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Error budget for H2O microwindows
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Error budget for CH4 microwindows
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photoloysis of methane: fractionation effects unclear

methane oxidation leaves tropospheric methane enriched in D relative to sources

methane oxidation leaves stratospheric methane enriched in D relative to tropospheric values
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reservoirs of molecular oxygen and ozone, which are 

tropopause

stratopause

TROPICS POLE

convection

evaporation

condensation

ocean land

colder temperatures:
greater depletion in heavy isotopes

PSCs

dehydration events in polar vortex
lead to large depletions in heavy
isotopes

overshooting convection
(ice lofting may lead to less
depletion)

large scale ascent 
results in strong
depletion

water vapour depleted in heavy 
isotopes relative to SMOW

leads to greater depletion still

precipitation
greater depletion over
land masses and over 
mountains

leads to greater depletion 
in heavy isotopes

Isotopic composition 
of water vapour in the 
troposphere is 
determined by
phase changes

Methane oxidation:
- increases deuterium content of water vapour
through influence of methane
- increases the heavy oxygen content of water through

Isotopic composition of water vapour in the stratosphere is 
determined  by the composition of water vapour entering from 
the troposphere and by the composition of water vapour 
formed through methane oxidation

In the mesosphere, water vapour is destroyed by photolysis and
by reaction with excited oxygen.  Fractionation effects are not known.

enriched in heavy oxygen relative to SMOW
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akiNijMbGwKcGmFHizFJ^1iULkMbGmRS`.foOPKcMbG*�POPijFJakG��POHQSakMd^oOPG1M ��IkF�f4I�KcF )jMq^1F p Mbf4LNOPKgaNIkG1MdQtRSO�)UQVM � \�Z � � X � - � �J� � OHINT
f4RVK1L�TNOPK1O "�G1F p K1LkM � TNRtI��/� { � ��f4LkFJ^cM p MdOH^1aNG1M p MdI�KoG+OHIksHM�"_FHGgfgOPKcMbG �POPizFJaNGgTNF�Md^�IkFHKgM(%[KcMdINT]TkF�f4I
KcF]K1LkM�akiNijMbG�KcG1FHijFJ^ciULkMbGmMHx �NakG1K1LkMbG�foFHG ��`�FJaNQST�RSIN`bQSaUTkMWK1LkM7M(%kO p RSINOPK1RSFJI~F�"g^ciUOPK1RtOHQ�TURS^cKcGmR )YakK1RVFJIN^�F�"
fgOPKcMbG �POPizFJaNG4RSI�K1LkM�akiUizMbG�KcGmFHizFJ^1iULkMbG1M)FJI��U^mOdu��U^cMdQSMd`�KcMdT}iNG1Md^m^1akG1M�QVM��HMdQS^dx

�)RSakGmIUOHQ �POPGmRSOPK1RVFJIU^oRtI�^1KcGmOPKcFJ^ciULkMbG+RS`4fgOPKcMbG �POPijFJakG�OPG1M�IkFHKgM(%�ijMd`�KcMdT��')UaNKoK1LNM { � 
zZ�� p FJI�K1LNQVu p MdOHIN^
F�"j\ C � ^1LNFnf�^1RVsJIUR �Y`bOHI�K�TUOduN�hINRVsJL�KwTNR �jMbG1MdIN`�Md^bx �.LkMd^cM�TNOnuk�hIURVsJL�KwTUR �zMbGmMdIN`�Md^lOPG1M�K1LkFJaksJL�KlKcF�)jM�TNakMgKcF
O�`�F p )URSINOPK1RVFJIeF�"jO�G1MdOHQkTNOduN�hINRVsJL�KwTNR �jMbG1MdIN`�MgRSIeK1LkM.RSIU^cKcGma p MdI�K�ijFJRSI�K1RSIks)OHINT�IkFJI � ���4X�M��zMd`�K1^bx,�4LkMbG1M
RS^q^cF p M7TNOduN�hINRVsJL�K4ijFJRSI�K1RSIks	TNR �zMbG1MdIU`�M9RSINTURS`bOPKcMdT}RSI�K1LkM { � 
jZ�� � ��M��HMdQ . � �YQVMd^	� )UakKqK1LkMbG1M9OPiUizMdOPGqKcF
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)jMeOHTUTNRVK1RVFJINOHQ?G1MdOHQ�TNOnuk�hINRSsJL�K)ijFJRSI�K1RSIks�TUR �zMbGmMdIN`�Md^�f4LNRS`+L�^mLkFnf aki=OH^)M(%[KcGmO�TNOduN�hINRVsJL�K�TNR �jMbG1MdIN`�Md^)RSI
K1LkM�iUG1Md^1^1akGmM�GmMbKcGmRVM��POHQS^bx

