜíÉê=åáÉí=îçääÉÇáÖI=Éå=òáàå=ïÉääáÅÜí=



eççÑÇëíìâ=V=
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=
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~~åîìääÉåÇÉ=â~ê~âíÉêáëíáÉâÉå=åçÇáÖK=bÉå=ÄáàòçåÇÉêÉ=Ñ~Åíçê=ÇáÉ=î~å=áåîäçÉÇ=áë=çé=ÇÉ=
ÖêçåÇï~íÉêëí~åÇ=áë=ÇÉ=ãçÇÉäÑçìíI=ÅKèK=ÇÉ=êìáë=ÇáÉ=ÜÉí=ëóëíÉÉã=ÄÉ≥åîäçÉÇíK=lãÇ~í=ÇÉ=
îÉêï~ÅÜíáåÖëï~~êÇÉ=î~å=ïáííÉ=êìáë=åìä=áëI=Éå=ÜÉí=ÑêÉèìÉåíáÉëéÉÅíêìã=îä~âI=â~å=ÉÅÜíÉê=
òçïÉä=ÇÉ=ëí~íáçå~áêÉ=áåîäçÉÇ=~äë=ÇÉ=ëéÉÅáÑáÉâ=à~~êäáàâëÉ=~ãéäáíìÇÉ=Éêî~å=îÉêï~~êäççëÇ=
ïçêÇÉåK==
=
daJâ~ê~âíÉêáëíáÉâÉå=îçêãÉå=~ä=ãÉí=~ä=ÉÉå=Åçãé~ÅíÉ=ãÉíÜçÇÉ=îççê=ÜÉí=ÄÉëÅÜêáàîÉå=
î~å=ÇÉ=ÖêçåÇï~íÉêëéáÉÖÉäÇóå~ãáÉâ=çé=ÉÉå=ÄÉé~~äÇÉ=äçÅ~íáÉK=wÉ=âìååÉå=åáÉí=~ääÉÉå=
íçÉÖÉé~ëí=ïçêÇÉå=áå=ÜÉí=â~ÇÉê=î~å=ÉÅçÜóÇêçäçÖáëÅÜÉ=ãçÇÉääÉêáåÖI=ã~~ê=áå=~ääÉ=
ÖÉî~ääÉå=ï~~ê=ÇÉ=ÜçÉîÉÉäÜÉáÇ=áåÑçêã~íáÉ=áå=ÉÉå=îçääÉÇáÖÉ=ÄÉëÅÜêáàîáåÖ=î~å=
ÖêçåÇï~íÉêëéáÉÖÉäÇóå~ãáÉâ=áå=êìáãíÉ=Éå=íáàÇ=ÉÉåîçìÇáÖ=íÉ=Öêççí=áëK=aáí=áë=ÄáàîççêÄÉÉäÇ=
ÜÉí=ÖÉî~ä=Äáà=â~êíÉêáåÖëÇçÉäÉáåÇÉåI=îáëìÉäÉ=áåíÉêéêÉí~íáÉ=î~å=ÇÉ=ÖÉÖÉîÉåëI=çÑ=
ÉãéáêáëÅÜÉ=ãçÇÉääÉåK=bÉå=ÄáàâçãÉåÇ=îççêÇÉÉä=áë=Ç~í=ÇÉ=ÉÑÑÉÅíÉå=î~å=îÉê~åÇÉêáåÖÉå=áå=
ÇÉ=áåîäçÉÇëÑ~ÅíçêÉå=çé=ÇÉ=daJâ~ê~âíÉêáëíáÉâÉåI=ÄáàîççêÄÉÉäÇ=îÉêëÅÜáääÉåÇÉ=
âäáã~~íëÅÉå~êáçÛëI=ÉÉåîçìÇáÖ=ÄÉêÉâÉåÇ=âìååÉå=ïçêÇÉå=ãÉí=ÄÉÜìäé=î~å=ÇÉ=ÖÉÖÉîÉå=
