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AEVWUaFW: The VeaUch fRU cRUUeOaWiRQV beWZeeQ VecRQdaU\ cRVPic Ua\ deWecWiRQ UaWeV aQd VeiVPic
effecWV haV ORQg beeQ a VXbjecW Rf iQYeVWigaWiRQ PRWiYaWed b\ Whe hRSe Rf ideQWif\iQg a QeZ
SUecXUVRU W\Se WhaW cRXOd feed a gORbaO eaUO\ ZaUQiQg V\VWeP agaiQVW eaUWhTXaNeV. HeUe Ze VhRZ
fRU Whe fiUVW WiPe WhaW Whe aYeUage YaUiaWiRQ Rf Whe cRVPic Ua\ deWecWiRQ UaWeV cRUUeOaWeV ZiWh Whe
gORbaO VeiVPic acWiYiW\ WR be RbVeUYed ZiWh a WiPe Oag Rf aSSUR[iPaWeO\ WZR ZeeNV, aQd WhaW Whe
VigQificaQce Rf Whe effecW YaUieV ZiWh a SeUiRdiciW\ UeVePbOiQg Whe XQdeceQaO VROaU c\cOe, ZiWh a
VhifW iQ ShaVe Rf aURXQd WhUee \eaUV, e[ceediQg 6 𝜎 aW ORcaO Pa[iPa. The SUecXUVRU chaUacWeUiVWicV
Rf Whe RbVeUYed cRUUeOaWiRQV SRiQW WR a SiRQeeU SeUVSecWiYe Rf aQ eaUO\ ZaUQiQg V\VWeP agaiQVW
eaUWhTXaNeV.

OQH-SHQWHQFH SXPPaU\: VaUiaWiRQV Rf VecRQdaU\ cRVPic Ua\ deWecWiRQ UaWeV aUe SHULRGLFDOO\
cRUUeOaWed ZiWh IXWXUH gORbaO eaUWhTXaNe PagQiWXde VXP.
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EaUWKTXaNHV LQGXFHG E\ WKH SOaQHWaU\ G\QaPR?

DeVSiWe decadeV Rf UeVeaUch, Whe PechaQiVPV iQiWiaWiQg OaUge eaUWhTXaNeV UePaiQ eQigPaWic(1)
Zhich OeaYeV URRP fRU WeVWiQg QRYeO ideaV. We SURSRVe fRcXViQg RQ Whe effecWV WhaW PighW be
WUiggeUed b\ UecRQfigXUaWiRQ Rf Whe SOaQeWaU\ d\QaPR ZhRVe PechaQiVPV aUe aVVRciaWed ZiWh Whe
Sh\VicaO SURceVVeV RccXUUiQg iQ Whe YeU\ iQWeUiRU Rf Whe EaUWh. MaVV PRYePeQWV iQVide Whe EaUWh
cRXOd Oead WR eaUWhTXaNeV (EQ), caXViQg WePSRUaU\ chaQgeV iQ bRWh Whe gUaYiWaWiRQaO aQd
geRPagQeWic fieOdV ViPXOWaQeRXVO\. If Whe chaQgeV iQ Whe OaWWeU SURSagaWe UeOaWiYeO\ faVW, Whe\ caQ
SURbabO\ be RbVeUYed RQ Whe VXUface Rf Whe SOaQeW eaUOieU WhaQ Whe cRUUeVSRQdiQg VeiVPic acWiYiW\
SRVVibO\ WUiggeUed b\ gUaYiWaWiRQaO chaQgeV. A deWecWiRQ Rf VXch SUecXUVRU effecWV caQ be
SRVVibOe, fRU e[aPSOe, b\ UegiVWeUiQg chaQgeV iQ Whe fUeTXeQc\ Rf deWecWiRQ Rf VecRQdaU\ cRVPic
UadiaWiRQ (CR), Zhich iV YeU\ VeQViWiYe WR geRPagQeWic cRQdiWiRQV. The e[iVWiQg OiWeUaWXUe
dRcXPeQWV Whe effRUWV WRZaUdV ideQWif\iQg WUaQVieQW feaWXUeV Rf cRVPic UadiaWiRQ, VROaU acWiYiW\,
iRQRVSheUic cRQdiWiRQV, aQd Whe geRPagQeWic fieOd, WhaW cRXOd VeUYe aV SUecXUVRUV Rf VeiVPic
effecWV(2±10), hRZeYeU, QRQe Rf FRVPR-VHLVPLF RU VRODU-VHLVPLF cRUUeOaWiRQV haYe beeQ
dePRQVWUaWed RQ a gORbaO VcaOe VR faU iQ a VWaWiVWicaOO\ cRQYiQciQg aQd PRdeO iQdeSeQdeQW Za\
(i.e. RQ a diVcRYeU\ OeYeO, Vee e.g. Whe cUiWiciVP cRQceUQiQg Whe WRWaO eOecWURQ cRQWeQW iRQRVSheUic
PRQiWRUiQg(11)), aQd iQ SaUWicXOaU QR h\SRWheVeV cRQceUQiQg aQ eaUWhTXaNe SUecXUVRU effecW
RbVeUYabOe iQ CR daWa haYe beeQ YeUified. HeUe Ze UeSRUW RQ aQ RbVeUYaWiRQ Rf Whe cRUUeOaWiRQV
beWZeeQ YaUiaWiRQ Rf Whe aYeUage UaWeV Rf VecRQdaU\ cRVPic Ua\ fOX[eV PeaVXUed ORcaOO\ aQd
gORbaO VeiVPic acWiYiW\, aQd Ze aOVR SRiQW WR Whe SeUiRdiciW\ Rf WheVe cRUUeOaWiRQV (RU WheiU
RbVeUYabiOiW\) Zhich cRUUeVSRQdV WR VXQVSRW QXPbeU RbVeUYaWiRQV bacN WR Whe 1960V.

The iQVSiUaWiRQ fRU Whe iQYeVWigaWiRQ RQ Whe SRVVibOe eaUWhTXaNe SUecXUVRU effecWV iQ cRVPic Ua\
daWa WhaW SUecedeV WhiV aUWicOe RUigiQaWeV iQ Whe UeVeaUch XQdeUWaNeQ afWeU Whe deYaVWaWiQg M 8.8
eaUWhTXaNe iQ ChiOe, iQ 2010. The PRVW iQWUigXiQg UeVXOWV cRQceUQiQg RQO\ WhiV SaUWicXOaU
eaUWhTXaNe iQcOXde iRQRVSheUic aQRPaOieV abRYe Whe eaUWhTXaNe UegiRQ(12), geRPagQeWic
fOXcWXaWiRQV aW a diVWaQW ORcaWiRQ(5), aQd XQXVXaO YaUiaWiRQV Rf VecRQdaU\ cRVPic UadiaWiRQ
deWecWiRQ UaWeV(13), aOO SUecediQg Whe eaUWhTXaNe b\ diffeUeQW WiPe SeUiRdV: 15 da\V, 3 da\V, aQd
ѿ da\, UeVSecWiYeO\. The OaWWeU UeVXOW, i.e. Whe XQXVXaO VecRQdaU\ cRVPic Ua\ UaWe , ZaV UecRUded
b\ Whe PieUUe AXgeU ObVeUYaWRU\ (AXgeU), Whe OaUgeVW cRVPic Ua\ iQfUaVWUXcWXUe, dedicaWed PRVWO\
WR UeVeaUch UeOaWed WR XOWUa-high eQeUg\ cRVPic Ua\V, bXW aOVR RffeUiQg iQWeUdiVciSOiQaU\
RSSRUWXQiWieV VXch aV VSace ZeaWheU VWXdieV ZiWh WheiU VcaOeU daWa(13, 14). The AXgeU ViWe iV
ORcaWed iQ AUgeQWiQa, a500 NP aZa\ fURP Whe ChiOeaQ eaUWhTXaNe eSiceQWeU, WhXV a gRRd
caQdidaWe ORcaWiRQ WR SURbe Whe SRVVibOe cRQQecWiRQ beWZeeQ Whe VecRQdaU\ cRVPic Ua\ fOX[eV aQd
WhiV SaUWicXOaU VeiVPic eYeQW. WhiOe Whe AXgeU VWXdieV cRQceUQiQg Whe big ChiOeaQ eaUWhTXaNe
ZeUe QRW SXbOiVhed, Whe\ WUiggeUed a ORQgeU WeUP iQWeUeVW diffXVed ZiWhiQ Whe cRVPic Ua\
cRPPXQiW\, UeVXOWiQg iQ UeYiYiQg Whe UeOaWed UeVeaUch XQdeU Whe VcieQWific ageQda Rf Whe CRVPic
Ra\ E[WUePeO\ DiVWUibXWed ObVeUYaWRU\ (CREDO)(15) - a UeceQW cRVPic Ua\ iQiWiaWiYe dedicaWed
PRVWO\ WR Whe gORbaO VeaUch fRU OaUge VcaOe cRVPic Ua\ cRUUeOaWiRQV aQd aVVRciaWed iQWeU-dRPaiQ
effRUWV, e.g. WhRVe UeOaWed WR Whe jRiQW UeVeaUch SURgUaP Rf Whe aVWURSaUWicOe Sh\VicV aQd
geRSh\VicV cRPPXQiWieV(16). The fiUVW e[WeQViYe FRVPR-VHLVPLF VWXdieV Rf Whe CREDO
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SURgUaPPe cRQceUQed Whe SXbOic AXgeU VcaOeU daWa VeW, aQd Whe\ ZeUe fRcXVed RQ VhRUW WeUP
VcaOe (XS WR feZ da\V) cRUUeOaWiRQV Rf VecRQdaU\ cRVPic Ua\ deWecWiRQ UaWeV aQd SUecXUVRU effecW
VeaUcheV XViQg Whe PajRU (PagQiWXde � 4) eaUWhTXaNeV ZiWh eSiceQWeUV ORcaWed aW diffeUeQW
diVWaQceV (XS WR 7,000 NP) fURP Whe PieUUe AXgeU ObVeUYaWRU\. The aSSaUeQW iQcRQcOXViYeQeVV Rf
WheVe VWiOO-RQgRiQg VWXdieV WUiggeUed aQ aOWeUQaWiYe, QRYeO aSSURach RQ Zhich Ze UeSRUW heUe:
cRPSaUiQg Whe abVROXWe aYeUage YaUiabiOiWieV Rf VecRQdaU\ cRVPic UadiaWiRQ WR Whe aYeUage gORbaO
VXP Rf eaUWhTXaNe PagQiWXdeV.

SiQce Ze cRQVideU VeiVPRgeQic SURceVVeV RccXUUiQg YeU\ deeSO\ XQdeU Whe EaUWh'V VXUface iW iV
jXVWified WR ZideQ Whe VeaUch fRU PaQifeVWaWiRQV Rf FRVPR-VHLVPLF cRUUeOaWiRQV RQ Whe VXUface Rf
Whe EaUWh WR gORbaO SheQRPeQa - jXVW becaXVe RQe caQ aWWUibXWe QR ³ORcaOiW\´ WR deeS iQWeUiRU
SURceVVeV. A cRQVeTXeQce Rf WhiV aSSURach iV WhaW iQVWead Rf iQdiYidXaO PajRU eaUWhTXaNeV aQd
Whe cRUUeVSRQdiQg befRUe- aQd afWeUVhRcNV, RQe haV WR Sa\ aWWeQWiRQ WR Whe eaUWhTXaNe eYeQWV
RccXUUiQg gORbaOO\ ZiWhiQ a VSecific WiPe ZiQdRZ. BRWh Rf WheVe cRQVeTXeQceV haYe beeQ adRSWed
iQ Whe aQaO\ViV SUeVeQWed heUe.