�zFJINOHQ p MdOHID`�F p iUOPGmRS^cFJIU^�F�" { � 
jZ � � � ��\ C � foMbG1MrijMbG "�FHG p MdT�fqRVK1L=K1LkM �c� - `bQSR p OPKcFJQVFHsHu TUOPK1OH^cMbK
OHINTrf4RVK1L	TNOPK1O "�G1F p K f�FeFHK1LkMbG�^mOPKcMdQSQSRVKcM�RSIN^cKcGma p MdI�K1^ � \�Z � � XDOHIUT	K1LkM � TNRSI��/� { �WxJX�OH`mL�^cMbK�F�"�QbFJINOHQ
p MdOHI `�F p iUOPGmRS^cFJIU^�^1LkFnfoMdT O+)URtOH^)iUOPKcKcMbGmI RSI { � 
zZ���f4RSK1L~GmMd^cijMd`�K�KcF}K1LkM�FHK1LkMbGWRtIN^cKcGma p MdI�K1^�f4LNRt`mL
fgOH^4QSOPG1sHMdQSu�`�FJIN^1Rt^cKcMdI�K4f4RVK1L�K1R p M�OHIUT}OH`�G1FJ^1^qQSOPK1RVK1aNTkMd^dx

��Md^ciURVKcMgK1LkM�F�)Y^cMbG �HMdT )URSOH^1Md^�OHIUT7K1LkM�aNIkM(%[iUQSOHRSIkMdT9TNOduN�hINRVsJL�KwTNR �jMbG1MdIN`�Md^	����aNOHQtRVK1OPK1R �HMdQVu�� p FJI�K1LNQVu p MdOHI
iNG1F��zQVMd^�F�" { � 
jZ�� � � ��\ C � ^1LkFnf�M(%[izMd`�KcMdT K1LkM �hOPG+RSOPK1RVFJIN^9f4RVK1LDOHQVK1RVK1aNTkM���QSOPK1RVK1aUTkMrOHINTDK1R p M�K1LNOPK
foFJaNQST+)jM�M(%�ijMd`�KcMdT��Uf4LNRS`+L]RSI]RVK1^cMdQ "�RS^.OHI}RtINTNRS`bOPK1RVFJI�K1LNOPK4K1LkMWTNOPK1OH^cMbKqRS^�F�"�G1MdOH^cFJINO�)UQSM���aUOHQSRVKAuHx

�?>A@B>�� � ���

� IWsHMdIkMbG+OHQ�� p FJI�K1LNQVu p MdOHIeiNG1F��YQSMd^BF�" { � 
jZ�� � � � $ \ � OHQS^cF�^1LkFnf K1LkM���aNOHQSRVK1OPK1R �HM �hOPG+RSOPK1RVFJIN^?f4RVK1L9OHQVK1R �
K1aNTkM���QSOPK1RVK1aNTNM.OHINT	K1R p M.f4LNRS`+L�foFJaNQST )jM.M(%[ijMd`�KcMdT2xwZq^�f4RVK1L�K1LNM4\ C � �JK1LkMbG1M�OPG1M4^1RVsJIUR �Y`bOHI�K�TNOduN�hINRVsJL�K
TNR �jMbG1MdIN`�Md^eRSI { � 
jZ � � � � $ \ � �lf4LNRS`+LDOPG1M�K1LkFJaksJL�KeKcF )jM�`bOHaN^cMdT )�u O�`�F p )URSINOPK1RVFJIDF�"4IkFJI � ���4X
M��jMd`�K1^qOHINT}G1MdOHQBTNOnuk�hINRSsJL�K.TNR �zMbG1MdIU`�Md^.RSI�K1LkMWRtIN^cKcGma p MdI�KoijFJRSI�K1RtIkskx

