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DEVWUDFW

Irxulhu dqdo|vhv ri wrwdo dqg vshfwudo vrodu luudgl0
dqfh vkrz d vlplodu ehkdylru iru shulrgv ehwzhhq wzr
plqxwhv dqg 83 gd|v +3156 0 ;633 pK}, dv irxqg lq
wkh �uvw uhvxow sdshu zlwk d pxfk vkruwhu wlph vh0
ulhv +Iu�rkolfk hw do1/ 4<<:,1 Zlwk wkh h{whqvlrq ri
wkh wlph vhulhv/ orzhu iuhtxhqflhv ehfrph dffhvvleoh1
Zlwk el0 dqg pxowlyduldwh vshfwudo dqdo|vlv wkh frq0
wulexwlrq ri wkuhh vshfwudo fkdqqhov/ 735 qp/ 833 qp
dqg ;95 qp/ wr wkh yduldqfh ri wkh wrwdo fkdqqho duh
ghwhuplqhg1 Dowkrxjk wkh frkhuhqfh ehwzhhq wkh gli0
ihuhqw wlph vhulhv lv durxqg :8 ( iru prvw ri wkh kljk
iuhtxhqf| udqjh/ zh �qg d orz frkhuhqfh ehwzhhq 7
dqg 93 �K}1 Lq wklv iuhtxhqf| edqg wkh lqvwuxphqwdo
qrlvh grplqdwhv wkh vrodu qrlvh dqg wkh orz frkhuhqfh
vwhpv iurp wkh lqglylgxdo ehkdylrxu ri wkh gl�huhqw
lqvwuxphqwv/ l1h1 wkh devroxwh udglrphwhuv dqg vxq0
skrwrphwhuv1

41 LQWURGXFWLRQ

Wkh frqwlqxrxv phdvxuhphqwv iurp YLUJR +Ydul0
delolw| ri Vrodu LUudgldqfh dqg Judylw| Rvfloodwlrqv,
rqerdug wkh HVD2QDVD plvvlrq VRKR +VRodu
dqg Kholrvskhulf Revhuydwru|, doorzv xv wr surgxfh
srzhu vshfwud zlwkrxw dq| prgxodwlrq vlghedqgv ri
wrwdo dqg vshfwudo vrodu luudgldqfh1 YLUJR frq0
wdlqv wzr gl�huhqw dfwlyh0fdylw| udglrphwhuv/ SPR90
Y dqg GLDUDG/ iru prqlwrulqj wkh wrwdo vrodu luud0
gldqfh/ dqg wzr 60fkdqqho vxqskrwrphwhu +VSP, iru
wkh phdvxuhphqwv ri wkh vshfwudo luudgldqfh dw 735/
833 dqg ;95 qp zlwk d edqgzlgwk ri 8qp1 Khuh/ zh
zloo pdlqo| xvh wrwdo vrodu luudgldqfh phdvxuhphqwv
iurp SPR90Y dqg wkuhh vshfwudo luudgldqfh fkdqqhov
iurp VSP1 Wkh lqvwuxphqwdwlrq lv ghvfulehg lq gh0
wdlo lq Iu�rkolfk hw do1 +4<<8, 1 Lq wkh �uvw uhvxow sdshu
+Iu�rkolfk hw do1/ 4<<:, srzhu vshfwud dqdo|vhv rq wlph
vhulhv ri 709 prqwkv zhuh suhvhqwhg1 Wkh qhz dqdo|0
vhv shuiruphg khuh rq wlph vhulhv zklfk duh h{whqghg
wr doprvw wzr |hduv gxudwlrq duh lq jhqhudo lq djuhh0
phqw zlwk wkh uhvxowv iurp wkh �uvw uhvxow sdshu1

