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0 101 0 103 16 589 �0 841 0 349 1 270 0 3
0 114 0 147 13 845 0 776 0 394 0 742 0 4
0 104 0 147 11 443 �0 711 0 442 0 249 0 5
0 090 0 182 11 179 �0 701 0 535 �0 544 0 75
0 091 0 187 8 141 0 636 0 602 �1 228 1
0 084 0 210 7 994 �0 631 0 642 �1 622 1 25
0 080 0 205 7 788 �0 618 0 668 �1 930 1 5
0 080 0 216 5 686 �0 586 0 710 �2 428 2
0 095 0 212 5 632 �0 604 0 758 �2 909 3
0 121 0 195 5 096 �0 652 0 796 �3 251 4

uOQmQDr}iCyH [14]"CU= xOW xO=iDU=|}xmD |=v@t\N VwQ R= =v@t\N KqY=
xOW ?=NDv= acausal R}v QDr}i ẁv w xO=iDU= u}}=B w q=@ VQ@ QDr}i R= =yCW=ov
xwqax@ "CU= xOW s=Hv= [16]'USDP Q=Ri=sQv =@ =yCW=ov?=DW VR=OQB [14]"CU=
xOW ?=NDv= 1 2 u}}=B VQ@ QDr}i Ot=U@ x@ xO=iDU= p@=k Ot=U@ u} QDtm C@Uv

"OvDU}v QDr}i Q}F-=D CLD |i}] Q}O=kt xm OwW pY=L u=v}t]= =D 'CU=

MU=B Q}eDt "3
|i}] Q}O=kt |=Q@ u}tR CmQL |v}@V}B |x]@=Q l} |x�=Q= Q=DWwv u}= R= hOy
xO=O MQ |=yxrRrR |=yxO=O R= Qw_vt u}= x@ w CU= u=Q}= |x}L=v QO ?=DW
Q=DiQ '?=DW MU=B h}] uOQw; CUO@ CyH "CU= xOW xO=iDU= u=Q}= QO
|v=QL@ |}=Q}t �5 Q@=Q@ RwmU} w |}=Q}t =@ u=UWm '|O=R; xHQOl} |=ysDU}U
0 06 Q}O=kt u}@=t ?w=vD |xQwO 16 |=Q@ |i}] Q}O=kt "CU= xOW xDiQo Q_v QO
xOW Q=QmD |@=NDv= |=yOQwmQ s=tD |=Q@ Ov};Qi u}= "CU= xOt; CUOx@ x}v=F 4 =D
xOW xO=iDU= |ki= |xir-wt wO |UOvy u}ov=}t R= '|vLvt VR=Q@ CyH "CU=

"CU=

u}tR CmQL |v}@V}B |x]@=Q "4
u}tR CmQL |=yQDt=Q=B QO xm OvQ=O OwHw |O=} R |xDN=vW=v w xDN=vW |=yQDt=Q=B
OwHwt |=yxO=O T=U=Q@ =D CU= xOW |aU '|O=yvW}B |x]@=Q QO "OvQ=PoQ}F-=D
|=yxO=O QO OwHwt |=yC}OwOLt x@ xHwD =@ "OwW xDiQo Q_v QO =yQDt=Q=B u}= Q}F-=D
"CU= xOW xDiQo Q_v QO ,=t}kDUt x=oCN=U ẁv w xrY=i '=oQR@ QF= u=Q}= |=yxrRrR
R}v |RmQt u=Q}= � RQ@r= w TQo =R |x}L=v wO x@ u=Q}= s}UkD =@ |m}vwDmD \}=QW QF=

"CU= xOW ^wLrt

u=Q}= pm |=Q@ xrO=at "1"4
C=aq]= Q}F-=D CLD u}tR CmQL |v}@V}B CqO=at QO OwHwt C=Q=@a w sQi
xR=Ov= Qy xm =vat u}O@ "OQ=O Q=Qk xO=iDU= OQwt |=yxRQru}tR nwr=D=m QO OwHwt
w |oDN}Uo |xLiY |xUOvy w ?@Ut pUo 'xrRrR |xQ=@ QO OwHwt C=aq]=
=yu; CkO 'CqO=at x@ C=Q=@a uOWxi=[= =@ 'OW=@ QDW}@ Q=PoQ}F-=D |=yQDt=Q=B Qo}O
xOW ?=NDv= OwHwt C=aq]= |=yC}OwOLt p}rOx@ 1 |xrO=at "Ov@=}|t V}=Ri=

%CU=
log(Y ) = a1 + a2Mw + a3 log

q
d2
epi + a24 + a5SS + a6SA + "