TKH FRVPR-VHLVPLF FRUUHOaWLRQV

TR ORRN fRU Whe cRUUeOaWiRQV beWZeeQ Whe deWecWiRQ UaWeV Rf VecRQdaU\ cRVPic Ua\V aQd VeiVPic
acWiYiW\ Ze e[SORUed Whe PieUUe AXgeU ObVeUYaWRU\ VcaOeU daWa(13) cRPSaUed WR VeOecWed VWaWiRQV
Rf Whe NeXWURQ MRQiWRU DaWabaVe (NMDB)(17), aQd WR Whe eaUWhTXaNe daWa fURP Whe U.S.
GeRORgicaO SXUYe\ (USGS) daWabaVe(18). IQ addiWiRQ, aV a UefeUeQce fRU Whe VSace ZeaWheU
ViWXaWiRQ, VROaU acWiYiW\ daWa ZeUe WaNeQ iQWR accRXQW, aYaiOabOe fURP Whe SROaU IQfOXeQceV DaWa
aQaO\ViV CeQWeU (SIDC)(19). AOO Whe daWa VeWV XVed ZiWhiQ WhiV VWXd\ aUe iOOXVWUaWed iQ Fig. 1 XViQg
a biQQiQg UeOeYaQW fRU Whe aQaO\ViV WR be SUeVeQWed VXbVeTXeQWO\.
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FLJ. 1: TKH GaWa VHWV aQaO\]HG LQ WKLV VWXG\. The SRiQWV iQ Whe eaUWhTXaNe aQd cRVPic Ua\ daWa
VeWV cRUUeVSRQd WR YaOXeV aYeUaged RYeU Whe SUeYiRXV 5 da\V. SROaU acWiYiW\ iV YiVXaOi]ed ZiWh
PRQWhO\ aYeUageV Rf VXQVSRW QXPbeUV, aQd ZiWh PRQWhO\ aYeUageV VPRRWhed RYeU Whe SeUiRd Rf
13 PRQWhV.

The h\SRWheVi]ed cRPSOe[iW\ Rf Whe Sh\VicaO cRQQecWiRQ beWZeeQ PagQeWRh\dURd\QaPicV Rf Whe
iQWeUiRU Rf Whe EaUWh aQd Whe VXbVeTXeQW YaUiaWiRQV Rf Whe VecRQdaU\ cRVPic Ua\ deWecWiRQ UaWeV
jXVWifieV QR D SULRUL e[SecWaWiRQV cRQceUQiQg Whe SURSRUWiRQaOiW\ beWZeeQ cRVPic aQd VeiVPic
daWa. IW iV QRW eYeQ cOeaU Zhich NiQd Rf cRVPic Ua\ UeVSRQVe WR VeiVPiciW\ VhRXOd be e[SecWed: a
VSecific VWUeQgWh Rf a WUaQVieQW PagQeWRh\dURd\QaPic iQVWabiOiW\ Rf Whe SOaQeWaU\ d\QaPR PighW
UeVXOW iQ diffeUeQW VeiVPic effecWV, deSeQdiQg RQ Whe ORcaWiRQ Rf Whe iQVWabiOiW\ ZiWh UeVSecW WR Whe
VeiVPicaOO\ VeQViWiYe UegiRQV, aQd cRXOd giYe a cRPSOe[ SicWXUe Rf Whe cRUUeVSRQdiQg
geRPagQeWic fOXcWXaWiRQV. The VXbVeTXeQW YaUiaWiRQV Rf Whe cRVPic Ua\ deWecWiRQ UaWeV PighW WheQ
iQ SUiQciSOe SRVVeVV chaUacWeUiVWicV Zhich aUe diffeUeQW fURP WhRVe Rf Whe cRUUeVSRQdiQg VeiVPic
acWiYiW\, ZhiOe Whe WZR effecWV PighW VWiOO UePaiQ cRUUeOaWed RU eYeQ caXVaOO\ cRQQecWed. IQ
SaUWicXOaU, QeiWheU Whe diUecWiRQ Rf chaQgeV Rf Whe cRVPic Ua\ UaWeV QRU Whe diUecWiRQ Rf WheiU
chaQgeV caQ D SULRUL be e[SecWed WR UefOecW Whe cRUUeVSRQdiQg behaYiRU Rf Whe VeiVPic daWa. OQ
Whe RWheU haQd, ZiWhiQ Whe SOaQeWaU\ d\QaPR PechaQiVP, RQe caQ e[SecW a FKDQJH iQ Whe
YDULDWLRQV Rf Whe cRVPic Ua\ daWa WR be caXVed b\ VRPe PaVV UecRQfigXUaWiRQ iQ Whe EaUWh'V
iQWeUiRU. OQe aOVR cRQVideUV Whe iQeUWia Rf Whe SOaQeWaU\ d\QaPR V\VWeP: VORZ PRYePeQW Rf Whe
OiTXid iURQ iQ Whe EaUWh iQWeUiRU (UefOecWed iQ Whe YaUiaWiRQ Rf Whe cRVPic Ua\ UaWeV) PighW WUiggeU a
VeiVPic effecW RQO\ afWeU VRPe WhUeVhROd Rf UeViVWaQce Rf Whe adjRiQiQg PaWWeU (URcNV) iV e[ceeded.
IW WheQ PRWiYaWeV Whe VeaUch fRU WUaQVieQW chaQgeV Rf Whe geRPagQeWic fieOd aQd, cRQVeTXeQWO\, Rf
Whe CR fOX[ befRUe a UaSid iQcUeaVe Rf Whe gORbaO eaUWhTXaNe QXPbeU. IQ cRQVeTXeQce, aQ
adeTXaWe aQd VXfficieQWO\ geQeUaO aSSURach fRU checNiQg ZheWheU WheUe iV aQ\ cRUUeOaWiRQ beWZeeQ
VeiVPic acWiYiW\ aQd cRVPic UadiaWiRQ VeePV WR be a dichRWRPi]aWiRQ Rf Whe daWa(20) Zhich ZRXOd
WXUQ Whe aQaO\ViV iQWR a ViPSOe \HV/QR VWXd\ b\ aOORZiQg Whe aSSOicaWiRQ Rf biQRPiaO diVWUibXWiRQ
iQ RUdeU WR aVVeVV Whe VWaWiVWicaO VigQificaQce Rf Whe SRVVibOe effecWV. IQ addiWiRQ, RQe iV iQcOiQed WR
iQWURdXce a WiPe-deSeQdeQW SaUaPeWeU Zhich cRXOd UefOecW Whe SRWeQWiaO SUecXUVRU chaUacWeU Rf Whe
e[SecWed cRUUeOaWiRQV. We defiQe Whe e[SUeVViRQ

𝑐
𝑖
ഈ𝑑, 𝑚, ՜

0
, ՜

𝑖
, ∆՜, 𝑃ഉ ࡦ  𝐴

𝑖
ഈ𝑑, 𝑚, ՜

0
, ՜

𝑖
, ∆՜, 𝑃ഉ ࡢ 𝐵

𝑖
ഈ𝑑, ՜

0
, ՜

𝑖
, 𝑃ഉ                         ഈ1ഉ

ZheUe

aQd𝐴
𝑖
ഈ𝑑, 𝑚, ՜

0
, ՜

𝑖
, ∆՜, 𝑃ഉ ࡦ

𝑆
𝑚

ഈ𝑑,𝑚,՜
0
,՜

𝑖
՜ഉ∆

𝑀ഈ𝑆
𝑚

ഈ𝑑,𝑚,՜
0
,՜

𝑖
՜ഉ,𝑃ഉ∆ ࡠ 1, 𝐵

𝑖
ഈ𝑑, ՜

0
, ՜

𝑖
, 𝑃ഉ ࡦ

|∆Ֆ
𝐶𝑅

ഈ՜
0
, ՜

𝑖,𝑖1ࡠ
ഉ|

𝑀ഈ|∆Ֆ
𝐶𝑅

ഈ՜
0
, ՜

𝑖,𝑖1ࡠ
ഉ|,𝑃ഉ ࡠ 1

ZheUe iV Whe diffeUeQce iQ Whe aYeUage cRVPic Ua\∆Ֆ
𝐶𝑅

ഈ՜
0
, ՜

𝑖,𝑖1ࡠ
ഉ ࡦ Ֆ

𝐶𝑅
ഈ՜

𝑖
ഉ ࡠ  Ֆ

𝐶𝑅
ഈ՜

𝑖1ࡠ
ഉ

deWecWiRQ UaWeV beWZeeQ Whe WZR QeighbRU iQWeUYaOV eQdiQg aW WL aQd WL-1, iV𝑆
𝑚

ഈ𝑑, 𝑚, ՜
0
, ՜

𝑖
 ∆՜ഉ

Whe gORbaO VXP Rf Whe eaUWhTXaNe PagQiWXdeV OaUgeU WhaQ RU eTXaO WR P dXUiQg Whe cRUUeVSRQdiQg
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iQWeUYaO eQdiQg aW ZiWh beiQg Whe WiPe VhifW Rf Whe eaUWhTXaNe daWa VeW ZiWh UeVSecW WR՜
𝑖

 ∆՜ ∆՜

Whe cRVPic Ua\ daWa, aQd aUe Whe PediaQV Rf Whe cRUUeVSRQdiQg TXaQWiWieV𝑀ഈ𝑆
𝑚

, 𝑃ഉ 𝑀ഈ|∆Ֆ
𝐶𝑅

|, 𝑃ഉ

RYeU Whe SeUiRd Rf OeQgWh ZiWhiQ Zhich Whe VeaUch fRU Whe cRUUeOaWiRQV iV beiQg checNed,𝑃 ՜
0
 

deWeUPiQeV Whe VWaUWiQg WiPe Rf Whe SeUiRd , aQd VSecifieV Whe OeQgWh Rf Whe WiPe𝑃 𝑑 ࡦ ՜
𝑖
ࡠ   ՜

𝑖1ࡠ

iQWeUYaO RYeU Zhich Whe cRVPic Ua\ UaWeV aUe aYeUaged aQd Whe VXPV Rf PagQiWXdeV aUe𝑆
𝑚

 

caOcXOaWed. TheQ fRU a giYeQ VeW Rf fUee SaUaPeWeUV: aQd , RQe defiQeV YaUiabOeV𝑃,  ՜
0
,  𝑑,  𝑚, ∆՜

aV VXPV Rf SRViWiYe/QegaWiYe VigQV Rf e[SUeVViRQ (1) WR RbWaiQ Whe biQRPiaO SURbabiOiW\𝑁
ࡠ/

deQViW\ fXQcWiRQ (PDF) deVcUibiQg Whe SURbabiOiW\ Rf geWWiQg e[acWO\ SRViWiYe VigQV fRU𝑘 Ֆ
iQWeUYaOV Rf OeQgWh , RYeU Whe SeUiRd :𝑑 𝑃

𝑃
𝑃𝐷𝐹

ഈ𝑁
ࡠ/

ࡦ  𝑘ഉ ࡦ  ഈ Ֆ!
𝑘!ഈՖࡠ𝑘ഉ! ഉ 

ࡠ/
𝑘 ഈ1 ࡠ 

ࡠ/
ഉՖࡠ𝑘                ഈ2ഉ

ZiWh beiQg Whe SURbabiOiW\ Rf a ³VXcceVV´: geWWiQg Whe SRViWiYe/QegaWiYe VigQ Rf e[SUeVViRQ
ࡠ/