~å~äóíáëÅÜÉ=ÑçêãìäÉëK=aÉòÉ=ÉáÖÉåëÅÜ~ééÉå=ÖÉîÉå=ÇÉ=ãÉíÜçÇÉ=ÇÉ=ÑäÉñáÄáäáíÉáí=ÇáÉ=åçÇáÖ=
áë=çã=çã=íÉ=âìååÉå=Ö~~å=ãÉí=ëáíì~íáÉë=ï~~êÄáà=ÇÉ=ÖêçåÇï~íÉêëéáÉÖÉäÇóå~ãáÉâ=åáÉíJ
ëí~íáçå~áê=áëK=häáã~~íîÉê~åÇÉêáåÖ=â~å=ÉÉå=ççêò~~â=òáàå=î~å=ÇÉêÖÉäáàâÉ=åáÉíJëí~íáçå~êáíÉáíI=
ã~~ê=ççâ=ãÉåëÉäáàâÉ=áåÖêÉéÉå=òç~äë=ÖêçåÇï~íÉêçåííêÉââáåÖÉåK=få=Çáí=ëççêí=ÖÉî~ääÉå=
òìääÉå=â~ê~âíÉêáëíáÉâÉå=î~å=ÇÉ=ãÉíáåÖÉå=î~å=ÇÉ=~ÑÖÉäçéÉå=U=çÑ=PM=à~~ê=ÇÉ=ÜìáÇáÖÉ=çÑ=
íçÉâçãëíáÖÉ=íçÉëí~åÇ=åáÉí=ÖçÉÇ=ïÉÉêÖÉîÉåK==
=

9.6 Menyanthes: software voor grondwaterstandsgegevens 
aáí=ÜççÑÇëíìâ=îçêãí=áå=íïÉÉ=çéòáÅÜíÉå=ÉÉå=ëóåíÜÉëÉ=î~å=ÇÉ=áåÜçìÇ=î~å=ÇÉ=êÉëí=î~å=Çáí=
éêçÉÑëÅÜêáÑíK=eÉí=ÜççÑÇëíìâ=ÖÉÉÑí=~ääÉêÉÉêëí=ÉÉå=âçêí=çîÉêòáÅÜí=î~å=ÇÉ=çåíïáââÉäÇÉ=
ãÉíÜçÇÉå=Éå=ÄÉÜ~~äÇÉ=êÉëìäí~íÉåI=áå=êÉä~íáÉ=íçí=~äíÉêå~íáÉîÉ=ãÉíÜçÇÉåK=qÉêïáàä=îÉÉä=
éìÄäáÅ~íáÉë=ÇÉ=íáàÇêÉÉâë~å~äóëÉãÉíÜçÇáÉâ=éêáã~áê=î~åìáí=ÉÉå=ëí~íáëíáëÅÜ=ççÖéìåí=
ÄÉå~ÇÉêÉåI=ÄÉÖáåí=ÇÉ=íÉâëí=ÜáÉê=î~åìáí=ÇÉ=ÑóëáÅ~I=áå=ÇÉ=Üççé=ÜÉí=ã~íÉêá~~ä=îççê=ÉÉå=
ÄêÉÇÉê=éìÄäáÉâ=íçÉÖ~åâÉäáàâ=íÉ=ã~âÉåK=eÉí=ÜççÑÇëíìâ=êáÅÜí=òáÅÜ=ÄçîÉåÇáÉå=ëéÉÅáÑáÉâ=çé=
ÇÉ=ÅçãÄáå~íáÉ=î~å=Ç~í~J=Éå=ÑóëáëÅÜJÖÉÄ~ëÉÉêÇÉ=ãÉíÜçÇÉåK=aáÉ=ÅçãÄáå~íáÉ=áë=åáÉí=
~ääÉÉå=â~ê~âíÉêáëíáÉâ=îççê=ÇÉ=mfocf`qJãÉíÜçÇÉI=ÇÉ=áåíÉÖê~íáÉ=Éêî~å=áë=ççâ=ÉÉå=î~å=ÇÉ=
ççêëéêçåâÉäáàâÉ=ÇçÉäëíÉääáåÖÉå=î~å=ÜÉí=çåÇÉêòçÉâK=få=Çáí=ÜççÑÇëíìâ=ïçêÇíI=íÉå=íïÉÉÇÉI=