(1)

|xrY=i depi 'u=tt |=oQR@ MW '�|i}] ?=DW� xRQru}tR QDt=Q=B Y 'u; QO xm
w SS "OvwW|t x@U=Lt xm 'OvDUy uw}UQoQ ?}=Q[ a6 =D a1 |=yQDt=Q=B 'RmQtwQ
'QiY w QiY %pw= ẁv x=oCN=U |=Q@ ?}DQD x@ xm OvDUy x=oCN=U ?}=Q[ SA
"OvDUy QiY w 1 %swU ẁv x=oCN=U |=Q@ R}v w '1 w QiY %swO ẁv x=oCN=U |=Q@
QO |WywSB QO |O=yvW}B |x]@=Q T=U=Q@ x]@=Q u}= QO xOW?=NDv= |rY= C=Q=@a
p}rO x@ '=oQR@ x@ xDU@=w Vy=m MQv |xrtH R= [7]"CU= xOW ?=NDv= 2005 p=U
CQ=@a " u}vJty "CU= xOW Q_vhQY 'OW|tv OQw;Q@ |DUQO x@ u; ?}=Q[ xmv;
|x]@=Q R= R}v pm Q=}at h=QLv= "CU= �T pm Q=}at h=QLv= w QiY u}ov=}t =@ =]N
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tav "|RmQt u=Q}= � RQ@r= |x}L=v |=Q@ 4 |x]@=Q ?}=Q[ "3 pwOH

a5 a4 a3 a2 a1
T

(sec)

0 052 0 033 �1 108 0 225 2 408 0 06
0 045 0 018 �1 131 0 228 2 502 0 075
0 059 0 013 �1 069 0 241 2 399 0 1
0 116 0 077 �0 962 0 252 2 183 0 15
0 120 0 112 �0 860 0 276 1 840 0 2
0 132 0 167 �0 817 0 295 1 599 0 25
0 113 0 202 �0 793 0 308 1 421 0 3
0 132 0 249 �0 817 0 354 1 047 0 4
0 133 0 247 �0 777 0 403 0 593 0 5
0 115 0 284 �0 768 0 502 �0 235 0 75
0 102 0 276 �0 740 0: 566 �0 815 1
0 083 0 292 �0 746 0 604 �1 168 1 25
0 065 0 274 �0 727 0 633 �1 475 1 5
0 075 0 272 �0 695 0 667 �1 915 2
0 115 0 281 �0 748 0 732 �2 453 3
0 171 0 251 �0 832 0 785 �2 831 4

u=Q}= � RQ@r= w TQo =R 'u=Q}= pm |=Q@ 4 w 3 '1 |=yx]@=Q Q=}at h=QLv= "4 pwOH
"|RmQt

|RmQt u=Q}= � RQ@r= TQo =R u=Q}=
�T � � �T � � �T � � T (s)

0 32 0 25 0 19 0 37 0 35 0 12 0 32 0 29 0 14 0 06
0 32 0 26 0 19 0 37 0 35 0 14 0 32 0 29 0 14 0 075
0 30 0 27 0 13 0 36 0 34 0 12 0 32 0 30 0 12 0 1
0 29 0 27 0 10 0 35 0 32 0 14 0 31 0 29 0 11 0 15
0 28 0 27 0 07 0 36 0 34 0 11 0 31 0 30 0 09 0 2
0 28 0 27 0 06 0 36 0 34 0 13 0 31 0 30 0 10 0 25
0 28 0 27 0 08 0 37 0 34 0 13 0 32 0 30 0 12 0 3
0 31 0 26 0 17 0 37 0 34 0 14 0 34 0 30 0 17 0 4
0 33 0 27 0 19 0 37 0 32 0 18 0 35 0 29 0 20 0 5
0 35 0 28 0 21 0 38 0 34 0 16 0 37 0 30 0 21 0 75
0 35 0 28 0 22 0 38 0 35 0 16 0 38 0 31 0 22 1
0 37 0 29 0 23 0 39 0 34 0 20 0 39 0 31 0 24 1 25
0 38 0 31 0 23 0 40 0 34 0 21 0 40 0 32 0 24 1 5
0 37 0 30 0 22 0 40 0 34 0 21 0 39 0 31 0 24 2
0 35 0 28 0 21 0 36 0 29 0 21 0 36 0 28 0 22 3
0 34 0 27 0 21 0 33 0 30 0 15 0 35 0 28 0 21 4

"TQo =R |x}L=v |=Q@ 3 |x]@=Q ?}=Q[ "2 pwOH

a4 a3 a2 a1
T

(sec)