(1). OQe e[SecWV Whe fROORZiQg fiYe ViWXaWiRQV WhaW deWeUPiQe Whe VigQ Rf e[SUeVViRQ (1):

I. ,՛𝑖𝑔Ֆഈ𝑐ഉ ࡦ  ഈഉ ࡢ ഈഉ ࡪ  0
II. ,՛𝑖𝑔Ֆഈ𝑐ഉ ࡦ  ഈࡠഉ ࡢ ഈࡠഉ ࡪ  0

III. ,՛𝑖𝑔Ֆഈ𝑐ഉ ࡦ  ഈഉ ࡢ ഈࡠഉ ࡩ  0
IV. ,՛𝑖𝑔Ֆഈ𝑐ഉ ࡦ  ഈࡠഉ ࡢ ഈഉ ࡩ  0
V. .՛𝑖𝑔Ֆഈ𝑐ഉ ࡦ  0

The ViWXaWiRQ 9 caQ RccXU if RQe RU PRUe daWa YaOXeV aUe eTXaO WR Whe PediaQ YaOXe, e.g. iQ caVe Rf
Rdd Q. If Ze UeTXiUe WhaW

ഈ𝐴
𝑖
0ഉ 𝑎Ֆ𝑑 ഈ𝐵 ࡧ 

𝑖
0ഉ 𝑎Ֆ𝑑 ഈՖ ࡧ 

𝐶𝑅
ഈ՜

𝑖
ഉ ࡪ  0ഉ 𝑎Ֆ𝑑 ഈՖ

𝐶𝑅
ഈ՜

𝑖1ࡠ
ഉ ࡪ  0ഉ 𝑎Ֆ𝑑 ഈ𝑆

𝑚
ഈ՜

𝑖
 ∆՜ഉ ࡪ  0ഉ,     ഈ3ഉ

aQd WhaW iQ addiWiRQ Whe QXPbeUV Rf SRViWiYe aQd QegaWiYe YaOXeV Rf aQd aUe Whe VaPe, i.e.:𝐴
𝑖

𝐵
𝑖

Ֆ
𝐴

𝑖
0ࡪ

ࡦ   Ֆ
𝐴

𝑖
0ࡩ

ࡦ   Ֆ
𝐵

𝑖
0ࡪ

ࡦ   Ֆ
𝐵

𝑖
0ࡩ

 ,                                                                           ഈ4ഉ

WheQ Whe QXOO h\SRWheViV, defiQed aV iQdeSeQdeQce Rf Whe WZR cRQVideUed daWa VeWV cRQWaiQiQg Whe
EQ aQd CR daWa iPSOieV WhaW , aV Whe ViWXaWiRQV I, II, III, aQd I9 PighW RccXU ZiWh Whe

ࡠ/
ࡦ 0. 5

VaPe SURbabiOiWieV Rf 25%. ThXV Whe SURbabiOiW\ fURP ET. (2) aQd Whe cRUUeVSRQdiQg𝑃
𝑃𝐷𝐹

cXPXOaWiYe diVWUibXWiRQ fXQcWiRQ (CDF) caQ VeUYe aV PeaVXUeV WR WeVW Whe QXOO𝑃
𝐶𝐷𝐹

ഈ𝑁
ࡠ/

 𝑘ഉ

h\SRWheViV.
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SXbPiWWed MaQXVcUiSW: CRQfideQWiaO
TePSOaWe UeYiVed FebUXaU\ 2021

TKH SUHFXUVRU HIIHFW

The VeaUch fRU Whe FRVPR-VHLVPLF cRUUeOaWiRQV UeSRUWed heUe ZaV SeUfRUPed iQ WhUee VWageV: aW
fiUVW Whe AXgeU daWa ZaV e[aPiQed WR RSWiPi]e Whe VeaUch VWUaWeg\ ZiWh SRVW-WUiaO checNV, WheQ Whe
RSWiPXP cRUUeOaWiRQ SUeVcUiSWiRQ ZaV fiQe WXQed XViQg WechQicaOO\ iQdeSeQdeQW daWa VeWV fURP Whe
MRVcRZ aQd OXOX NMDB VWaWiRQV ZiWhiQ Whe WiPe SeUiRd cRUUeVSRQdiQg WR Whe AXgeU daWa WaNiQg
WiPe. FiQaOO\, Ze aSSOied Whe SUeVcUiSWiRQ WR Whe eaUOieU SeUiRdV Rf WiPe aYaiOabOe iQ caVe Rf Whe
MRVcRZ aQd OXOX daWa.

AQ e[aPiQaWiRQ Rf Whe AXgeU daWa giYeV a VWabOe aQd VigQificaQW cRUUeOaWiRQ UeVXOW aOUead\ afWeU a
cRaUVe YaUiaWiRQ Rf Whe Ne\ SaUaPeWeUV, ZiWh aQ e[aPSOe ORcaO RSWiPXP fRU:

(aSaUW fURP Whe OaUge VcaOe WiPe𝑃 ࡦ  1675 𝑑𝑎ա՛,  ՜
0
ࡦ   2 𝐴՚ 2014 22: 07: 12 𝐺𝑀𝑇

deSeQdeQce Ze haYe aOVR fRXQd a VeQViWiYiW\ WR VPaOO VhifWV Rf Whe daWa biQV iQ WiPe, Rf Whe
OeQgWhV OeVV WhaQ Whe iQdiYidXaO biQ Vi]e), , , aQd . OXW Rf𝑑 ࡦ  5 𝑑𝑎ա՛ 𝑚 ࡦ  4. 0 ∆՜ ࡦ  15 𝑑𝑎ա՛
Whe iQWeUYaOV fXOfiOOed Whe UeTXiUePeQWV (3) aQd (4) WR giYe𝑁 ࡦ  𝑃/𝑑 ࡦ  335 294 𝑁


ࡦ 202

aQd (Whe VXP Rf aQd iV OeVV WhaQ becaXVe Rf a QXPbeU Rf ePSW\ iQWeUYaOV iQ𝑁
ࡠ

ࡦ 92 𝑁


𝑁
ࡠ

𝑁

Whe PieUUe AXgeU ObVeUYaWRU\ daWa - VXch iQWeUYaOV ZeUe e[cOXded fURP Whe aQaO\ViV), ZiWh Whe
cRUUeVSRQdiQg PediaQV aQd , ZiWh𝑀ഈ𝑆

𝑚
, 𝑃ഉ ࡦ 859. 55 𝑀ഈ|∆Ֆ

𝐶𝑅
|, 𝑃ഉ ࡦ 0. 48

aQd𝑃
𝑃𝐷𝐹

 ഈ𝑁


ࡦ 202,  𝑁 ࡦ 294ഉ ࡦ 3. 5 ࡢ 11ࡠ10

. The OaWWeU YaOXe cRUUeVSRQdV WR Whe VigQificaQce𝑃
𝐶𝐷𝐹

ഈ𝑁


,202    𝑁 ࡦ  294ഉ ࡦ  6. 3 ࡢ 11ࡠ10

Rf PRUe WhaQ .6. 5 ֎

The SUeVcUiSWiRQ fRXQd fRU Whe AXgeU daWa ZaV WheQ aSSOied WR RWheU cRVPic Ua\ daWa VeWV,
UecRUded b\ Whe afRUePeQWiRQed MRVcRZ aQd OXOX NMDB VWaWiRQV. IQ Whe MRVcRZ caVe, ZheQ
aSSO\iQg aOO Whe fUee SaUaPeWeU YaOXeV e[acWO\ aV iQ Whe SUeVcUiSWiRQ, RQe UeceiYeV Whe CDF
VigQificaQce aW Whe OeYeO Rf , aQd ZheQ Ze aOORZ a UROe Rf Whe~3. 5 ֎ ഈ𝑁


ࡦ   199,  𝑁

ࡠ
ࡦ   132ഉ

ORcaO SURSeUWieV Rf Whe MRVcRZ ViWe PaQifeVWiQg iQ Whe chaQge Rf Whe VWaUWiQg WiPe , a VcaQ Rf՜
0

WhiV SaUaPeWeU begiQQiQg fURP 30 MaUch 2005 (Whe daWa Rf Whe fiUVW UecRUd iQ Whe AXgeU daWabaVe)
ZiWh a VWeS Rf 6 hRXUV (Whe daWa biQ ZidWh iQ Whe MRVcRZ daWabaVe), i.e. checNiQg 13,400 SaUWO\
RYeUOaSSiQg SeUiRdV, UeYeaOV agaiQ aQ effecW aW Whe OeYeO Rf

fRU~6 ֎ ഈ𝑃
𝐶𝐷𝐹

ࡦ   4. 1 ࡢ ;9ࡠ10  𝑁


ࡦ   218,  𝑁
ࡠ

ࡦ 113ഉ

, i.e. a4 PRQWhV eaUOieU aQd ZiWh bRUdeUV Rf fiYe-da\՜
0

ࡦ  14 𝑁՞ 2013 07: 00: 00 𝐺𝑀𝑇

iQWeUYaOV RQ a diffeUeQW WiPe Rf Whe da\ cRPSaUed WR Whe effecW RbVeUYed fRU Whe PieUUe AXgeU
ObVeUYaWRU\ ViWe (PRUQiQg iQ MRVcRZ YV. eYeQiQg aW Whe AXgeU ViWe). SiPiOaUO\, Whe OXOX NMDB
daWa UeYeaO a VhaUS PiQiPXP chaQce SURbabiOiW\ Rf

aW , \eW aQRWheUഈ𝑃
𝐶𝐷𝐹

ࡦ   1. 6 ࡢ ;9ࡠ10  𝑁


ࡦ   220,  𝑁
ࡠ

ࡦ 112ഉ  ՜
0

ࡦ  4 𝐽𝑎Ֆ 2014 23: 37: 12
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YaOXe Rf Whe VWaUWiQg WiPe, PRUe RU OeVV iQ Whe PiddOe beWZeeQ Whe YaOXeV fRXQd iQ Whe AXgeU aQd
MRVcRZ daWa. The cRPSaUiVRQ beWZeeQ Whe AXgeU, MRVcRZ aQd OXOX UeVXOWV ZiWh Whe
cRUUeVSRQdiQg VXQVSRW QXPbeUV iV SUeVeQWed iQ Fig. 2.

FLJ. 2: VLJQLILFaQFH RI WKH HIIHFW LQ WKUHH WHFKQLFaOO\ LQGHSHQGHQW CR GaWa VHWV~6 ֎ 
FROOHFWHG E\ WKH MRVFRZ aQG OXOX NMDB VWaWLRQV, aQG E\ WKH PLHUUH AXJHU OEVHUYaWRU\,
FRPSaUHG WR VXQVSRW QXPEHUV. Each SRiQW iOOXVWUaWeV Whe cRUUeOaWiRQ effecW dXUiQg Whe OaVW a4.5
\eaUV (335 fiYe-da\ iQWeUYaOV). AOO Whe VigQificaQce cXUYeV ZeUe RbWaiQed afWeU fiQe WXQiQg Rf Whe
SaUaPeWeU W0 SeUfRUPed b\ aSSO\iQg 20 VPaOO VhifWV iQ WiPe beWZeeQ 0 aQd 5 da\V.

