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RadiaWiYe WUaQVfeU aQd YieZiQg geRPeWU\
cRQVideUaWiRQV fRU Whe SIF/GPP UeOaWiRQVhiS

1) ZRe PieUUaW, 2) Ale[andeU NRUWRn, 3) NichRlaV PaUa]RR, 4) AndUeZ MagXiUe, 5) KaWja
GURVVmann, 6) TUR\ Magne\, 7) Alan BaUU, 7) BUXce JRhnVRn, 1) JRchen SWXW]

1) UQiYeUViW\ Rf CalifRUQia LRV AQgeleV, 2) UQiYeUViW\ Rf MelbRXUQe, 3) JeW PURSXlViRQ LabRUaWRU\, 4)
UQiYeUViW\ Rf IdahR, 5) UQiYeUViW\ Rf HeidelbeUg, 6) UQiYeUViW\ Rf CalifRUQia DaYiV, 7) UQiYeUViW\ Rf

SaVkaWcheZaQ

PRE6EN7ED A7:
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MOTIVATION AND KEY POINTS
SROaU-IQGXFHG FKORURSK\OO FOXRUHVFHQFH (SIF) SURYideV a SRZeUfXl SUR[\ fRU fRUeVW JURVV SULPaU\ SURGXFWLRQ (GPP),
SaUWicXlaUl\ iQ eYeUgUeeQ ecRV\VWePV ZheUe WUadiWiRQal PeaVXUeV Rf gUeeQQeVV fail. TKH G\QaPLFV RI WKH SIF/GPP UHOaWLRQVKLS
aUH SRRUO\ XQGHUVWRRG XQGHU YaU\LQJ OLJKW FRQGLWLRQV aQG YLHZLQJ GLUHFWLRQV. ThiV iV, iQ laUge SaUW, dXe WR challeQgeV iQ
PeaVXUiQg SIF aW Whe VSaWiRWePSRUal Vcale QeceVVaU\ WR XQdeUVWaQd WheVe effecWV. HeUe, Ze XWili]e high-WePSRUal aQd VSaWial
UeVRlXWiRQ SIF PeaVXUePeQWV iQ cRPbiQaWiRQ ZiWh PRdeliQg UeVXlWV WR beWWeU cRQVWUaiQ Whe UeVSRQVe Rf SIF WR aPbieQW caQRS\
illXPiQaWiRQ aQd YieZiQg geRPeWU\.

KH\ PRLQWV: 

MRdel UeVXlWV VhRZ a deSeQdeQce RQ illXPiQaWiRQ cRQdiWiRQV fRU Whe SIF/GPP UelaWiRQVhiS Zhile PeaVXUePeQWV dR QRW.

The lighW UeVSRQVe Rf GPP deSeQdV RQ illXPiQaWiRQ cRQdiWiRQV iQ bRWh PeaVXUePeQWV aQd PRdel UeVXlWV. The lighW
UeVSRQVe Rf SIF deSeQdV RQ illXPiQaWiRQ cRQdiWiRQV iQ PeaVXUePeQWV bXW QRW PRdel UeVXlWV.

VieZiQg diUecWiRQal effecWV aUe iPSRUWaQW XQdeU diUecW lighW cRQdiWiRQV, bXW QRW XQdeU diffXVe.
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METHODOLOGY: MEASUREMENTS AND MODELING

FLeOd SLWe aQd IQVWUXPeQW SeWXS:b

We cRllecWed daWa fURP Whe SRXWKHUQ OOG BOaFN SSUXFH VLWH (SOBS) aW Whe VRXWheUQ eQd Rf Whe CaQadiaQ BRUeal FRUeVW iQ Whe
VXPPeU Rf 2019.

FLgXUe 1: SRXWKeUQ OOd BOacN SSUXce (SOBS) fLeOd VWaWLRQ LQVWUXPeQWaO VeWXS ZLWK LQVeWV Rf VLWe ORcaWLRQ aQd VcaQ VWUaWeg\ 

MeaVXUePeQWV aQd MRdeOLQg:

1. SIF LQ WKH IaU-UHG (745-758 QP) aQG UHG (680-686 QP) ZaYeleQgWh UaQgeV ZeUe UecRUded XViQg PKRWRSSHF, a WRZeU-baVed 2-
D VcaQQiQg VSecWURPeWeU V\VWeP. PhRWRSSec XVeV a FUaXQhRfeU-liQe baVed SIF UeWUieYal Zhich PakeV iW leVV VeQViWiYe WR
aWPRVSheUic VcaWWeUiQg, eVVeQWial fRU e[SlRUiQg SIF d\QaPicV XQdeU clRXd\ Vk\ cRQdiWiRQV. PhRWRSSec haV a QaUURZ FOV (0.7
deg), aQd WRRk PeaVXUePeQWV aeYeU\ 20 VecRQdV RQ Whe VcaQ VeTXeQce iQ FigXUe 2 Zhich WakeV a30 PiQXWeV WR cRPSleWe
(GURVVPaQQ eW al. 2018) (hWWSV://ZZZ.VcieQcediUecW.cRP/VcieQce/aUWicle/abV/Sii/S0034425718303298)

TR cRPSaUe ZiWh GPP, PeaVXUePeQWV acURVV all VcaQ diUecWiRQV ZeUe aYeUaged WRgeWheU WR UeSRUW half-hRXUl\ SIF daWa.

TR e[SlRUe aQgXlaU effecWV, Ze calcXlaWed Whe aYeUage diXUQal SURfile Rf SIF fRU each a]iPXWhal VcaQ diUecWiRQ XQdeU
diUecW RU diffXVe lighW cRQdiWiRQV. 

2. IOOXPLQaWLRQ FRQGLWLRQV: We VeSaUaWed VXQQ\ (diUecW) fURP clRXd\ (diffXVe) illXPiQaWiRQ cRQdiWiRQV b\ deYelRSiQg a cleaU Vk\
cRPSaUiVRQ PeWUic, D . D  UeflecWV Whe deYiaWiRQ Rf PAR aW a giYeQ VRlaU ]eQiWh aQgle fURP Whe e[SecWed PAR dXUiQg a cleaU Vk\
UefeUeQce da\ VR WhaW D  = 1 iV cleaU Vk\ cRQdiWiRQV. We XVed D  WR claVVif\ PeaVXUePeQWV ZiWh D  < 0.6 aV clRXd\, aQd D  > 0.8 aV
VXQQ\.  Df YalXeV ZeUe calcXlaWed fRU eYeU\ PhRWRSSec PeaVXUePeQW (a20 VecRQd UeVRlXWiRQ) bXW aYeUaged WRgeWheU iQ 30-PiQXWe
ZiQdRZV WR cRPSaUe ZiWh GPP aQd SCOPE (FigXUe 2). 
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FLgXUe 2: HLVWRgUaP Rf KaOf-KRXUO\ Df YaOXeV VKRZLQg SRLQWV cOaVVLfLed aV VXQQ\ RU cORXd\ VN\ cRQdLWLRQV. 

3. GPP PeaVXUePeQWV ZeUe calcXlaWed fURP edd\-cRYaUiaQce (EC) PeaVXUePeQWV aWRS Whe ViWeV 25P VcaffRld WRZeU XViQg Whe
FlX[QeW-CaQada PeWhRd aW a half-hRXUl\ UeVRlXWiRQ (BaUU eW al. 2004).
(hWWSV://ZZZ.UeVeaUchgaWe.QeW/SXblicaWiRQ/222396185_IQWeU-aQQXal_YaUiabiliW\_iQ_Whe_leaf_aUea_iQde[_Rf_a_bRUeal_aVSeQ-
ha]elQXW_fRUeVW_iQ_UelaWiRQ_WR_QeW_ecRV\VWeP_SURdXcWiRQ)  

4. MRGHO FRPSaULVRQV, ZeUe calcXlaWed XViQg Whe SRil CaQRS\ ObVeUYaWiRQ, PhRWRchePiVWU\, aQd EQeUg\ flX[eV PRdel (SCOPE)
(YaQ deU TRl eW al. 2009) (hWWSV://bg.cRSeUQicXV.RUg/aUWicleV/6/3109/2009/).

We PRdified SCOPE WR PLPLF PKRWRSSHF'V YLHZLQJ VWUaWHJ\.