�0 018 �0 629 0 177 1 987 0 06
�0 017 �0 659 0 191 2 032 0 075
0 016 �0 579 0 181 2 020 0 1
0 045 �0 638 0 256 1 715 0 15
0 041 �0 635 0 305 1 405 0 2
0 068 �0 648 0 349 1 109 0 25
0 078 �0 598 0 374 0 812 0 3
0 094 �0 593 0 428 0 349 0 4
0 088 �0 671 0 500 �0 035 0 5
0 099 �0 681 0 582 �0 747 0 75
0 132 �0 702 0 660 �1 364 1
0 131 �0 715 0 711 �1 799 1 25
0 140 �0 727 0 728 �2 028 1 5
0 131 �0 736 0 763 �2 438 2
0 151 �0 717 0 718 �2 489 3
0 140 �0 785 0 728 �2 620 4

|RmQt u=Q}= � RQ@r= |x}L=v |=Q@ xrO=at "3"4
%CU= 4 |x]@=Q CQwYx@ |@=NDv= |xrO=at |[=} Q sQi

log(Y ) = a1 + a2Mw + a3 log
q
d2
epi + h2

hypo + a4SS

+a5SA + " (4)

|xrY=i depi 'u=tt |=oQR@ MW '�|i}] ?=DW� xRQru}tR QDt=Q=B Y 'u; QO xm
x@U=Lt xm OvDUy uw}UQoQ?}=Q[ a5 =D a1 |=yQDt=Q=B '|vwv=m jta hhypo 'RmQtwQ
pw= ẁv x=oCN=U |=Q@ ?}DQD x@ xm OvDUy x=oCN=U ?}=Q[ SA w SS 'OvwW|t
w 1 %swU ẁv x=oCN=U |=Q@ '1 w QiY %swO ẁv x=oCN=U |=Q@ 'QiY w QiY
QO xm CU= �T pm Q=}at h=QLv= w QiY u}ov=}t =@ =]N CQ=@a " "OvDUy QiY

"CU= xOW h} QaD 2 |x]@=Q
QO xm 'CU= xrY=i CQ=@a x@ \w@ Qt 4 |xrO=at QO xOt;OwHwx@ Q}}eD =yvD
"CU= xOW x�=Q= 3 pwOH QO 4 |x]@=Q ?}=Q[ "CU= xOW QmP u; p}qO p@k VN@
x@U=Lt 2 |x]@=Q T=U=Q@ '4 '3 '1 \@=wQ R= l} Qy =@ \@DQt Q=}at h=QLv= Q=Okt

"CU= xOW x�=Q= 4 pwOH QO w

|=Q@ u}tR CmQL |v}@V}B |x]@=Q R= |OOa p=Ft "5
?=DW h}]

|=oQR@ =@ |xrRrR w u=Q}= pm |=Q@ ?=DW h}] 'xOWO=yvW}B |=yx]@=Q T=U=Q@
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"uwo =vwo |y=oCN=U

"2 ẁv x=oCN=U 'u=Q}= pm |=Q@ xrY=i =@ ?=DW C=Q}}eD "8 pmW

|y=oCN=U \}=QW ?UL Q@ w xOt; CUOx@ QDtwr}m 20 RmQtwQ |xrY=i '6 5
=@ 'CiQ|t Q=_Dv= xm Qw]u=ty "CU= xOW xO=O u=Wv 5 pmW QO Cw=iDt
QO Q_=vDt Q}O=kt R= V}@ 'sQv l =N |=Q@ ?=DW Q}O=kt '?w=vD |xQwO V}=Ri=
?}DQD x@ ?=DW h}] 7 w 6 |=ypmW QO xwqax@ "CU= Qo}O |=yx=oCN=U
RmQtwQ |xrY=i '6 |=oQR@ |xrRrR |=Q@ |RmQt u=Q}= � RQ@r= w TQo =R |x}L=v QO
xOW x�=Q= Cw=iDt |y=oCN=U \}=QW w QDtwr}m 10 |vwv=m jta 'QDtwr}m 20

"CU=
1 w 0 06 |=y?w=vDxQwO w u=Q}= pm |=Q@ xrY=i =@ ?=DW |oOvy=m 8 pmW QO
|=y?w=vDxQwO |=Q@ 'xrRrR ?=DWVy=m MQv pmW u}= QO "CU= xOW xO=O u=Wv x}v=F
9 pmW QO "CU= xOy=Wt p@=k �x}v=F 1� O=} R |=y?w=vDxQwO w �x}v=F 0 06� sm
xOW x�=Q= R}v |RmQt u=Q}= � RQ@r= w TQo =R j]=vt |=Q@ xrY=i =@ ?=DW Vy=m R}v