AQ iPSRUWaQW feaWXUe Rf Whe aSSaUeQW FRVPR-VHLVPLF cRUUeOaWiRQV iV a VeQViWiYiW\ Rf Whe
VigQificaQce Rf Whe effecW RQ Whe WiPe VhifW beWZeeQ Whe CR aQd EQ daWa VeWV. The VWURQgeVW
cRUUeOaWiRQV aUe fRXQd fRU , Zhich SRiQWV WR Whe SUecXUVRU chaUacWeU∆՜ ࡦ  ~ 2 ՟𝑒𝑒𝑘՛ ഈ15 𝑑𝑎ա՛ഉ
Rf Whe CR daWa behaYiRU ZiWh UeVSecW WR Whe VeiVPic daWa chaQgeV, aV iOOXVWUaWed iQ Fig. 3 XViQg Whe
AXgeU daWa.
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FLJ. 3: TKH GHSHQGHQFH RI WKH VLJQLILFaQFH RI WKH cRVPR-VeiVPic FRUUHOaWLRQV RQ WKH WLPH
VKLIW RI WKH EQ GaWa ZLWK UHVSHFW WR WKH AXJHU CR GaWa, IRU WKH RSWLPXP IUHH SaUaPHWHU∆՜ 
VHW GHILQHG LQ ET. 1. The SRViWiYe RU QegaWiYe YaOXeV Rf cRUUeVSRQd WR Whe ViWXaWiRQV iQ Zhich∆՜
RQe cRPSaUeV Whe VecRQdaU\ cRVPic Ua\ daWa iQ a giYeQ WiPe iQWeUYaO WR Whe VeiVPic daWa UecRUded
iQ WiPe iQWeUYaOV iQ Whe fXWXUe RU iQ Whe SaVW, UeVSecWiYeO\.

WhiOe Whe aSSaUeQW chaQce SURbabiOiWieV Rf Whe cRUUeOaWiRQ effecW aUe YeU\ ORZ iQ aOO Whe WhUee CR
daWa VeWV, Whe VWaWiVWicaO VigQificaQce Rf Whe UeVXOW haV aQ XQceUWaiQW\ dXe WR fiQe WXQiQg Rf Whe fUee
SaUaPeWeUV Qeeded WR fiQd Whe ORZeVW , aQd UeOaWed WR Whe Sh\VicaO cRUUeOaWiRQV beWZeeQ𝑃

𝑃𝐷𝐹/𝐶𝐷𝐹

Whe CR daWa VeWV iQWURdXced b\ Whe VROaU acWiYiW\. HRZeYeU, a ViPSOe YeUificaWiRQ Rf Whe
VigQificaQce Rf Whe dePRQVWUaWed UeOaWiRQ beWZeeQ Whe CR aQd EQ daWa caQ be SeUfRUPed b\
³ORRNiQg eOVeZheUe´, i.e. b\ cRQVideUiQg eaUOieU SeUiRdV Rf daWa WaNiQg iQ Whe aYaiOabOe deWecWRUV.

TKH VWaWLVWLFaO VLJQLILFaQFH aQG WKH UROH RI WKH SXQ

The OaUge-VcaOe WiPe deSeQdeQce aQd Whe afRUePeQWiRQed XQceUWaiQW\ Rf Whe aSSaUeQW
FRVPR-VHLVPLF cRUUeOaWiRQ VeeQ iQ Fig. 2 PRWiYaWeV a checN ZiWh aQ iQdeSeQdeQW daWa VeW
e[WeQdiQg RYeU aQRWheU SeUiRd Rf WiPe, aQd aOVR XViQg diffeUeQW WiPe ZiQdRZV. IQWeUeVWiQgO\, VXch
a VWXd\ iQcOXdiQg ROdeU daWa UeYeaOV e[ceVVeV Rf bRWh N+ aQd N- YaU\iQg UegXOaUO\ RYeU WiPe
Zhich jXVWifieV XViQg Whe (ET. 2) aV aQ iQdicaWRU Rf Whe biQRPiaO diVWUibXWiRQ aQRPaO\,𝑃

𝑃𝐷𝐹

iQVWead Rf fRcXViQg RQ aQ e[ceVV Rf a ceUWaiQ W\Se. AV iOOXVWUaWed iQ Fig. 4, aSSO\iQg VPRRWhiQg
ZiQdRZV Rf WZR diffeUeQW OeQgWhV (a4.5 aQd a9 \eaUV) WR Whe MRVcRZ daWa VeW iQdicaWeV a
cRQQecWiRQ ZiWh Whe acWiYiW\ Rf Whe SXQ: beWZeeQ 1965 aQd 2015 fiYe diVWiQcW aQd VigQificaQW
PiQiPa Rf aUe YiVibOe ZheQ a ZideU (a9 \eaUV) VPRRWhiQg ZiQdRZ iV XVed, aOO fROORZ𝑃

𝑃𝐷𝐹
 

VXQVSRW QXPbeU Pa[iPa afWeU a3 \eaUV.
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FLJ. 4: TKH aQRPaO\ LQGLFaWRU LQ WKH MRVFRZ NMDB GaWa VHW FRPSaUHG WR WKH VXQVSRW
QXPEHU. Each SRiQW RQ Whe cRUUeOaWiRQ VigQificaQce cXUYeV cRUUeVSRQdV WR Whe effecW fRXQd RYeU
Whe VPRRWhiQg ZiQdRZ OeQgWh Rf a4.5 \eaUV (1675 da\V, iQ Ued) aQd a9 \eaUV (3350 da\V, iQ
bOXe), ZiWh Whe cXUYe SRiQWV ORcaWed aW Whe ceQWeUV Rf Whe ZiQdRZV.

CRQVideUiQg eaUOieU WiPe SeUiRdV, Ze VcaQQed RYeU Whe aYaiOabOe UaQge e[cOXdiQg Whe՜
0
 

SUeYiRXVO\ VWXdied SeUiRd (cf. Fig. 2), aQd NeeSiQg Whe RWheU fUee SaUaPeWeUV XQchaQged, i.e. ZiWh
Whe VaPe YaOXeV Zhich gaYe Whe UeVXOWV SUeVeQWed iQ Fig. 2. The SURcedXUe gaYe 3430 QeZ SaUWO\
RYeUOaSSiQg daWa VeWV, each Rf WheP iQdeSeQdeQW Rf Whe e[cOXded ³bXUQiQg VaPSOe´ daWa SORWWed iQ
Fig 2. UViQg Whe ZideU VPRRWhiQg ZiQdRZ Rf a9 \eaUV UeVXOWV iQ fRXU QeZ diVWiQcW aQRPaORXV

YaOXeV Rf aQd cRUUeVSRQdiQg WR𝑃
𝑃𝐷𝐹

:  3. 3 ࡢ ,8ࡠ10  3. 0 ࡢ ,6ࡠ10  3. 6 ࡢ ,5ࡠ10  2. 9 ࡢ 6ࡠ10 ՜
0
 

YaOXeV (GMT) Rf:

1. ,12 𝐽՝𝑙 1969 07: 37: 12
2. ,11 𝐽՝𝑙 1978 07: 37: 12
3. ,21 𝑆𝑒 1988 07: 37: 12
4. ,23 𝐷𝑒𝑐 1999 07: 37: 12

UeVSecWiYeO\. FRU cRPSOeWeQeVV Ze aOVR OiVW Whe ORcaO PiQiPXP , RccXUUiQg𝑃
𝑃𝐷𝐹

ࡦ   8. 1 ࡢ 9ࡠ10

fRU . AV e[SOaiQed iQ Whe SUeYiRXV VecWiRQ, Whe VSecific fUacWiRQ Rf՜
0
ࡦ    23 𝐹𝑒𝑏 2009 07: 37: 12

Whe fiYe-da\V SeUiRd aW Zhich Ze begiQ Whe VcaQQiQg SURcedXUe iV aQ effecW Rf Whe RSWiPi]aWiRQ
aSSOied aOUead\ WR Whe ³bXUQiQg VaPSOe´ Rf Whe daWa, VR iQ Whe RWheU daWa VeW Whe RQO\ facWRU WhaW
SeQaOi]eV a VSecific SURbabiOiW\ YaOXe iV UeOaWed WR Whe QXPbeU Rf VWeSV iQ W0 aYaiOabOe aV QeZ
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WUiaOV. AOO Whe fRXU PiQiPa RccXU iQ QRQ-RYeUOaSSiQg SeUiRdV Rf 3350 da\V, VR Whe\ caQ be
cRQVideUed aV iQdeSeQdeQW eYeQWV. The RYeUaOO SURbabiOiW\ Rf RccXUUiQg Rf aOO Rf WheVe PiQiPa
ZiWhiQ Whe WiPe SeUiRd checNed caQ WheQ be deVcUibed b\ Whe SURdXcW Rf Whe iQdiYidXaO
SURbabiOiWieV, ZiWh Whe cRUUeVSRQdiQg SeQaOi]aWiRQ facWRUV. TR aSSO\ WheVe SeQaOi]aWiRQ facWRUV WR
Whe fRXU PiQiPa OiVWed abRYe Ze XVe Whe SeQaOi]iQg facWRU Rf 3430 fRU Whe fiUVW PiQiPXP, WheQ fRU
Whe VecRQd PiQiPXP Whe aYaiOabOe QXPbeU Rf QeZ WUiaOV iV RQO\ 2682 (Whe VcaQ Rf Whe QeZ VeWV
caQ be cRQWiQXed RQO\ begiQQiQg fURP Whe fiUVW W0 YaOXe afWeU Whe SUeYiRXV PiQiPXP), fRU Whe WhiUd
PiQiPXP iW iV 1952, aQd fRU Whe fRXUWh RQe - 1207. CROOecWiYeO\, Whe SURbabiOiW\ Rf aQ accideQWaO
aSSeaUaQce Rf Whe fRXU PiQiPa WR RccXU dXUiQg Whe aYaiOabOe daWa WaNiQg WiPe SeUiRd WhaW SUecedeV
Whe ³bXUQiQg VaPSOe´ iV QR gUeaWeU WhaQ

3. 34 ࡢ 8ࡠ10 ࡢ 3430 ࡢ 3. 0 ࡢ 6ࡠ10 ࡢ 2682 ࡢ 3. 58 ࡢ 5ࡠ10 ࡢ 1952 ࡢ

ࡢ 2. 92 ࡢ 6ࡠ10 ࡢ ࡦ 1207  2. 3 ࡢ 10ࡠ10

Zhich cRUUeVSRQdV WR .~ 6. 3 ֎

WhiOe Whe UeciSe Ze aSSO\ dReV QRW SRiQW WR a VSecific aW Zhich aQ aQRPaORXV VhRXOd՜
0
 𝑃

𝑃𝐷𝐹
 

RccXU, aSSO\iQg a ViPSOe VcaQQiQg UXOe aQd Whe UeOaWed SeQaOi]aWiRQ WR cRPSXWe Whe chaQce
SURbabiOiW\ Rf Whe FRVPR-VHLVPLF cRUUeOaWiRQ effecW WR RccXU PaQ\ WiPeV RYeU decadeV, cRQfiUPV
WhaW Whe effecW RbVeUYed iV VWaWiVWicaOO\ VigQificaQW. MRUeRYeU, Whe WePSRUaO diVWaQceV beWZeeQ Whe
RbVeUYed PiQiPa: 10.2, 10.0, 10.2, 11.3, aQd 9.2 \eaUV, aV ZeOO aV Whe RccXUUeQce Rf Whe𝑃

𝑃𝐷𝐹
 

PiQiPa a3 \eaUV afWeU Whe Pa[iPa Rf Whe VROaU acWiYiW\, VeeP WR iQdicaWe WR a UROe RU eYeQ aQ
iPSacW Rf Whe SXQ WhaW VhRXOd be VWXdied PRUe deeSO\ iQ fROORZ XS aQaO\VeV.