ÜÉí=éêçÖê~ãã~=jÉåó~åíÜÉë=ÖÉéêÉëÉåíÉÉêÇK=jÉåó~åíÜÉë=áë=çåíïáââÉäÇ=áå=ÜÉí=â~ÇÉê=
î~å=Çáí=éêçãçíáÉçåÇÉêòçÉâI=Éå=ÇÉ=ãÉÉëíÉ=ÑìåÅíáçå~äáíÉáíÉå=ÇáÉ=îççê=ÜÉí=çåÇÉêòçÉâ=
åçÇáÖ=ï~êÉå=çÑ=Éê=ìáí=îççêí=âçãÉå=òáàå=Éê=áå=çéÖÉåçãÉåK=få=Ç~í=çéòáÅÜí=îçêãí=
jÉåó~åíÜÉë=ççâ=ÉÉå=ëóåíÜÉëÉ=î~å=ÇÉ=áåÜçìÇ=î~å=ÜÉí=éêçÉÑëÅÜêáÑíI=çãÇ~í=ÇÉ=
çåíïáââÉäÇÉ=ãÉíÜçÇÉå=Éå=ÄÉÜ~~äÇÉ=êÉëìäí~íÉå=áå=ÜÉí=éêçÖê~ãã~=ë~ãÉåâçãÉåK=
=
eÉí=éêçÖê~ãã~=jÉåó~åíÜÉë=åÉÉãí=íìëëÉå=ÜÉí=EíçÅÜ=~ä=ÄÉéÉêâíÉF=~~åí~ä=
ÖÉÄêìáâëîêáÉåÇÉäáàâÉ=éêçÖê~ãã~Ûë=îççê=íáàÇêÉÉâë~å~äóëÉ=Ç~í=îÉêâêáàÖÄ~~ê=áëI=ÉÉå=
ëéÉÅá~äÉ=éçëáíáÉ=áåK=jÉåó~åíÜÉë=áåíÉÖêÉÉêí=~ääÉêÉÉêëí=îÉêëÅÜáääÉåÇÉ=ÑìåÅíáÉëK=aÉ=
ÑìåÅíáçå~äáíÉáí=ÄÉÖáåí=Äáà=ÇÉ=EÇ~í~FÄ~ëáë=î~å=ÇÉ=afht=éáê~ãáÇÉ=î~å=x^ÅâçÑÑI=NVUVzI=
ïçêÇí=~~åÖÉîìäÇ=ãÉí=îáëì~äáë~íáÉ=Éå=~å~äóëÉÑìåÅíáÉë=Ç~~êÄçîÉåçéI=Éå=ÉáåÇáÖí=ãÉí=
íáàÇêÉÉâëãçÇÉääÉêáåÖëJÑìåÅíáÉëK=aÉ=âê~ÅÜí=î~å=ÇÉòÉ=ÅçãÄáå~íáÉ=î~å=ÑìåÅíáÉë=áë=ÖêçíÉê=
Ç~å=ÇáÉ=î~å=ÇÉ=ëçã=ÇÉê=äçëëÉ=çåÇÉêÇÉäÉåK=aÉ=îáëì~äáë~íáÉÑìåÅíáÉë=Éå=ÇáêÉÅíÉ=äáåâ=ãÉí=ÇÉ=
Ç~í~=âìååÉå=ÄáàîççêÄÉÉäÇ=ï~~êÇÉîçä=òáàå=ÖÉÇìêÉåÇÉ=ÜÉí=íáàÇêÉÉâëãçÇÉääÉêáåÖëéêçÅÉëK=



p~ãÉåî~ííáåÖ=Éå=ÅçåÅäìëáÉë==

KKÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁKÁK 

=
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qáàÇêÉÉâëãçÇÉääÉå=âìååÉå=îáÅÉ=îÉêë~=áåÖÉòÉí=ïçêÇÉå=çã=ÇÉ=îáëì~äáë~íáÉ=Éå=