"CU=

pm |=Q@ Cw=iDt |y=oCN=U \}=QW w 1 |x]@=Q T=U=Q@ ?=DW h}] "5 pmW
"u=Q}=

|y=oCN=U\}=QW w TQo =R |x}L=v |=Q@ 3 |x]@=Q T=U=Q@ ?=DWh}] "6 pmW
"Cw=iDt
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u=QoWywSB Q}=U |xOWx�=Q= \@=wQ =@ xU}=kt "6
uwo =vwo u=QoWywSB\UwD Q}N= |=yp=U QO xOWx�=Q=\@=wQ |O=OaD R= xU}=ktCyH
%Ov=xOW s}UkD xDUO 2 x@ |@=NDv= |=yx]@=Q Qw_vt u}= x@ "CU= xOW xO=iDU=
CUOx@ u=Q}= QO xOWC@F |=yxO=O T=U=Q@ xm CU= |]@=wQ pt=W CUNv xwQo
u=Q}= QO xOWC@F |=yxO=O |O=OaD R= =yv; QO xm |]@=wQ swO xwQo [4�2]"Ov=xOt;

[20w19'7]"CU= xOW xO=iDU=
|x]@=Q wO xm Ov=xO=O u=Wv OwN VywSB QO Vv=Q=mty w |Qy=] `=HW

w 6 5 |=oQR@ |=Q@ CU=Q CtU uwDU "Qo}O u=QoWywSB \UwD |O=yvW}B \@=wQ w |RmQt u=Q}= � RQ@r= |x}L=v |=Q@ Q=DWwv u}= QO xOWx�=Q= |x]@=Q |xU}=kt "11 pmW
|x]@=Q =@ xU}=kt CyH� QDtwr}m 10 |vwv=m jta w QDtwr}m 50 |xrY=i w 6 5 |=oQR@ |=Q@ AJ CtU uwDU 'QDtwr}m 10 |vwv=m jta w QDtwr}m 20 RmQtwQ |xrY=i

"�CU= xOW xDiQo Q_v QO Rer O=ODt= pUo ẁv [4]`HQt
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OQwt |=yxO=O O=OaD "OQ=O |oDU@ |vwo =vwo pt=wa x@ \@=wQ u}@ hqDN=
|xrtH R= '"""w =yCW=ov?=DW KqY= |xwLv '=yxO=O C}i}m 'xrO=at sQi 'xO=iDU=
|v=OvJ hqDN= CiQo xH}Dv u=wD|t OOaDt |=yxU}=kt x@ xHwD =@ "CU= pt=wa u}=
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"CU= xOW x�=Q= xk]vt u}ty |=Q@ [4w2]`H=Qt \UwD |O=yvW}B |x]@=Q w TQo =R
R= V}@ [4]`HQt |x]@=Q R= xOt;CUOx@ Q}O=kt 'CU= xOy=Wt p@=k xm Qw]u=ty
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|x]@=Q w TQo =R |x}L=v |=Q@ |oOvy=m |x]@=Q 'u=Q}= pm |=Q@ |oOvy=m |x]@=Q %R=
4 |=y=oQR@ |=Q@ xOt;CUOx@ |=yx]@=Q "|RmQt u=Q}= � RQ@r= |x}L=v |=Q@ |oOvy=m
|x}L=v |=Q@ 6 8 =D 4 |=y=oQR@ w |RmQt u=Q}= � RQ@r= |x}L=v w u=Q}= pm |=Q@ 7 3 =D
=@ |O=yvW}B \@=wQ "CU= ?U=vt QDtwr}m 200 =D 10 RmQtwQ |xrY=i w TQo =R
"OQ=O |@ wN |v=wNsy |r@k x@=Wt |=yVywSB =@ 'xOWs=Hv= |=yxU}=kt x@ xHwD
|D=iqDN= 3 ẁv x=oCN=U QO TQo =R |x}L=v QO [4]`HQt |x]@=Q =@ xU}=kt QO xD@r=

"OQ=O OwHw

|}=yhqDN= 3 ẁv x=oCN=U QO TQo =R |x}L=v QO [4]`HQt |x]@=Q =@ xU}=kt QO
QO 3 ẁv x=oCN=U |=yOQwmQ sm O=OaD R= |W=v Ov=wD|t hqDN= u}= "OQ=O OwHw

"CU= xDiQo Q=Qk xO=iDU= OQwt [4]`HQt QO xm 'OW=@ TQo =R |x}L=v

|Q}oxH}Dv "7
u=Q}= |x}L=v QO |i}] ?=DW |=Q@ u}tR CmQL |v}@V}B |x]@=Q Q=DWwv u}= QO
u=Q}= QO xOWC@F |=yxrRrR |=yxO=O T=U=Q@ |O=yvW}B |x]@=Q "CU= xOW x�=Q=
R= QDtm w 4 R= V}@ u=tt |=oQR@ |=Q=O |@=NDv= |=yOQwmQ "CU= xOt; CUOx@

=yCWwv=B
1. mixed e�ects regression
2. maximum likelihood method
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