SXPPaU\, GLVFXVVLRQ, aQG RXWORRN

We haYe dePRQVWUaWed fRU Whe fiUVW WiPe WhaW Whe YaUiaWiRQ Rf Whe abVROXWe aYeUage deWecWiRQ UaWeV
Rf VecRQdaU\ cRVPic UadiaWiRQ cRUUeOaWeV ZiWh Whe gORbaO VeiVPic ViWXaWiRQ (VXP Rf Whe
PagQiWXdeV Rf eaUWhTXaNeV ZiWh PagQiWXdeV gUeaWeU-WhaQ RU eTXaO WR 4, RccXUUiQg aW aOO ORcaWiRQV)
WhaW WaNeV SOace aSSUR[iPaWeO\ WZR ZeeNV OaWeU WhaQ Whe UeOeYaQW cRVPic Ua\ daWa. The Vi]e Rf Whe
VhifW iQ WiPe beWZeeQ Whe cRVPic aQd VeiVPic daWa VeWV UeYeaOV Whe SUecXUVRU chaUacWeU Rf Whe
cRUUeOaWiRQ effecW, cRiQcidiQg ZiWh Whe WiPe Rf RccXUUeQce Rf iRQRVSheUic aQRPaOieV SUecediQg Whe
2010 8.8-M eaUWhTXaNe iQ ChiOe(12). The RbVeUYed cRUUeOaWiRQ effecW ZaV YaOidaWed b\
iQdeSeQdeQW aQaO\VeV XViQg c\cORVWaWiRQaUiW\-baVed PeWhRdV aQd UaQdRPi]ed daWa VeWV (Vee Whe
SXSSOePeQWaU\ IQfRUPaWiRQ), iWV VigQificaQce e[ceedV , iW YaUieV ZiWh WiPe ZiWh a SeUiRdiciW\6 ֎
UeVePbOiQg Whe XQdeceQaO VROaU c\cOe, aQd iW aOVR deSeQdV RQ WiQ\ (OeVV WhaQ 5 da\V),
geRgUaShicaOO\ YaU\iQg VhifWV Rf Whe daWa biQV iQ WiPe. The OaWWeU deSeQdeQce, aOWhRXgh SUeVeQWO\
QRW XQdeUVWRRd, VhRXOd be iQYeVWigaWed iQWeUdiVciSOiQaUiO\ WR VeaUch fRU VRPe ORZeU-OeYeO
SeUiRdiciW\ iQ Whe daWa Zhich PighW be UeOaWed e.g. ZiWh Whe URWaWiRQaO SeUiRd Rf Whe SXQ, Zhich iV
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aSSUR[iPaWeO\ 25.6 da\V aW Whe eTXaWRU aQd 33.5 da\V aW Whe SROeV, RU ZiWh WideV RccXUUiQg aW
Pa[iPaO VWUeQgWhV WZice a PRQWh, ZheQ Whe MRRQ iV aSSUR[iPaWeO\ aORQg Whe EaUWh - SXQ OiQe.

The effecW deVcUibed iQ WhiV UeSRUW ZaV fRXQd afWeU cRQVideUiQg a VeaUch fRU gORbaO6֎
PaQifeVWaWiRQV Rf FRVPR-VHLVPLF cRUUeOaWiRQV, ZiWhRXW UeVWUicWiQg Whe eaUWhTXaNe daWa VeW WR Whe
ORcaWiRQV Rf Whe cRVPic Ua\ daWa XVed iQ Whe aQaO\ViV. OQe Pa\ VXSSRVe WhaW VXch a UeVXOW cRXOd
be Whe VigQaWXUe Rf a SRVVibOe cRQQecWiRQ beWZeeQ Sh\VicaO PechaQiVPV UeVSRQVibOe fRU chaQgeV
iQ Whe EaUWh¶V d\QaPR aQd VeiVPic acWiYiW\. IQ VXch a VceQaUiR, YaUiaWiRQV Rf Whe geRPagQeWic
fieOd geQeUaWed b\ Whe PRYePeQWV Rf Whe OiTXid cRUe Rf Whe EaUWh cRXOd haYe a diUecW iPSacW RQ
cRVPic-Ua\ deWecWiRQV aQd ZRXOd jXVWif\ Whe ZideQiQg Rf Whe cRQVideUaWiRQ Rf FRVPR-VHLVPLF
cRUUeOaWiRQV aV a gORbaO SheQRPeQRQ RbVeUYabOe RQ Whe VXUface Rf Whe EaUWh. HRZeYeU, deVSiWe aQ
aSSaUeQW cRQViVWeQc\ beWZeeQ Whe SURSeUWieV Rf Whe RbVeUYed SheQRPeQRQ, aQd Whe geRSh\VicaO
aVVXPSWiRQV Zhich PRWiYaWed Whe VWXd\, aW Whe SUeVeQW VWage Rf Whe iQYeVWigaWiRQ RQe caQQRW
e[cOXde aOVR QRQ-geRSh\VicaO iQWeUSUeWaWiRQV Rf Whe SeUiRdic FRVPR-VHLVPLF cRUUeOaWiRQV Zhich
aUe dePRQVWUaWed iQ WhiV UeSRUW. FRU aQ e[aPSOe, if Whe VROaU acWiYiW\ ZaV WR iQdXce OaUge VcaOe aQd
eQeUgeWic WUaQVieQW aWPRVSheUic chaQgeV Zhich iQ WXUQ cRXOd WUiggeU VeiVPic acWiYiW\ iQ UegiRQV
aOUead\ cORVe WR aQ eaUWhTXaNe dXe WR VRPe RWheU SURceVVeV, aV SURSRVed e.g. iQ RefV.(9, 10) (Vee
aOVR Whe UefeUeQceV WheUeiQ), Whe UeVXOWaQW UeOaWiRQ beWZeeQ YaUiaWiRQV Rf VecRQdaU\ cRVPic Ua\
iQWeQViWieV aQd gORbaO VeiVPic acWiYiW\ cRXOd ORRN ViPiOaUO\ WR Whe effecW deVcUibed heUe. IQ aQ\
caVe RXU RbVeUYaWiRQ VhRXOd be cRQVideUed aV a VigQificaQW VWeS WRZaUdV XQdeUVWaQdiQg Whe
Sh\VicV Rf big eaUWhTXaNeV aQd WR deYeORSiQg aQ efficieQW eaUWhTXaNe eaUO\ ZaUQiQg V\VWeP.

We e[SecW WhaW Whe cRUUeOaWiRQV dePRQVWUaWed heUe ZiWh WhUee aUbiWUaUiO\ chRVeQ iQdeSeQdeQW
cRVPic Ua\ RbVeUYaWiRQ ViWeV VhRXOd be eVVeQWiaOO\ YiVibOe iQ aOO Whe RWheU cRVPic Ua\ daWa VeWV Rf
cRPSaUabOe TXaOiW\ aQd YROXPeV, aQd, SRVVibO\, eYeQ iQ VPaOOeU VeWV WhaW e[WeQd RYeU a
VXfficieQWO\ ORQg SeUiRd Rf WiPe. WhiOe SUeciVe SUedicWiRQV Rf VeiVPic acWiYiW\ cXUUeQWO\ VeeP
XQachieYabOe, Whe fiQe VWUXcWXUe Rf Whe RbVeUYed deSeQdeQcieV, iQcOXdiQg ViWe-WR-ViWe aQd
WechQiTXe-WR-WechQiTXe diffeUeQceV, cUeaWeV a SeUVSecWiYe Rf Whe aSSOicaWiRQ Rf cXWWiQg-edge daWa
SURceVViQg aQd aQaO\ViV WechQiTXeV, iQcOXdiQg Whe OaWeVW achieYePeQWV iQ aUWificiaO iQWeOOigeQce
aQd big daWa, WR aVVeVV Whe fXWXUe eaUWhTXaNe UiVN aW OeaVW gORbaOO\, iQ a cRQWiQXRXV Za\, aQd
bURadcaVW Whe iQfRUPaWiRQ ZideO\, OeaYiQg SUecaXWiRQ-UeOaWed deciViRQV WR Whe PRVW e[SRVed
gRYeUQPeQWV, RUgaQi]aWiRQV, RU eYeQ iQdiYidXaOV. WiWh WhiV VWaUWiQg SRiQW cRQceUQiQg Whe eaUO\
ZaUQiQg V\VWeP agaiQVW eaUWhTXaNeV, Whe fXUWheU accXPXOaWiRQ Rf VecRQdaU\ cRVPic Ua\ daWa,
WRgeWheU ZiWh RWheU LQZDUG PXOWiPeVVeQgeU chaQQeOV Rf Sh\VicV iQfRUPaWiRQ, aQd ZiWh
cRQWiQXRXVO\ iPSURYed PRdeOiQg aQd PeWhRdRORg\ Rf Whe aQaO\VeV, Whe SUeciViRQ Rf Whe ZaUQiQgV
ZiOO RQO\ iQcUeaVe aQd VaYe OiYeV Rf PaQ\ WhURXghRXW Whe ZRUOd, ZheUeYeU Whe VeiVPic acWiYiW\ iV
aQ eYeU\da\ WhUeaW.

We e[SecW WhaW Whe aSSaUeQW ViPiOaUiW\ Rf Whe SeUiRdicaO chaQgeV Rf Whe FRVPR-VHLVPLF cRUUeOaWiRQ
effecW WR Whe XQdeceQaO VROaU c\cOe ZiOO be a VWaUWiQg SRiQW fRU a QeZ NiQd Rf iQWeUdiVciSOiQaU\
aQaO\VeV cRQceUQiQg Whe \eW XQcRQfiUPed WhRXgh SRVVibOe Sh\VicaO cRQQecWiRQV (e.g. Rf PagQeWic
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RU gUaYiWaWiRQaO RUigiQ) beWZeeQ Whe SXQ aQd Whe EaUWh. The VXbVeTXeQW VWXdieV VhRXOd aOVR
iQcOXde, iQ SaUWicXOaU, iQYeVWigaWiRQV RQ VhRUWeU WiPe VcaOe SUecXUVRUV, cRUUeOaWiRQV ZiWh RWheU
NQRZQ eaUWhTXaNe SUecXUVRUV RU SUecXUVRU caQdidaWeV (e.g. UadRQ ePiVViRQ aQd/RU SaUWicOe
deQViWieV iQ Whe iRQRVSheUe), aQd SRWeQWiaO cRQQecWiRQV ZiWh Whe SOaQQed WechQRORgicaO effRUWV
(e.g. XViQg WiOWPeWeUV WR RbWaiQ Whe iQfRUPaWiRQ RQ gUaYiWaWiRQaO chaQgeV WhaW SUecede VeiVPic
effecWV).

The chaUacWeU aQd Whe VcRSe Rf Whe SRWeQWiaO iPSacW Rf WhiV VWXd\, bXW aOVR iWV XOWiPaWe UeOeYaQce,
ZaUUaQW effRUWV fRU VSUeadiQg Whe SUeVeQWed UeVXOWV aV ZideO\ aV SRVVibOe VR WhaW a cROOecWiYe aQd
ZeOO cRRUdiQaWed iQWeUdiVciSOiQaU\ UeVeaUch dedicaWed WR aQ eaUWhTXaNe eaUO\ ZaUQiQg V\VWeP caQ
be SXUVXed efficieQWO\.