â~ê~âíÉêáë~íáÉ=î~å=ÇÉ=Çóå~ãáÉâ=î~å=ÜóÇêçäçÖáëÅÜÉ=ëóëíÉãÉå=íÉ=îÉêÄÉíÉêÉåK=wÉ=âìååÉå=
òÉäÑë=ÉÉå=ÄêìáâÄ~~ê=ÜìäéãáÇÇÉä=òáàå=îççê=Ç~í~ÄÉÜÉÉêI=ÄáàîççêÄÉÉäÇ=îççê=ÜÉí=ÇÉíÉÅíÉêÉå=
î~å=ÑçìíÉå=Éå=çìíäáÉêëK=jÉåó~åíÜÉë=ÜÉÉÑíI=íÉå=íïÉÉÇÉI=ÉÉå=ëíÉêâ=ÑóëáëÅÜJÜóÇêçäçÖáëÅÜÉ=
áåëä~Ö=Éå=îÉêÖÉã~ââÉäáàâí=ÇÉ=íçÉé~ëëáåÖ=î~å=ÑóëáëÅÜÉ=éêáåÅáéÉë=Éå=ÑóëáëÅÜJ
ÜóÇêçäçÖáëÅÜÉ=áåíÉêéêÉí~íáÉK=få=Ç~í=çéòáÅÜí=ÜÉÉÑí=ÇÉ=mfocf`qJãÉíÜçÇÉ=ÉÉå=é~ê~ääÉä=ãÉí=
ÇÉ=Ç~í~JÄ~ëÉÇ=ãÉÅÜ~åáëíáÅ=ãçÇÉäáåÖ=Ea_jF=ãÉíÜçÇÉ=îççê=íáàÇêÉÉâë~å~äóëÉ=xvçìåÖ=
~åÇ=_ÉîÉåI=NVVQX=vçìåÖI=NVVUzK=bÉå=îÉêëÅÜáä=ãÉí=ÇáÉ=ãÉíÜçÇáÉâ=áë=Ç~í=ÑóëáëÅÜÉ=
éêáåÅáéÉë=çÑ=ÖÉÇê~Ö=Ç~í=áë=ÖÉ≥åëéáêÉÉêÇ=çé=ÇÉ=ÑóëáÅ~=~=éêáçêá=áå=ÉÉå=mfocf`qJãçÇÉä=
âìååÉå=ïçêÇÉå=çéÖÉåçãÉåI=å~~ëí=ÜÉí=ÖÉÄêìáâ=î~å=ÑóëáëÅÜ=áåòáÅÜí=~=éçëíÉêáçêá=Äáà=ÜÉí=
ÅçåíêçäÉêÉå=Éå=ëÉäÉÅíÉêÉå=î~å=êÉëìäí~íÉå=òç~äë=áå=ÇÉ=a_jJãÉíÜçÇÉK=_áà=ÜÉí=ÖÉÄêìáâ=
î~å=ÑóëáëÅÜ=áåòáÅÜí=ÇáÉåí=ÉÅÜíÉê=ïÉä=ÉåáÖÉ=íÉêìÖÜçìÇÉåÇÜÉáÇ=ÄÉíê~ÅÜí=íÉ=ïçêÇÉåK=aÉ=
âÉìòÉ=î~å=ÉÉå=ÄÉé~~äÇÉ=ÅçåíáåìÉ=êÉëéçåëÑìåÅíáÉë=áå=ÇÉ=mfocf`qJãÉíÜçÇÉ=âçãí=áå=
éêáåÅáéÉ=åÉÉê=çé=ÜÉí=ÇçÉå=î~å=ÉÉå=~~åå~ãÉK=aÉ=íçÉé~ëëÉäáàâÜÉáÇ=î~å=ÇáÉ=ÑìåÅíáÉ=â~å=
ÄáååÉå=jÉåó~åíÜÉë=ÖÉÅçåíêçäÉÉêÇ=ïçêÇÉå=Çççê=ÇÉ=êÉëìäí~íÉå=Éêî~å=íÉ=îÉêÖÉäáàâÉå=ãÉí=
ÇáÉ=î~å=^oj^=ãçÇÉääÉåK=lçâ=ÇÉ=îê~~Ö=çÑ=ãçÇÉäêÉëìäí~íÉå=~ä=Ç~å=åáÉí=ÑóëáëÅÜJéä~ìëáÄÉä=