51 SRZHU VSHFWUD DQDO\VHV

Iru wkh iuhtxhqf| dqdo|vhv zh kdyh xvhg ohyho 4 gdwd
ri wrwdo dqg vshfwudo vrodu luudgldqfh1 Ohyho 4 gdwd
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duh fruuhfwhg iru doo @ Th�Lh� nqrzq lq�xhqfhv vxfk
dv glvwdqfh iurp wkh vxq/ wkhupdo dqg hohfwulfdo fru0
uhfwlrqv dqg wkh udgldo yhorflw| wr wkh vxq1 Gdwd eh0
wzhhq 4 Pd|/ 4<<9 dqg 4 Dsulo/ 4<<; +:33 gd|v/ 4133;
ploolrq gdwd srlqwv, kdyh ehhq xvhg zlwk rqh plqxwh
uhvroxwlrq dqg zlwk rqo| ihz jdsv lq wkh wlph vh0
ulhv gxh wr lqwhuuxswlrq ri wkh h{shulphqw1 Wkh ohyho
4 gdwd kdyh ehhq ghwuhqghg zlwk d wuldqjxodu uxq0
qlqj dyhudjh ryhu 93 gd|v +ixoo zlgwk, dqg dsrgl}hg
zlwk d Kdqqlqj zlqgrz wr fdofxodwh wkh srzhu vshf0
wud vkrzq lq Ilj1 41 Wkh iuhtxhqf| uhvroxwlrq lv
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313498 �K} +fruuhvsrqglqj wr d :33 gd| shulrg, dqg
wkh Q|txlvw iuhtxhqf| lv dw ;166 pK} +fruuhvsrqglqj
wr d 5 plqxwh shulrg,1 Wkh srzhu vshfwud h{klelw
wkh surplqhqw s0prgh rvfloodwlrqv ehwzhhq 5333 dqg
7333 �K}1 Wkh judqxodwlrq fryhuv wkh lqwhuydo ;33 0
6333 �K}/ wkh phvr0judqxodwlrq ;3 0 4333 �K}/ dqg
wkh vxshu0judqxodwlrq 43 0 433 pK}1 Wkh j0prghv
duh h{shfwhg ehwzhhq 43 0 633 �K}1 Vlqfh wkh gxw|
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f|foh ri wkh VSP lv A<3( dqg wkh rqh ri wkh dfwlyh
fdylw| udglrphwhu +SPR90YD, lv rqo| 66(/ wkh vshf0
wudo fkdqqhov h{klelw ohvv qrlvh dqg qr doldvlqj dw kljk
iuhtxhqf|1 Wklv looxvwudwhv fohduo| wkh lpsruwdqfh wr
rshudwh vrodu udglrphwhuv zlwk kljk gxw| f|fohv wr
jhw jrrg srzhu dqdo|vhv lq wkh kljk iuhtxhqf| udqjh1

61 EL0 DQG PXOWLYDULDWH DQDO\VHV

Wkh phwkrg ri el0 dqg pxowlyduldwh vshfwudo dqdo|vhv
lv eulh�| ghvfulehg lq Ilqvwhuoh hw do1 +4<<;,1 Khuh
zh fdofxodwhg el0 dqg pxowlyduldwh srzhu vshfwud eh0
wzhhq wkh wrwdo dqg wkh wkuhh vshfwudo fkdqqhov1 Wkh
uhvxowv ri wkh elyduldwh dqdo|vhv duh vkrzq lq Ilj1 5071
Iru wkhvh dqdo|vhv wkh srzhu0 dqg furvv vshfwud duh
fdofxodwhg e| vprrwklqj wkh Irxulhu vshfwud zlwk d
uxqqlqj phdq ri 64 elqv +318 �K}, dqg e| vhwwlqj wkh
�uvw dqg odvw 49 elqv wr lqydolg1 Ilj1 507 vkrz frkhu0
hqfh vtxduhg/ jdlq/ dqg skdvh ehwzhhq wrwdo dqg uhg/
juhhq/ dqg eoxh fkdqqhov/ uhvshfwlyho|1 Wkh elyduldwh
dqdo|vhv h{klelw kljk frkhuhqfh ehwzhhq 5 dqg 618
�K} dqg ehwzhhq 433 dqg 6333 �K}1 Dw orz iuhtxhq0
flhv wklv lv gxh wr wkh vwurqj vljqdo ri vrodu dfwlylw|
dqg dw kljk iuhtxhqf| gxh wr frqyhfwlrq dqg s0prgh
rvfloodwlrq1 Ehwzhhq 7 dqg 93 �K}/ krzhyhu/ wkh fr0
khuhqfh lv orz lq doo frpelqdwlrqv ri wkh irxu Irxulhu
vshfwud1 Wkxv/ wkh orz frkhuhqfh vtxduhg pxvw frph
iurp lqvwuxphqwdo ehkdylrxu/ zklfk lv glvfxvvhg lq
pruh ghwdlo lq Vhfwlrq 71 Iru iuhtxhqflhv ehorz 7333
�K}/ wkh dyhudjh jdlq lq wkh gl�huhqw elyduldwh dqdo|0
vhv duh derxw 4153 +uhg,/ 319; +juhhq, dqg 317: +eoxh,1
Wkh skdvh vkrzv qr v|vwhpdwlf ghyldwlrq iurp }hur1