AFNQRZOHGJPHQWV:

We acNQRZOedge Whe OeadiQg UROe iQ Whe CREDO CROOabRUaWiRQ aQd Whe cRPPiWPeQWV WR WhiV
UeVeaUch Pade b\ Whe IQVWiWXWe Rf NXcOeaU Ph\VicV, PROiVh AcadeP\ Rf ScieQce. We acNQRZOedge
Whe PieUUe AXgeU ObVeUYaWRU\ fRU SURYidiQg Whe VcaOeU daWa(14), Whe NMDB daWabaVe
(ZZZ.QPdb.eX), fRXQded XQdeU Whe EXURSeaQ UQiRQ'V FP7 SURgUaPPe (cRQWUacW QR. 213007),
aQd Whe PIV Rf iQdiYidXaO QeXWURQ PRQiWRUV aW MRVcRZ (PXVhNRY IQVWiWXWe Rf TeUUeVWUiaO
MagQeWiVP, IRQRVSheUe aQd UadiR ZaYe SURSagaWiRQ IZMIRAN, TURiWVN, RXVVia)(21) aQd OXOX
(SRdaQN\Oa GeRSh\VicaO ObVeUYaWRU\ Rf Whe UQiYeUViW\ Rf OXOX, FiQOaQd)(22, 23) fRU SURYidiQg
daWa. ThiV UeVeaUch haV beeQ VXSSRUWed iQ SaUW b\ Whe PLGUid IQfUaVWUXcWXUe - Ze ZaUPO\ WhaQN
Whe VWaff aW ACC C\fURQeW AGH-UST fRU WheiU aOZa\V heOSfXO VXSeUcRPSXWiQg VXSSRUW. We WhaQN
RRgeU COa\, DaUiXV] GyUa, BRhdaQ HQaW\N, Michaá OVWURZVNi, LeV]eN RRV]NRZVNi, aQd HeQU\N
WiOc]\ĔVNi fRU cUiWicaO UeadiQg Rf Whe PaQXVcUiSW, aQd fRU WheiU XVefXO UePaUNV aQd YaOXabOe
diVcXVViRQV.

FXQGLQJ:

ViVegUad FXQd, GUaQW NR. 21920298 (PH, AT)

NaWiRQaO ScieQce CeQWeU, GUaQW NR. 2016/22/E/ST9/00061 (VM)

NaWiRQaO ScieQce CeQWeU, GUaQW NR. 2018/29/B/ST2/02576 (RK, àB)

ANID-MiOOeQQiXP ScieQce IQiWiaWiYe PURgUaP - ICN2019 044 (JZS)

AXWKRU FRQWULEXWLRQV:
CRQceSWXaOi]aWiRQ: PH, VM, AN, DAC, JZS, JWM, NB

MeWhRdRORg\: PH, VM, AN

ReVRXUceV: PH, MK, BI

IQYeVWigaWiRQ: PH, VM, AN, RD, RG, SS, OR, OSN, KD, MK, OSX, KG
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ViVXaOi]aWiRQ: PH, SS, MK

PURjecW adPiQiVWUaWiRQ: PH

SXSeUYiViRQ: PH, JWM, DAC

WUiWiQg ± RUigiQaO dUafW: PH, VM, AN, JZS

WUiWiQg ± UeYieZ & ediWiQg: PH, DAC, SS, JZS, JMV, TW, NZ, KAC, BI, TB, GB, NB,
RK, MVM, KK, OB, àB, MB, MDRF, MF, PK, Bà, JM, MN, LP, MP, KR, KS, TS, JS,
AAT

CRPSHWLQJ LQWHUHVWV: AXWhRUV decOaUe WhaW Whe\ haYe QR cRPSeWiQg iQWeUeVWV.

DaWa aQG PaWHULaOV aYaLOaELOLW\: AOO daWa aUe aYaiOabOe iQ SXbOic daWabaVeV ciWed iQ Whe
PaiQ We[W.
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MaWHULaOV aQG MHWKRGV

MaWeUiaOV

The PaiQ feaWXUe Rf Whe aQaO\ViV PeWhRd SURSRVed iQ WhiV aUWicOe iV UeOaWed WR SXWWiQg a fRcXV RQ a
SRVVibOe ORQg WeUP SeUiRdiciW\ Rf Whe cRUUeOaWiRQV beWZeeQ ORcaOO\ RbVeUYed VecRQdaU\ cRVPic
UadiaWiRQ UaWeV aQd VeiVPic effecWV cRQVideUed gORbaOO\.

The aYaiOabOe PieUUe AXgeU ObVeUYaWRU\ VcaOeU daWa XVed fRU Whe VWXd\ SUeVeQWed heUe iQcOXde Whe
UecRUdV WaNeQ beWZeeQ 2005 aQd 20181 Zhich cRQWaiQ Whe VecRQdaU\ cRVPic Ua\ hiW UaWeV
cRUUecWed fRU Whe SUeVVXUe cRQdiWiRQV aQd aYeUaged eYeU\ 15 PiQXWeV RYeU Whe acWiYe VWaWiRQV Rf

Whe ObVeUYaWRU\ (XS WR a1600 ZaWeU-CheUeQNRY deWecWRUV, each Rf acWiYe VXUface, ORcaWed~10 𝑚2

iQ Whe SURYiQce Rf MeQdR]a, AUgeQWiQa). AV SaUWO\ VeeQ iQ FigXUe 1 Rf Whe PaiQ aUWicOe, Whe
geQeUaO WUeQdV iQ Whe AXgeU daWa aUe ViPiOaU WR Whe UefeUeQce cRVPic Ua\ daWa fURP Whe VeOecWed
VWaWiRQV Rf Whe NMDB QeWZRUN, heUe Whe MRVcRZ aQd OXOX ViWeV, bRWh chRVeQ fRU WhiV VWXd\ fRU
WheiU ORQg-OaVWiQg aQd VWabOe SeUfRUPaQce. The UeOeYaQce Rf Whe WZR daWabaVeV (AXgeU aQd
NMDB) fRU VSace ZeaWheU UeOaWed VWXdieV haV beeQ dePRQVWUaWed iQ Whe OiWeUaWXUe ciWed iQ Whe
PaiQ aUWicOe aQd caQ be aOVR VeeQ iQ Fig. 1, PRVWO\ b\ cRPSaUiQg Whe CR daWa WR Whe VROaU acWiYiW\
daWa, bXW aOVR b\ ORcaWiQg Whe dRZQZaUd RXWOieU dURSV/SRiQWV cRUUeVSRQdiQg WR Whe FRUbXVh
decUeaVeV. TheVe aUe caXVed b\ cRURQaO PaVV ejecWiRQV, Zhich caXVe WUaQVieQW iQcUeaVeV Rf Whe
VWUeQgWh Rf Whe geRPagQeWic fieOd aQd WhXV UeVXOW iQ Whe UedXcWiRQ Rf Whe CR deWecWiRQ UaWeV. The
MRVcRZ aQd OXOX daWa, bRWh aYaiOabOe aV deWecWiRQ UaWeV aYeUaged RYeU iQWeUYaOV Rf 6 hRXUV,
e[WeQd bacN WR Whe OaWe 1950'V. AV YiVibOe iQ Fig. 1, RQ a ORQgeU WeUP VcaOe bRWh MRVcRZ aQd OXOX
UaWeV behaYe YeU\ ViPiOaUO\, UeYeaOiQg a cOeaU SeUiRdiciW\ aQd aQWicRUUeOaWiRQ ZiWh Whe VXQVSRW
QXPbeU. AOWhRXgh Whe AXgeU UecRUdV VSaQ a PXch VhRUWeU SeUiRd Rf WiPe cRPSaUed WR MRVcRZ
aQd OXOX, RQO\ VOighWO\ ORQgeU WhaQ jXVW RQe VROaU c\cOe, WheiU UeOeYaQce iV eaViO\ jXVWified b\ Whe
RYeUZheOPiQgO\ OaUge QXPbeU Rf deWecWRUV VSUead RYeU a cRQVideUabO\ OaUgeU VXUface cRPSaUed WR
SRiQW-ViWe aQd ViQgOe deWecWRUV Rf Whe NMDB ViWeV. MRUeRYeU, aQ addiWiRQaO cRPSOePeQWaUiW\
beWZeeQ Whe AXgeU aQd Whe chRVeQ NMDB ViWeV iV UefOecWed iQ VigQificaQWO\ diffeUeQW ORcaWiRQV
(VRXWheUQ aQd QRUWheUQ hePiVSheUeV, UeVSecWiYeO\) aQd deWecWiRQ WechQiTXeV (PXRQ/eOecWURQ
ZaWeU-CheUeQNRY deWecWRUV YV. QeXWURQ PRQiWRUV). OQe fiQdV VeYeUaO daWa gaSV iQ Whe AXgeU daWa
VeW, Zhich iQWURdXceV aQ addiWiRQaO XQceUWaiQW\ abRXW Whe fiQaO UeVXOW, aOWhRXgh RQ a cRQVeUYaWiYe
Vide. The diVcRQWiQXiWieV Rf Whe AXgeU daWa VeW aUe haQdOed ZiWh caUe: ZheQ Whe cRVPic Ua\ daWa iV
PiVViQg, Ze diVUegaUd Whe EQ daWa ZiWhiQ Whe cRUUeVSRQdiQg iQWeUYaO. AOVR, Whe EQ aQd CR
PediaQV aUe cRPSXWed RQO\ fRU CR-EQ iQWeUYaO SaiUV fRU Zhich aOO Whe daWa iQgUedieQWV haYe
QRQ-]eUR YaOXeV (cf. cRQdiWiRQ (3) iQ Whe PaiQ We[W).

AV e[SOaiQed iQ Whe PaiQ aUWicOe, Whe VeiVPic daWa cRQVideUed ZiWhiQ WhiV VWXd\ ZeUe SURceVVed aV
gORbaO VXPV Rf Whe PagQiWXdeV Rf Whe eaUWhTXaNeV WhaW RccXUUed ZiWhiQ a VSecific WiPe ZiQdRZ,

1 The daWa WaNeQ iQ 2019 aQd 2020 (OeVV WhaQ 15% Rf Whe RYeUaOO daWa VeW) ZeUe Pade aYaiOabOe RQO\ UeceQWO\, aOUead\
afWeU Whe PajRU SaUW Rf Whe cRPSXWaWiRQV dedicaWed WR Whe VWXd\ SUeVeQWed iQ WhiV aUWicOe ZeUe dRQe.
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iQVWead Rf fRcXViQg RQ daWeV Rf iQdiYidXaO eaUWhTXaNeV RQO\. AV VhRZQ iQ Fig. 1, iQWURdXciQg aQ
e[aPSOe ZiQdRZ Rf 5 da\V aQd Whe PiQiPXP eaUWhTXaNe PagQiWXde Rf 4, dePRQVWUaWeV a
feaWXUe-Uich diVWUibXWiRQ RQ VPaOO, PediXP aQd OaUge VcaOeV. E[ceSW fRU a cOeaU, ORQg-WeUP deficiW
befRUe Whe \eaU 1973 Zhich VXggeVWV iQefficieQc\ Rf eaUWhTXaNe UeSRUWiQg, RQe RbVeUYeV a geQeUaO
iQcUeaViQg WUeQd begiQQiQg aURXQd 1973 aQd OaVWiQg fRU decadeV ViQce WheQ, VeYeUaO PediXP
feaWXUeV OaVWiQg fRU a cRXSOe Rf \eaUV, aQd QXPeURXV VhRUW-WeUP acWiYiW\ SeUiRdV, OaVWiQg fURP a
feZ da\V WR VeYeUaO PRQWhV. SXch a UichQeVV Rf Whe VcaOeV aQd feaWXUeV addiWiRQaOO\ jXVWifieV a
fRcXV RQ a SaUaPeWeU Zhich deVcUibeV Whe EaUWh VeiVPic acWiYiW\ iQ a gORbaO Za\.