òáàå=ÇáÉåí=ãÉí=òÉäÑJâêáíáëÅÜ=îÉêãçÖÉå=ÄÉ~åíïççêÇ=íÉ=ïçêÇÉåK=aÉ=êÉëìäí~íÉå=î~å=
íáàÇêÉÉâëJ=EÉå=ÑóëáëÅÜ=ÖÉÄ~ëÉÉêÇÉF=ãçÇÉääÉå=òáàåI=~~å=ÇÉ=ÉåÉ=â~åíI=ãçÖÉäáàâ=ÄÉ≥åîäçÉÇí=
Çççê=åáÉíJÅ~ìë~äÉ=âêìáëÅçêêÉä~íáÉëK=låîÉêï~ÅÜíÉ=êÉëìäí~íÉå=òáàåI=~~å=ÇÉ=~åÇÉêÉ=â~åíI=
åáÉí=åççÇò~âÉäáàâÉêïáàë=çåï~~êëÅÜáàåäáàâI=ã~~ê=âìååÉå=ççâ=íçí=åáÉìïÉ=áåòáÅÜíÉå=äÉáÇÉåK=
=
aÉ=ãçÖÉäáàâÉ=íçÉé~ëëáåÖÉå=î~å=ÇÉ=mfocf`qJãÉíÜçÇÉ=òáàå=áå=ÉëëÉåíáÉ=ÖÉäáàâ=~~å=EÉå=ÉîÉå=
ÄêÉÉÇ=~äëF=ÇáÉ=î~å=^oj^JíáàÇêÉÉâëãçÇÉääÉåK=bÉå=~~åíêÉââÉäáàâÉ=ÉáÖÉåëÅÜ~é=î~å=
íáàÇêÉÉâëãçÇÉääÉå=áë=Ç~í=Éê=ÄÉíêÉââÉäáàâ=ïÉáåáÖ=~~åå~ãÉå=~~å=íÉå=ÖêçåÇëä~Ö=äáÖÖÉåI=Éå=
Ç~í=ÇÉ=å~ìïâÉìêáÖÜÉáÇ=Éêî~å=áå=ÜÉí=~äÖÉãÉÉå=Öêççí=áëK=qáàÇêÉÉâëãçÇÉääÉå=òáàå=~äë=
òçÇ~åáÖ=ÉÉå=ï~~êÇÉîçä=ÜìäéãáÇÇÉä=îççê=ÜÉí=îççêÄÉïÉêâÉå=î~å=ÖêçåÇï~íÉêëí~åÇëJ
êÉÉâëÉåI=îççê~ÑÖ~~åÇ=~~å=ÜÉí=â~äáÄêÉêÉå=î~å=ÉÉå=êìáãíÉäáàâ=ãçÇÉäK=låíÄêÉâÉåÇÉ=
áåîäçÉÇëÑ~ÅíçêÉå=Éå=êÉÉâëÉå=ÇáÉ=ÄÉ≥åîäçÉÇí=ïçêÇÉå=Çççê=ÜóÇêçäçÖáëÅÜÉ=áåÖêÉéÉå=
âìååÉå=ãÉí=ÄÉÜìäé=î~å=íáàÇêÉÉâëãçÇÉääÉå=ÉÉåîçìÇáÖ=ÖÉ≥ÇÉåíáÑáÅÉÉêÇ=ïçêÇÉåK=
a~~êå~~ëí=â~å=íáàÇêÉÉâë~å~äóëÉ=ÄÉÜìäéò~~ã=òáàå=çã=êÉÉâëÉå=íÉ=áÇÉåíáÑáÅÉêÉå=ÇáÉ=
çåÖÉëÅÜáâí=òáàå=îççê=ãçÇÉäâ~äáÄê~íáÉI=ÄáàîççêÄÉÉäÇ=çãÇ~í=òÉ=ÉÉå=ÜóÇêçäçÖáëÅÜ=çÄàÉÅí=
çÑ=ÑÉåçãÉÉå=îÉêíÉÖÉåïççêÇáÖÉå=Ç~í=åáÉí=áå=ÜÉí=ãçÇÉä=çéÖÉåçãÉå=áëI=òç~äë=ÉÉå=