TR VLPXOaWH WKH HIIHFWV RI GLIIXVH YV. GLUHFW LOOXPLQaWLRQ cRQdiWiRQV Ze aSSlied WZR WRS-Rf-caQRS\ iQcRPiQg VSecWUa
ZiWh diffeUiQg diffXVe fUacWiRQV (55% aQd 15%). ThiV ViPSlified aSSURach UeSUeVeQWV WZR VRPeZhaW e[WUePe caVeV, XVefXl
fRU VeQViWiYiW\ aQal\ViV, bXW dReV QRW UeSUeVeQW Whe fXll WePSRUal YaUiabiliW\ Rf diffXVe UadiaWiRQ RbVeUYed aW Whe ViWe. We
XVed PeaVXUed D  YalXeV WR deWeUPiQe Zhich SCOPE WiPeVWeSV ZRXld XVe a high RU lRZ diffXVe fUacWiRQ. 
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SIF/GPP RELATIONSHIP CHANGES UNDER SUNNY VS. CLOUDY
LIGHT CONDITIONS
We RbVeUYe a deSeQdeQce RQ illXPiQaWiRQ cRQdiWiRQV fRU Whe SIF/GPP UelaWiRQVhiS aW a half-hRXUl\ UeVRlXWiRQ iQ PRdel UeVXlWV bXW
QRW iQ PeaVXUePeQWV fRU bRWh Ued aQd faU-Ued SIF.

FLgXUe 3: TKe SIF/GPP UeOaWLRQVKLS fRU faU-Ued SIF (745-758 QP). 
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FLgXUe 4: TKe SIF/GPP UeOaWLRQVKLS fRU Ued SIF (680-686 QP).

We fiW Whe cXUYe  (DaPP eW al. 2015) (hWWSV://ZZZ.VcieQcediUecW.cRP/VcieQce/aUWicle/Sii/S0034425715300341)

aQd aQal\]ed Whe fiW SaUaPeWeUV a aQd b WR deWeUPiQe Whe VigQificaQce Rf Whe chaQge iQ Whe SIF/GPP UelaWiRQVhiS beWZeeQ VXQQ\
aQd clRXd\ cRQdiWiRQV (Table 1).

TKH FXUYH FKaQJHG VLJQLILFaQWO\ bHWZHHQ VXQQ\ aQG FORXG\ FRQGLWLRQV LQ WKH PRGHO UHVXOWV, bXW QRW LQ WKH PHaVXUHPHQWV.
FXUWheUPRUe, Whe PRdel UeVXlWV VhRZed aQ RYeUall iPSURYePeQW iQ R  ZheQ Whe daWa ZeUe bURkeQ XS b\ lighW cRQdiWiRQV, Zhich
ZaV QRW RbVeUYed iQ Whe PeaVXUePeQWV.

2
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TabOe 1: FLW SaUaPeWeUV fRU WKe SIF/GPP UeOaWLRQVKLS fRU Ued aQd faU-Ued SIF, XQdeU dLffXVe (cORXd\) VN\ cRQdLWLRQV YV. dLUecW (VXQQ\) VN\ cRQdLWLRQV LQ bRWK PeaVXUePeQWV aQd PRdeO

UeVXOWV. 

TR e[SlRUe Whe diffeUiQg UeVSRQVe beWZeeQ PeaVXUePeQWV aQd PRdel UeVXlWV iQ Whe SIF/GPP UelaWiRQVhiS, Ze lRRked aW Whe lighW
UeVSRQVe Rf bRWh SIF aQd GPP.  
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SIF AND GPP LIGHT RESPONSES
MeaVXUed SIF lighW UeVSRQVe cXUYeV iQ bRWh Whe Ued aQd faU-Ued VhRZ a cleaU deSeQdeQc\ RQ illXPiQaWiRQ cRQdiWiRQV, Zhile
PRdeled SIF dReV QRW. GPP lighW UeVSRQVe deSeQdV RQ illXPiQaWiRQ cRQdiWiRQV fRU bRWh PeaVXUePeQWV aQd PRdel calcXlaWiRQV. 

FLgXUe 6: LLgKW UeVSRQVeV Rf SIF aQd GPP fRU bRWK PeaVXUePeQWV aQd PRdeO UeVXOWV. 

GPP LLghW ReVSRQVe:b

BRWh PeaVXUed aQd PRdeled GPP VhRZ a higheU efficieQc\ XQdeU clRXd\ (diffXVe) cRQdiWiRQV cRPSaUed ZiWh VXQQ\
(diUecW). UQdeU diffXVe cRQdiWiRQV, Whe caQRS\ iV PRUe eYeQl\ illXPiQaWed Zhich allRZV fRU lRZeU caQRS\ leYelV WR
cRQWUibXWe PRUe WR caUbRQ XSWake ZheQ cRPSaUed ZiWh Whe VaPe lighW leYelV bXW diUecW cRQdiWiRQV. 