MeWhRdV

The UeVXOWV RbWaiQed iQ Whe aUWicOe ZeUe YaOidaWed XViQg c\cORVWaWiRQaUiW\-baVed PeWhRdV aQd ZiWh
UaQdRPi]ed daWa VeWV.

9DOLGDWLRQ ZLWK F\FORVWDWLRQDULW\-EDVHG PHWKRGV

AiPed aW cRUURbRUaWiQg Whe UeVXOWV SUeVeQWed iQ Whe PaiQ aUWicOe, VWaWiVWicaO deSeQdeQce RU
cRUUeOaWiRQ aUe aQaO\]ed b\ VWXd\iQg Whe jRiQW c\cORVWaWiRQaUiW\ SURSeUWieV Rf SaiUV Rf Whe
fROORZiQg WiPe VeUieV: cRVPic Ua\ deWecWiRQ UaWe, eaUWhTXaNe VXP PagQiWXde, aQd VXQVSRWV.

The c\cORVWaWiRQaU\ PRdeO iV aSSURSUiaWe ZheQ VigQaOV aUe cUeaWed b\ Whe iQWeUacWiRQ Rf SeUiRdic
aQd UaQdRP SheQRPeQa. IQ VXch a caVe, Whe VigQaO iWVeOf iV QRW SeUiRdic, bXW Whe SeUiRdiciW\ iV
hiddeQ aQd iV SUeVeQW iQ iWV VWaWiVWicaO fXQcWiRQV (24, 25 FKDSV. 1-2). DaWa RUigiQaWed b\
geRSh\VicaO SheQRPeQa e[hibiW c\cORVWaWiRQaUiW\ dXe WR, fRU e[aPSOe, EaUWh UeYROXWiRQ aQd
URWaWiRQ (25 VHF. 10.9, 26). DaWa RUigiQaWed b\ aVWURSh\VicaO SheQRPeQa e[hibiW c\cORVWaWiRQaUiW\
dXe WR UeYROXWiRQ aQd URWaWiRQ Rf VWaUV aQd SOaQeWV aQd SeUiRdiciWieV iQ SXQ aQd VWaU SXOVaWiRQ aQd
acWiYiW\ (25 VHF. 10.9, 27).

C\cORVWaWiRQaU\ feaWXUe PeaVXUePeQWV VhRZ WhaW SaiUV Rf Whe cRQVideUed WiPe VeUieV caQ be
VXiWabO\ PRdeOed aV jRiQWO\ c\cORVWaWiRQaU\. The eVWiPaWed FRXUieU cRefficieQWV Rf Whe SeUiRdicaOO\
WiPe-YaU\iQg jRiQW diVWUibXWiRQ fXQcWiRQ RU Rf Whe jRiQW cURVV-cRUUeOaWiRQ fXQcWiRQ aUe diffeUeQW
fURP ]eUR iQ cRUUeVSRQdeQce Rf fUeTXeQcieV UeOaWed WR chaUacWeUiVWic SeUiRdV Rf Whe WiPe VeUieV.

C\FORVWaWLRQaULW\ AQaO\VLV

IQ Whe cRQVideUed SURbOeP, Whe VigQaOV aQd aUe ViQgOe WiPe VeUieV, WhaW iV, fRU each Rfա
1

Ֆഈ ഉ ա
2

Ֆഈ ഉ

WheP aQ eQVePbOe Rf UeaOi]aWiRQV, QaPeO\ a VWRchaVWic SURceVV, dReV QRW e[iVW. IQ VXch a caVe, Whe
VWaWiVWicaO chaUacWeUi]aWiRQ iV PRUe VXiWabO\ Pade iQ Whe fXQcWiRQaO Rf fUacWiRQ-Rf-WiPe (FOT)
aSSURach (24, 25 FKDS. 2, 28). IQ Whe FOT aSSURach, VWaUWiQg fURP a ViQgOe WiPe VeUieV, aOO
faPiOiaU SURbabiOiVWic SaUaPeWeUV VXch aV PeaQ, aXWRcRUUeOaWiRQ, diVWUibXWiRQ, PRPeQWV, aQd
cXPXOaQWV, aUe cRQVWUXcWed VWaUWiQg fURP Whe XQiTXe aYaiOabOe WiPe VeUieV.

IQ Whe FOT aSSURach, Whe jRiQW cXPXOaWiYe diVWUibXWiRQ fXQcWiRQ (CDF) Rf aQdա
1

Ֆ  𝑚ഈ ഉ ա
2

Ֆഈ ഉ

iV defiQed aV
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ZheUe deQRWeV FOT SURbabiOiW\ (24, 25), fRU aQd fRU , aQd𝑃 ഌࡣ  ՝ ξഈ ഉ ࡦ 1 ξ  0 ՝ ξഈ ഉ ࡦ 0 ξ ࡩ 0

iV Whe aOPRVW-SeUiRdic cRPSRQeQW e[WUacWiRQ RSeUaWRU, WhaW iV, Whe RSeUaWRU WhaW e[WUacWV aOO𝐸ഊαഋഊࡣഋ
Whe fiQiWe-VWUeQgWh addiWiYe ViQe-ZaYe cRPSRQeQWV Rf iWV aUgXPeQW. IW iV Whe e[SecWaWiRQ RSeUaWRU
iQ Whe FOT aSSURach.

AOO Whe UeVXOWV caQ be iQWeUSUeWed iQ Whe cOaVVicaO VWRchaVWic aSSURach b\ iQWeUSUeWiQg aV𝑃 ഌࡣ 

cOaVVicaO SURbabiOiW\ aQd aV Whe eQVePbOe aYeUage , SURYided WhaW aSSURSUiaWe𝐸ഊαഋഊࡣഋ 𝐸ഊࡣഋ
eUgRdiciW\ cRQdiWiRQV (caOOed c\cOReUgRdiciW\ cRQdiWiRQV) aUe VaWiVfied b\ Whe VWRchaVWic SURceVVeV
(24, 25 FKDS. 5).

The fXQcWiRQ iV aOPRVW-SeUiRdic iQ b\ cRQVWUXcWiRQ. FRU jRiQWO\ VWaWiRQaU\𝐹
ա

1
ա

2

Ֆ, 𝑚; ξ
1
ξ

2ഈ ഉ Ֆ
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fXQcWiRQ iV QRW ideQWicaOO\ ]eUR fRU .𝑅
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The FRXUieU cRefficieQWV aQd Rf Whe SeUiRdicaOO\ WiPe-YaU\iQg cURVV𝐹
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VWaWiVWicaO fXQcWiRQV Rf SaiUV Rf WiPe VeUieV aQd aUe eVWiPaWed RYeU Whe aYaiOabOe fiQiWeա
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RbVeUYaWiRQ iQWeUYaOV ( fiQiWe iQ Whe abRYe e[SUeVViRQV) (25 FKDS. 5, 29 FKDS. 2). The eQeUgieV Rf𝑁
Whe eVWiPaWeV, fRU each , aUe Whe VXP RYeU Oag SaUaPeWeU Rf Whe VTXaUed PagQiWXdeV Rf Wheα 𝑚
eVWiPaWeV.

MiVViQg YaOXeV iQ Whe daWa fiOeV aUe UecRQVWUXcWed b\ OiQeaU iQWeUSROaWiRQ. TheQ, WiPe VeUieV aUe
dichRWRPi]ed. IQ Whe jRiQW CDF, Whe WePSRUaO PediaQ YaOXeV aQd Rf aQd aUeξ
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cRQVideUed.

The aQaO\]ed WiPe VeUieV haYe beeQ RbWaiQed ZiWh VaPSOiQg SeUiRdV Rf 5 da\V RU 1 PRQWh. Each
VaPSOe Rf a WiPe VeUieV VaPSOed ZiWh VaPSOiQg SeUiRd 1 PRQWh iV UeSOicaWed 6 WiPeV iQ RUdeU WR
RbWaiQ a QeZ WiPe VeUieV ZiWh VaPSOiQg SeUiRd 5 da\V (1 PRQWh = 30 da\V = 6 5 da\V). ThXV, aOOࡢ
SURceVVed WiPe VeUieV haYe Whe VaPe VaPSOiQg SeUiRd Rf 5 da\V. The VaPSOiQg SeUiRd iV deQRWed
b\ aQd Whe VaPSOiQg fUeTXeQc\ b\ . WheQ WiPe VeUieV haYe diffeUeQW OeQgWhV, Whe𝑇

՛
𝑓

՛
ࡦ 1/𝑇

՛

VhRUWeVW iV ]eUR-fiOOed.

SWaWLVWLFaO DHSHQGHQFH BHWZHHQ CRVPLF Ra\V aQG EaUWKTXaNHV (E[SHULPHQW 1)

IQ Whe fiUVW e[SeUiPeQW,

� TiPe VeUieV iV Whe aYeUage YaUiaWiRQ Rf Whe cRVPic Ua\ deWecWiRQ UaWe WaNeQ fURPա
1

Ֆഈ ഉ

MRVcRZ (NMDB), (RUigiQaO VaPSOiQg SeUiRd = 5 da\V);

� TiPe VeUieV iV Rf eaUWhTXaNe (EQ) VXP PagQiWXde WaNeQ fURP MRVcRZա
2

Ֆഈ ഉ 𝑙𝑔
10

(NMDB), (RUigiQaO VaPSOiQg SeUiRd = 5 da\V).

ReVXOWV fRU Whe eVWiPaWed c\cOic jRiQW CDF aUe UeSRUWed iQ Fig. S1.𝐹
ա

1
ա

2

α 𝑚; ξ
1
, ξ

2ഈ ഉ
SigQificaQW c\cORVWaWiRQaU\ feaWXUeV aUe fRXQd aW c\cOe fUeTXeQcieV . Theα ࡡࡦ ጛ0. 001288ጛ𝑓

՛

c\cOe fUeTXeQc\ cRUUeVSRQdV WR Whe SeUiRd = 3880.1 da\V =α
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10.63 \eaUV.
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C\FOLF CURVV-CRUUHOaWLRQ BHWZHHQ CRVPLF Ra\V aQG SXQVSRWV (E[SHULPHQW 2)

IQ Whe VecRQd e[SeUiPeQW,

� TiPe VeUieV iV Whe aYeUage YaUiaWiRQ Rf Whe cRVPic Ua\ deWecWiRQ UaWe WaNeQ fURPա
1

Ֆഈ ഉ

MRVcRZ (NMDB), (RUigiQaO VaPSOiQg SeUiRd = 5 da\V);

� TiPe VeUieV iV Whe SXQVSRW PRQWhO\ PeaQ (RUigiQaO VaPSOiQg SeUiRd = 1 PRQWh).ա
2

Ֆഈ ഉ

ReVXOWV fRU Whe eVWiPaWed c\cOic cURVV-cRUUeOaWiRQ fXQcWiRQ aUe UeSRUWed iQ Fig. S2.𝑅
ա

1
ա

2

α 𝑚ഈ ഉ

SigQificaQW c\cORVWaWiRQaU\ feaWXUeV aUe fRXQd aW c\cOe fUeTXeQc\ . A PRUeα ࡡࡦ ጛ0. 00130ጛ𝑓
՛

deWaiOed aQaO\ViV VhRZV feaWXUeV aW c\cOe fUeTXeQcieV aQdα ࡡࡦ ጛ0. 001101ጛ𝑓
՛

. TheVe c\cOe fUeTXeQcieV PeUge iQWR iQ Whe VhRZQα ࡡࡦ ጛ0. 001466ጛ𝑓
՛

α ࡡࡦ ጛ0. 00130ጛ𝑓
՛

gUaShV. The c\cOe fUeTXeQc\ cRUUeVSRQdV WR Whe SeUiRd =α
0

ࡦ 0. 00130ጛ𝑓
՛

𝑇
0

ࡦ 769. 2ጛ𝑇
՛

3846.2 da\V = 10.53 \eaUV.