ëÅÜáàåëéáÉÖÉäëóëíÉÉãK=kçÖ=ÉÉå=ëí~é=îÉêÇÉê=Ö~~í=ÜÉí=òçÖÉå~~ãÇÉ=Úã~íÅÜÉåÛ=î~å=ÇÉ=
ãçãÉåíÉå=î~å=íáàÇêÉÉâëãçÇÉääÉå=Éå=êìáãíÉäáàâ=ÖÉÇáëíêáÄìÉÉêÇÉI=ÑóëáëÅÜ=ÖÉÄ~ëÉÉêÇÉ=
ãçÇÉääÉå=xsçå=^ëãìíÜ=~åÇ=j~~ëI=OMMNX=_~ââÉê=Éí=~äKI=OMMTX=_~ââÉê=Éí=~äKI=OMMUzK=bÉå=
ÉáÖÉåëÅÜ~é=ÇáÉ=ëéÉÅáÑáÉâ=áë=îççê=ÇÉ=mfocf`qJãÉíÜçÇÉ=áë=ÇÉ=ÖêçíÉ=ÉÑÑáÅáØåíáÉ=Éå=ÜÉí=
ÖÉÄêìáâëÖÉã~âK=aÉ=Åçåëí~íÉêáåÖ=Ç~í=ëÅÜÉÉÑJåçêã~äÉ=îÉêÇÉäáåÖÉå=ÜÉí=ÖÉÇê~Ö=î~å=
ÖêçåÇï~íÉê=EÉå=~åÇÉêÉF=ëóëíÉãÉå=áå=ÜÉí=~äÖÉãÉÉå=ÖçÉÇ=âìååÉå=ÄÉëÅÜêáàîÉåI=ã~~âí=
ÜÉí=ãçÖÉäáàâ=çã=~ääÉ=íáàÇêÉÉâëÉå=áå=ÉÉå=ÖÉÄáÉÇ=ÖêçÉéëÖÉïáàë=íÉ=ãçÇÉääÉêÉåK=aáí=áë=åáÉí=
Ú~ääÉÉåÛ=ÉÉå=éê~âíáëÅÜ=îççêÇÉÉäK=aÉ=ÖÉäáàâíáàÇáÖÉ=îáëì~äáë~íáÉ=Éå=~å~äóëÉ=î~å=ÇÉ=
êÉëìäí~íÉå=çé=ãÉÉêÇÉêÉ=äçÅ~íáÉë=îçÉÖí=äÉííÉêäáàâ=ÉÉå=ÇáãÉåëáÉ=íçÉ=~~å=ÇÉ=íÉÅÜåáÉâ=î~å=
íáàÇêÉÉâë~å~äóëÉ=EòáàåÇÉ=ÇÉ=êìáãíÉäáàâÉ=ÇáãÉåëáÉFK=qÉêïáàä=ÇÉ=êìáãíÉäáàâÉ=ëíêìÅíììê=ÇáÉ=áë=
çéÖÉåçãÉå=áå=ÑóëáëÅÜ=ÖÉÄ~ëÉÉêÇÉ=ãçÇÉääÉå=ÖÉÄ~ëÉÉêÇ=áë=çé=~ÑäÉáÇáåÖÉå=Éå=~~åå~ãÉå=
ÇáÉ=åáÉí=ïÉêâÉäáàâ=ÖÉîÉêáÑáÉÉêÇ=âìååÉå=ïçêÇÉå=Eòç~äë=ÄÉíççÖÇ=áå=ÇÉ=áåäÉáÇáåÖ=î~å=
ÜççÑÇëíìâ=VFI=áë=Éê=ÖÉÉå=êìáãíÉäáàâÉ=~ÑÜ~åâÉäáàâÜÉáÇ=çéÖÉäÉÖÇ=~~å=ÇÉ=íáàÇêÉÉâëãçÇÉääÉåK=
aÉ=êìáãíÉäáàâÉ=é~íêçåÉå=ÇáÉ=îÉêëÅÜáàåÉå=áå=íáàÇêÉÉâë~å~äóëÉêÉëìäí~íÉå=òáàå=Ç~~êçã=
çå~ÑÜ~åâÉäáàâ=Éå=îêáà=î~å=~~åå~ãÉå=E~ÑÖÉòáÉå=î~å=ÜÉí=ÑÉáí=Ç~í=ÇÉ=êÉéêÉëÉåí~íáîáíÉáí=î~å=