Pxowlyduldwh dqdo|vhv doorzv xv wr fdofxodwh sduwldo
frkhuhqfh ehwzhhq wrwdo luudgldqfhv/ zklfk duh prg0
hohg vlpxowdqhrxvo| e| wkh wkuhh vshfwudo fkdqqhov1
Xvlqj wkh wrwdo fkdqqho dv ghshqghqw dqg wkh wkuhh
vshfwudo fkdqqhov dv lqghshqghqw sdudphwhuv/ zh jhw
d vlplodu ehkdylrxu iru wkh frkhuhqfh vtxduhg dv
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vkrzq lq Ilj1 5071 Iurp 318 wr 618 �K} dqg 533 wr
5333 �K} :8 ( ri wkh wrwdo vshfwuxp fdq eh h{sodlqhg
e| wkh wkuhh vshfwudo fkdqqhov lq dyhudjh/ zkhuhdv eh0
wzhhq 7 dqg 43 �K} rqo| derxw 4; ( lv h{sodlqhg1

71 ILOWHUHG WLPH VHULHV> ORZSDVV
EHWZHHQ 8 DQG 53 �K}

Wr lqyhvwljdwh wkh fdxvh ri wkh orz frkhuhqfh vtxduhg
lq wkh elyduldwh dqg pxowlyduldwh dqdo|vhv vkrzq lq
Ilj1 507/ zh fdofxodwh lqyhuvh Irxulhu wudqvirup iru
wkh iuhtxhqf| udqjh ehwzhhq 8 dqg 53 �K} +fruuh0
vsrqglqj wr shulrgv 47 k wr 89 k,1 Wkh fruuhvsrqg0
lqj �owhuhg wlph vhulhv duh vkrzq lq Ilj1 8/ zkhuh wkh
sdqhov h{klelw iurp wrs wr erwwrp lqyhuvh wudqvirup
ri SPR90YD/ GLDUDG/ VSP uhg/ juhhq/ dqg eoxh
fkdqqho1 Wkh wlph vhulhv vkrzq duh dovr fruuhfwhg
iru dsrgl}dwlrq1 SPR90YD h{klelwv pruh qrlvh wkdq
GLDUDG/ zklfk lv gxh wr gl�huhqw rshudwlrq prghv
ri wkh wzr devroxwh udglrphwhuv> l1h1 SPR90Y lv ; k
rshq dqg 9 plq forvhg/ dqg GLDUDG lv 418 plq rshq
dqg 418 plq forvhg1 Wkhvh wlph vhulhv h{klelw olwwoh

0 2000 4000 6000 8000
Frequency (µHz)

0

1

2

3

4

5

A
m

pl
itu

de
 R

at
io

6�}�hi S1 �4T*�|�_i h@|�L Lu |L|@* @?_ |�i |�hii tTiU�
|h@* U�@??i*tc t4LL|�i_ ��|� @ �eceff M�? h�??�?} 4i@?
E@ML�| 2ef �O3�� NT |L @ML�| e 4O3 |�i M*�i U�@??i*
E�TTih 4Lt| U�h�i� i ��M�|t ��e |�4it ��}�ih @4T*�|�_itc
|�i }hii? U�@??i* E4�__*i U�h�i� 2�� |�4it ��}�ih @4T*��
|�_it @?_ |�i hi_ U�@??i* E*L�ih U�h�i� ����D |�4it ��}ih
@4T*�|�_it |�@? �? |�i |L|@* U�@??i*� �ML�i e 4O3 |�i
h@|�Lt _iUhi@ti 4@�?*) _�i |L @*�@t�?} �? |�i |L|@* U�@??i*�

vlplodulwlhv ehwzhhq wkh wrwdo dqg wkh vshfwudo fkdq0
qhov/ dqg wkhuh duh rqo| ihz vlplodulwlhv ehwzhhq wkh
VSP fkdqqhov1 Wklv frq�upv wkdw wkh qrlvh lq wkh
srzhu vshfwuxp +Ilj1 4, zlwklq wklv iuhtxhqf| edqg
lv lqghhg gxh wr gl�huhqw lqvwuxphqwdo ehkdylrxu1

Zh zloo xvh wkh uhvxowv ri el0 dqg pxowlyduldwh dqdo|0
vhv wr uhgxfh wkh lqvwuxphqwdo qrlvh lq wkh wlph vhulhv
dqg/ wkxv/ wr jhw d pruh dffxudwh ghwhuplqdwlrq ri
wkh srzhu lq vrodu luudgldqfh gdwd/ hvshfldoo| lq wkh
iuhtxhqf| udqjh iurp 7 wr 433 �K}1