CaQRS\ leYel ShRWRV\QWheWic caSaciW\ (GPP ) RccXUV aW a PXch lRZeU PAR YalXe iQ Whe PRdel calcXlaWiRQV WhaQ
PeaVXUePeQWV. FXUWheUPRUe, PeaVXUed GPP XQdeU diffXVe lighW dReV QRW haYe a cleaUl\ defiQed GPP , Zhich likel\
cRQWUibXWeV WR Whe XQceUWaiQWieV RbVeUYed iQ Whe PeaVXUed SIF/GPP UelaWiRQVhiS.

VaW

VaW
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DiffeUeQceV beWZeeQ Whe PeaVXUed aQd PRdeled GPP lighW UeVSRQVeV aUe likel\ dXe WR XQceUWaiQWieV iQ PRdel iQSXWV VXch
aV Vc  RU ChlRURSh\ll cRQWeQW.  

SIF LLghW ReVSRQVe:b

The PeaVXUed SIF lighW UeVSRQVe VhRZV a deSeQdeQc\ RQ illXPiQaWiRQ cRQdiWiRQV WhaW iV QRW RbVeUYed iQ Whe PRdel.

We VXggeVW WhiV Pa\ be aWWUibXWed WR Whe highl\ clXPSed QaWXUe Rf Whe fRUeVW, Zhich iV QRW cXUUeQWl\ iQclXded iQ Whe
SCOPE PRdel. UQdeU diffXVe cRQdiWiRQV, caUbRQ aVViPilaWiRQ iV PRUe eYeQl\ diVWUibXWed ZiWhiQ Whe caQRS\, WheUefRUe,
lRZeU caQRS\ elePeQWV Zill be ePiWWiQg PRUe SIF XQdeU diffXVe cRQdiWiRQV WhaQ Whe\ ZRXld iQ diUecW. IQ a highl\
clXPSed fRUeVW, PRUe SIF ShRWRQV ePaQaWiQg fURP WheVe lRZeU caQRS\ elePeQWV Pa\ be able WR eVcaSe, WheUeb\
iQcUeaViQg Whe SIF VigQal XQdeU diffXVe cRQdiWiRQV.

IQWURdXciQg a clXPSiQg SaUaPeWeU iQWR SCOPE Pa\ iPSURYe Whe PRdel UeVSRQVe. 

FLgXUe 7: SXPPaU\ Rf dLffeUeQceV beWZeeQ dLUecW aQd dLffXVe OLgKW cRQdLWLRQV 

ma[
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VIEWING DIRECTIONAL EFFECTS DEPEND ON LIGHT
CONDITIONS
BRWh PeaVXUed aQd PRdeled SIF VhRZ a deSeQdeQc\ RQ YieZiQg diUecWiRQ XQdeU diUecW lighW cRQdiWiRQV, bXW QRW XQdeU diffXVe.
FXUWheUPRUe, Ued SIF VhRZV a higheU deSeQdeQc\ RQ YieZiQg diUecWiRQ WhaQ faU-Ued SIF, iQ agUeePeQW ZiWh ZhaQg eW al. 2020
(hWWSV://ZZZ.UeVeaUchgaWe.QeW/SXblicaWiRQ/344201578_AVVeVViQg_bi-
diUecWiRQal_effecWV_RQ_Whe_diXUQal_c\cle_Rf_PeaVXUed_VRlaU-_iQdXced_chlRURSh\ll_flXRUeVceQce_iQ_cURS_caQRSieV).

FLgXUe 8: MeaVXUed dLXUQaO SaWWeUQ Rf SIF LQ dLUecW YV. dLffXVe UadLaWLYe cRQdLWLRQV. SKaded eUURU baUV aUe WKe VWaQdaUd deYLaWLRQ Rf SRLQWV LQ eacK KRXU. 
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FLgXUe 9: MRdeOed dLXUQaO SaWWeUQ Rf SIF LQ dLUecW YV. dLffXVe UadLaWLYe cRQdLWLRQV. SKaded eUURU baUV aUe WKe VWaQdaUd deYLaWLRQ Rf SRLQWV LQ eacK KRXU. 
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A87H25 I1F250A7I21
ZRe PieUUaW iV a WhiUd \eaU gUadXaWe VWXdeQW aW Whe UQiYeUViW\ Rf CalifRUQia LRV AQgeleV ZiWh adYiVRU DU. JRcheQ SWXW]. 