eççÑÇëíìâ=V=
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áåîçÉêêÉÉâëÉå=â~å=î~êáÉêÉå=áå=ÇÉ=êìáãíÉFI=Éå=äÉîÉêÉå=ï~~êÇÉîçääÉ=áåÑçêã~íáÉ=çîÉê=
òçïÉä=ÇÉ=ãçÇÉäêÉëìäí~íÉå=òÉäÑ=~äë=ÇÉ=ÉáÖÉåëÅÜ~ééÉå=Éå=ÜÉí=ÑìåÅíáçåÉêÉå=î~å=
ëóëíÉãÉåK=aÉ=ÉÑÑÉÅíÉå=î~å=áåÇáîáÇìÉäÉ=áåîäçÉÇëÑ~ÅíçêÉå=ÇáÉ=åáÉí=ÖÉëÅÜÉáÇÉå=âìååÉå=
ïçêÇÉå=çé=Ä~ëáë=î~å=íáàÇêÉÉâë~å~äóëÉ=î~å=ÇÉ=~ÑòçåÇÉêäáàâÉ=êÉÉâëÉå=~ääÉÉåI=âìååÉå=
Ç~~êÄáà=ïÉääáÅÜí=ïÉä=ÖÉëÅÜ~í=Éå=ÖÉëÅÜÉáÇÉå=ïçêÇÉå=çé=Ä~ëáë=î~å=ÇÉ=ï~~êÖÉåçãÉå=
êìáãíÉäáàâÉ=é~íêçåÉåK=aÉ=êìáãíÉäáàâÉ=îáëì~äáë~íáÉJ=Éå=~å~äóëÉÑìåÅíáÉë=î~å=jÉåó~åíÜÉë=
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Derivations 

A.1 Auto- and crosscorrelation functions of the residuals and 
innovations 
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A.2 Relation between residual variance and individual 
innovations 
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A.3 SWSI (Sum of Weighted Squared Innovations) criterion 
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A.4 Amplitude and phase response of a scaled gamma 
distribution function 
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A.5 Impulse response of a system of linear reservoirs 
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