81 DPSOLWXGH UDWLRV RI WKH
IUHTXHQF\ VSHFWUD

Wkh dpsolwxgh udwlrv ri wkh wrwdo fkdqqho lv vkrzq
lq Ilj1 9/ vprrwkhg zlwk d 47/733 elq uxqqlqj phdq
+derxw 573 �K},1 Vlplodu wr wkh �uvw uhvxow sdshu
+Iu�rkolfk hw do1/ 4<<:, zh �qg derxw 6 wr 7 wlphv
kljkhu dpsolwxghv lq wkh eoxh fkdqqho/ derxw 5 wr 6
wlphv kljkhu dpsolwxghv lq wkh juhhq fkdqqho/ dqg
derxw 4 wr 418 wlphv kljkhu dpsolwxghv lq wkh uhg
fkdqqho wkdq lq wkh wrwdo fkdqqho1 Lq wkh �uvw uh0
vxow sdshu Iu�rkolfk hw do1 +4<<:, irxqg udwkhu frq0
vwdqw udwlrv iru wkh iuhtxhqf| udqjh ri judqxodwlrq
dqg phvr0judqxodwlrq/ zkhuhdv d eurdg kxps zdv re0
vhuyhg ehwzhhq derxw 6 wr 53 �K}1 Zkloh h{whqglqj
wkh wlph vhulhv wr qhduo| wzr |hduv/ zh �qg vlplodu
dpsolwxgh udwlrv dowkrxjk wkh eurdg kxps fdq qrw
eh frq�uphg1 Wkh dpsolwxgh udwlrv ehwzhhq 3 dqg
7333 �K} vkrz qr odujh yduldwlrqv1 Dv vkrzq deryh
prvw ri wkh srzhu ehwzhhq 6 wr 53 �K} vwhpv iurp
lqvwuxphqwdo qrlvh dqg/ wkhuhiruh/ wkh eurdg kxps lq
wkh �uvw uhvxow sdshu lv gxh wr gl�huhqw lqvwuxphqwdo
ehkdylrxu/ zklfk lv qrz dyhudjhg rxw lq wkh orqjhu
wlph vhulhv1 Wrzdugv kljkhu iuhtxhqflhv/ l1h1 deryh
derxw 7333 �K}/ wkh udwlrv ghfuhdvh/ zklfk lv pdlqo|
gxh wr doldvlqj ri wkh Irxulhu vshfwuxp ri wkh wrwdo
luudgldqfh gxh wr wkh orz gxw| f|foh1
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91 FRQFOXVLRQV

Wkurxjkrxw prvw ri wkh kljk iuhtxhqf| vshfwuxp
:8( ri wkh yduldwlrqv ri wkh wrwdo vrodu luudgldqfh fdq
eh h{sodlqhg e| wkh wkuhh vshfwudo fkdqqhov +;95 qp/
833 qp/ 735 qp,1 Krzhyhu/ ehwzhhq 7 dqg 53 �K}
rqo| 4: ( ri wkh wrwdo vshfwuxp fdq eh prghohg e|
wkh vshfwudo fkdqqhov1 Wkh orz frkhuhqfh lq wklv iuh0
txhqf| edqg lv gxh wr gl�huhqfhv ri wkh ehkdylrxu
ri wkh lqvwuxphqwv> luuhjxodu dqg dprqj wkh lqvwux0
phqwv xqfruuhodwhg vslnhv lq wkh gdwd surgxfh wklv
qrlvh vshfwuxp1 Dv vkrzq lq Ilj1 4/ wkh phvr0
judqxodwlrq grhv qrw dgg wr wkh vrodu qrlvh1 Ehwzhhq
43 dqg 433 �K} wkh lqfuhdvh lq srzhu lv sduwo| gxh
wr lqvwuxphqwdo qrlvh dqg rqo| derxw 43 wr 63 ( ri
wkh lqfuhdvh vwhpv iurp vxshu0judqxodwlrq1 Dw orz
iuhtxhqflhv ehorz 7 �K} wkh frkhuhqfh lv djdlq kljk
lqglfdwlqj wkdw wkh yduldqfh gxh wr vrodu dfwlylw| lv
pxfk odujhu wkdq wkh lqvwuxphqwdo h�hfwv1

DFNQRZOHGJHPHQWV

Wkh dxwkruv judwhixoo| dfnqrzohgjh wkh sdvw dqg rq0
jrlqj h�ruw ri wkh YLUJR whdp wr surgxfh dqg lq0
whusuhw wkh gdwd1 VRKR lv d plvvlrq ri lqwhuqdwlrqdo
frrshudwlrq ehwzhhq HVD dqg QDVD1 Wklv zrun dw
wkh SPRG2ZUF lv ixqghg e| wkh Vzlvv Qdwlrqdo
Irxqgdwlrq1
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