C\FOLF CURVV-CRUUHOaWLRQ BHWZHHQ EaUWKTXaNHV aQG SXQVSRWV (E[SHULPHQW 3)

IQ Whe WhiUd e[SeUiPeQW,

� TiPe VeUieV iV Rf eaUWhTXaNe (EQ) VXP PagQiWXde WaNeQ fURP MRVcRZա
1

Ֆഈ ഉ 𝑙𝑔
10

(NMDB), (RUigiQaO VaPSOiQg SeUiRd = 5 da\V);

� TiPe VeUieV iV Whe SXQVSRW PRQWhO\ PeaQ (RUigiQaO VaPSOiQg SeUiRd = 1 PRQWh);ա
2

Ֆഈ ഉ

ReVXOWV fRU Whe eVWiPaWed c\cOic cURVV-cRUUeOaWiRQ fXQcWiRQ aUe UeSRUWed iQ Fig. S3.𝑅
ա

1
ա

2

α 𝑚ഈ ഉ

SigQificaQW c\cORVWaWiRQaU\ feaWXUeV aUe fRXQd aW c\cOe fUeTXeQc\ . The c\cOeα ࡡࡦ ጛ0. 001279ጛ𝑓
՛

fUeTXeQc\ cRUUeVSRQdV WR Whe SeUiRd = 3907.5 da\V = 10.71α
0

ࡦ 0. 001279ጛ𝑓
՛

𝑇
0

ࡦ 781. 5ጛ𝑇
՛

\eaUV.

CRQFOXVLRQ

MeaVXUePeQWV Rf jRiQW c\cOic VWaWiVWicaO fXQcWiRQV VhRZ Whe e[iVWeQce Rf VWaWiVWicaO deSeQdeQce RU
cRUUeOaWiRQ beWZeeQ Whe SaiUV Rf aQaO\]ed VigQaOV. IQ SaUWicXOaU, Whe daUN OiQeV iQ Fig. S2 OefW aQd
Fig. S3 OefW iV Whe eYideQce Rf jRiQW c\cORVWaWiRQaUiW\ Rf Whe aQaO\]ed SaiUV Rf VigQaOV. The c\cOe
fUeTXeQcieV RbWaiQed fURP Whe aQaO\ViV cRUUeVSRQd WR SeUiRdV Rf aOPRVW 11 \eaUV.

9DOLGDWLRQ ZLWK UDQGRPL]HG GDWD VHWV
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IQ RUdeU WR YaOidaWe Whe VigQificaQce Rf cRVPR-VeiVPic cRUUeOaWiRQV WhaW ZaV RbWaiQed afWeU
aSSO\iQg "ORcaO RSWiPa" Rf Whe SaUaPeWeUV WR each daWa VeW, Ze haYe cRQdXcWed addiWiRQaO
YaOidaWiRQ XViQg Whe UaQdRPi]ed daWa VeWV. FRU VXch a SXUSRVe Whe cRVPic Ua\ (CR) aQd
eaUWhTXaNe (EQ) daWa ZeUe dRZQORaded aQd biQQed iQdeSeQdeQWO\ accRUdiQg WR Whe SUeVcUiSWiRQ
fURP Whe PaiQ aUWicOe.

FROORZiQg Whe aSSURach deVcUibed iQ Whe aUWicOe Ze iQWURdXce Whe addiWiRQaO SaUaPeWeU
fRU CR aQd EQ daWa iQ RUdeU WR chaUacWeUi]e WheiU ViPXOWaQeRXV behaYiRU. NaPeO\, XViQg𝑋

𝐶𝑅/𝐸𝑄

Whe YaUiabOeV defiQed iQ eTXaWiRQ (1) Ze caQ ZUiWe
.𝑋

𝐸𝑄
ࡦ   𝐴

𝑖
ഈ𝑑, 𝑚,  ՜

0
,  ՜

𝑖
,  ∆՜,  𝑃ഉ  1 , 𝑋

𝐶𝑅
ࡦ   𝐵

𝑖
ഈ𝑑,  ՜

0
,  ՜

𝑖
,  𝑃ഉ  1

IQ RUdeU WR VWXd\ Whe ViPXOWaQeRXV YaUiaWiRQV Rf EQ aQd CR daWa abRYe WheiU PediaQ YaOXeV, Ze

cRQVWUXcW QeZ SaUaPeWeU fRU CR aQd EQ daWa b\ aVVigQiQg WR ³ 1´ if iWV YaOXe aW a𝑋
𝐶𝑅/𝐸𝑄
, 𝑋' 

giYeQ WiPe VWeS iV abRYe iWV PediaQ YaOXe ( > 1), aQd WR ³ 1´ if Whe YaOXe iV beORZ Whe𝑋
𝐶𝑅/𝐸𝑄

ࡠ

PediaQ YaOXe ( < 1)𝑋
𝐶𝑅/𝐸𝑄

𝑋
𝐶𝑅/𝐸𝑄
, ࡦ   ഊ 

𝑖𝑓 𝑋 ,1ࡠ
𝐶𝑅/𝐸𝑄

 1 ࡩ 

𝑖𝑓 𝑋 ,1
𝐶𝑅/𝐸𝑄

1 ࡪ 

The YaUiabOe WhaW ZaV defiQed iQ Whe aUWicOe aQd VhRZV Whe VXP Rf SRViWiYe VigQV Rf e[SUeVViRQ𝑁


(1) caQ be ZUiWWeQ iQ WeUPV Rf aV𝑋
𝐶𝑅/𝐸𝑄
,

𝑁


 ഈ𝑙𝑎𝑔ഉ ࡦ  1
2 ∑ 𝑋

𝐶𝑅
,  𝑋

𝐸𝑄
,|||

|||

ZheUe Whe VXP Rf aUUa\V iV caOcXOaWed eOePeQW-b\-eOePeQW aQd WheQ Whe VXP Rf iWV𝑋
𝐶𝑅
, 𝑎Ֆ𝑑 𝑋

𝐸𝑄
,

abVROXWe YaOXeV iV caOcXOaWed fRU YaUiRXV OagV. The QRQ-]eUR YaOXeV Rf WhiV SaUaPeWeU VhRZ hRZ
PaQ\ caVeV Ze haYe Whe ViWXaWiRQ ZheQ CR aQd EQ behaYe iQ a ViPiOaU Za\, i.e. bRWh
ViPXOWaQeRXVO\ gR beORZ RU abRYe WheiU PediaQ YaOXeV.

We haYe eVWiPaWed Whe XQceUWaiQWieV b\ UaQdRP VhXffOiQg Whe RUigiQaO EQ aQd CR WiPe VeUieV,

ZheUe Ze haYe SeUfRUPed N = UaQdRP UeaOi]aWiRQV aQd haYe caOcXOaWed Whe cRUUeVSRQdeQW107

SeUceQWiOeV aQd PRPeQWV Rf RbWaiQed diVWUibXWiRQV Rf . The UeVXOWV aUe VhRZQ RQ Fig. S4.𝑁

՚𝑎Ֆ𝑑

FURP RbWaiQed UeVXOWV Ze cRQcOXde WhaW fRU each RUigiQaO daWa VeW Whe YaOXe Rf iV OaUgeU WhaQ𝑁


Whe higheVW YaOXe iQ UaQdRPi]ed daWa VeWV, Zhich iV cRQViVWeQW ZiWh Whe PaiQ UeVXOW𝑁


107

UeSRUWed iQ Whe aUWicOe.
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SXbPiWWed MaQXVcUiSW: CRQfideQWiaO
TePSOaWe UeYiVed FebUXaU\ 2021

FLJ. S1. SWaWLVWLFaO DHSHQGHQFH BHWZHHQ CRVPLF Ra\V aQG EaUWKTXaNHV. (LefW) PagQiWXde Rf

Whe eVWiPaWed c\cOic jRiQW CDF aV a fXQcWiRQ Rf aQd (2-diPeQViRQaO gUa\VcaOe𝐹
ա

1
ա

2

α 𝑚; ξ
1
, ξ

2ഈ ഉ α 𝑚

eOeYaWiRQ PaS); (RighW) eQeUg\ Rf Whe eVWiPaWed jRiQW CDF aV a fXQcWiRQ Rf .α
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SXbPiWWed MaQXVcUiSW: CRQfideQWiaO
TePSOaWe UeYiVed FebUXaU\ 2021

FLJ. S2. C\FOLF CURVV-CRUUHOaWLRQ BHWZHHQ CRVPLF Ra\V aQG SXQVSRWV. (LefW) PagQiWXde Rf

Whe eVWiPaWed c\cOic cURVV-cRUUeOaWiRQ fXQcWiRQ aV a fXQcWiRQ Rf aQd (2-diPeQViRQaO𝑅
ա

1
ա

2

α 𝑚ഈ ഉ α 𝑚

gUa\VcaOe eOeYaWiRQ PaS); (RighW) eQeUg\ Rf Whe eVWiPaWed c\cOic cURVV-cRUUeOaWiRQ aV a fXQcWiRQ
Rf .α
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SXbPiWWed MaQXVcUiSW: CRQfideQWiaO
TePSOaWe UeYiVed FebUXaU\ 2021

FLJ. S3. C\FOLF CURVV-CRUUHOaWLRQ BHWZHHQ EaUWKTXaNHV aQG SXQVSRWV. (LefW) PagQiWXde Rf

Whe eVWiPaWed c\cOic cURVV-cRUUeOaWiRQ fXQcWiRQ aV a fXQcWiRQ Rf aQd (2-diPeQViRQaO𝑅
ա

1
ա

2

α 𝑚ഈ ഉ α 𝑚

gUa\VcaOe eOeYaWiRQ PaS); (RighW) eQeUg\ Rf Whe eVWiPaWed c\cOic cURVV-cRUUeOaWiRQ aV a fXQcWiRQ
Rf .α
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SXbPiWWed MaQXVcUiSW: CRQfideQWiaO
TePSOaWe UeYiVed FebUXaU\ 2021

FLJ. S4. TKH SaUaPHWHU IRU GLIIHUHQW WLPH OaJV IRU YaULRXV FRVPLF Ua\ GaWa. The PediaQ𝑁


OeYeO aQd cRQfideQce OeYeOV fURP UaQdRP ViPXOaWiRQV aUe VhRZQ.3σ,  5σ
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