YRX caQ fRllRZ P\ UeVeaUch acWiYiWieV RQ P\ GRRgleSchRlaU (hWWSV://VchRlaU.gRRgle.cRP/ciWaWiRQV?
XVeU=gQ21EZMAAAAJ&hl=eQ) SURfile RU leVV fRUPall\ RQ P\ TZiWWeU (hWWSV://WZiWWeU.cRP/ZReaSie). YRX caQ cRQWacW Pe
XViQg Whe cRQWacW aXWhRU Wab RU b\ ePail aW ]SieUUaW@g.Xcla.edX
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AB675AC7
SRlaU-IQdXced chlRURSh\ll FlXRUeVceQce (SIF) SURYideV a SRZeUfXl SUR[\ fRU deWeUPiQiQg fRUeVW gURVV SUiPaU\ SURdXcWiRQ
(GPP), SaUWicXlaUl\ iQ eYeUgUeeQ ecRV\VWePV ZheUe WUadiWiRQal PeaVXUeV Rf gUeeQQeVV fail. The d\QaPicV Rf Whe SIF/GPP
UelaWiRQVhiS, hRZeYeU, aUe SRRUl\ XQdeUVWRRd XQdeU YaU\iQg YieZiQg diUecWiRQV aQd lighW cRQdiWiRQV. ThiV iV, iQ laUge SaUW, dXe
WR challeQgeV iQ PeaVXUiQg SIF aW Whe VSaWiRWePSRUal Vcale WhaW iV QeceVVaU\ WR XQdeUVWaQd WheVe effecWV. TheUefRUe, Whe aiP Rf
WhiV ZRUk iV WR XWili]e high-WePSRUal aQd VSaWial UeVRlXWiRQ SIF PeaVXUePeQWV WR beWWeU cRQVWUaiQ Whe UeVSRQVe Rf SIF WR
aPbieQW caQRS\ illXPiQaWiRQ aQd YieZiQg geRPeWU\.

We XVe a WRZeU-baVed 2-D VcaQQiQg VSecWURPeWeU V\VWeP, PhRWRSSec, aQd edd\ cRYaUiaQce PeaVXUePeQWV WR e[SlRUe Whe
SIF/GPP UelaWiRQVhiS XQdeU YaUiRXV YieZiQg diUecWiRQV aQd lighW cRQdiWiRQV dXUiQg Whe 2019 aQd 2020 gURZiQg VeaVRQV aW Whe
Old Black SSUXce ViWe iQ SaVkaWcheZaQ, CaQada. PhRWRSSec WakeV FUaXQhRfeU-liQe baVed SIF UeWUieYalV iQ Whe Ued aQd faU-Ued
ZaYeleQgWh UaQgeV ZiWh a 0.7 degUee field Rf YieZ aW a a30 VecRQd WiPe UeVRlXWiRQ. MeaVXUed SIF aQd GPP aUe cRPbiQed ZiWh
SCOPE PRdelliQg UeVXlWV WR SURYide a PechaQiVWic XQdeUVWaQdiQg Rf Whe Sh\Vical aQd ecRSh\ViRlRgical dUiYeUV fRU Whe
SIF/GPP UelaWiRQVhiS iQ Whe BRUeal FRUeVW.

OXU UeVXlWV VhRZ WhaW YieZiQg diUecWiRQ aQd VRlaU ]eQiWh/a]iPXWh aQgleV aUe iPSRUWaQW fRU Whe SIF VigQal XQdeU diUecW lighW
cRQdiWiRQV, bXW QRW XQdeU diffXVe. FXUWheUPRUe, Whe SIF/GPP UelaWiRQVhiS chaQgeV XQdeU diUecW aQd diffXVe lighW cRQdiWiRQV aW a
30 PiQXWe UeVRlXWiRQ.

OXU abiliW\ WR XVe SIF aV a SUR[\ fRU GPP deSeQdV RQ a TXaQWiWaWiYe XQdeUVWaQdiQg Rf UadiaWiYe WUaQVfeU ZiWhiQ Whe caQRS\ aQd
hRZ VcaQQiQg geRPeWU\ iPSacWV SIF PeaVXUePeQWV. TheVe UeVXlWV SURYide aQ iPSRUWaQW iQVighW iQWR WheVe UelaWiRQVhiSV iQ Whe
BRUeal fRUeVW, a UegiRQ ZheUe GPP haV beeQ WUadiWiRQall\ difficXlW WR WUack XViQg UePRWe VeQViQg. 

(hWWSV://agX.cRQfe[.cRP/daWa/abVWUacW/agX/fP20/0/1/PaSeU_673310_abVWUacW_643738_0.SQg)
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