�zFJINOHQ p MdOHI~iNG1F��YQSMd^.F�" { � 
jZ�� � � � $ \ � foMbG1M7`�F p iUOPG1MdT�f4RSK1L}K1LkM!�c� - `bQSR p OPKcFJQVFHsHu}OHINT~f4RVK1L~TNOPK1O
"�G1F p K1LNMe\�Z � � X RSIN^cKcG+a p MdI�Kbx � I~sHMdIkMbGmOHQ � { � 
jZ�� $ \ � RS^�LNRVsJLkMbGqK1LNOHI )jFHK1L~K1LkM!�c� - OHINT�\qZ � � X.x
\qFnfoM��HMbG	�zaUINQSR �HM�f4RVK1L]\ C � �kK1LkM �HMbGmK1RS`bOHQ�)URSOH^.iUOPKcKcMbGmI}RS^4IkFHK.`�FJIN^1RS^1KcMdI�K4OH`�GmFJ^1^4QSOPK1RSK1aNTkMd^�OHINT]K1R p Md^bx

�?>A@B>�� �
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�.LkM9G1Md^1aNQSK1^.F�"wK1LkMe`�F p iUOPGmRt^cFJIN^qizMbG "_FHG p MdT "_FHG $ LUOPiNKcMbG ��f�FJaUQST�OPiNijMdOPG�KcF�^makiNijFHG1K.K1LkM7`�FJIN`bQSaU^1RVFJIN^
F�"�FHK1LNMbG �hOHQtRSTNOPK1RVFJI�f�FHG �riNG1Md^1MdI�KcMdT]OPK�K1LkM�ZgK p FJ^ciULkMbGmRt` $ LNM p RS^cKcG1u��wOHQSRSTNOPK1RVFJI�F�"�X�I ��RS^mOPK � Z $ ��Xw� - �
p MbMbK1RSINs	LkMdQST]RSI { Odu - � � �kx
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� I�OHTUTNRVK1RVFJIrKcF7OHI�u )YRSOH^cMd^��[OHINT�KcF�OHI�u�RSINTNR �[RSTNaUOHQ�iUG1F��YQVMqFJ^1`bRSQSQSOPK1RSFJIN^ � ZqiNijMdINTNR %�Z � �[K1LkM�`�F p iUOPGmRt^cFJIN^
ijMbG "�FHG p MdT�RSI $ LNOPiUKcMbG �	OHQS^cF�RSINTNRt`bOPKcM�K1LUOPK�K1LkMbG1M�RS^�O7ijMbGm^1Rt^cKcMdI�KgFJ^1`bRtQSQSOPK1RVFJI�RSI�K1LkM p FJI�K1LNQVu p MdOHIN^�F�"
p MbK1LNOHINMWRSI�K1LkM�G1MbsJRSFJI]F�"�K1LkM�KcG1FHiURS`bOHQBKcG1FHijFHiUOHaN^cMHx

Z#�HMbGmOPsHMdT G1Md^1RSTUaNOHQS^ "�FHG�K1LkM�FHizMbG+OPK1RVFJINOHQ p RS`�G1F�f4RSINTkF�f4^	F�" )zFHK1L�fgOPKcMbG+�hOPijFJakG�OHINT p MbK1LNOHIkM�^1LkF�f
^cijMd`�KcGmOHQ "�MdOPK1akG1Md^gRSI�K1LkM)G1MbsJRVFJI�F�"BK1LkM)K1OPG1sHMbK�sJOH^�QSRtIkMd^bx �.LkM�G1Md^1RSTNaUOHQU^cijMd`�KcGmOe^1LkF�f TNM(�YINRVKcM)TNOduN�hINRVsJL�K
TNR �jMbG1MdIN`�Md^dx �kFHG�^cF p M7aNI �[IkF�f4I�GmMdOH^cFJI��zK1LkM9GmMd^1RSTNaNOHQ��UK�Rt^4foFHGm^cM7RSI�^ma p	p MbG p FJI�K1LN^4K1LUOHI~RSI~f4RSI�KcMbG
p FJI�K1LN^��kM��HMdI~f4LkMdI]TNOnuk�hIURVsJL�KqTNR �jMbG1MdIN`�Md^�OPG1M�K1O��HMdI�RSI�KcF	OH`b`�FJaNI�Kbx

�)( � � ����6���Aj/�� D Aj/	��
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�FJ^1^1R )YQVM�`bOHaN^cMd^�F�"�K1LkM�F�)U^cMbG �HMdT )URSOH^1Md^rOHINT!izMbG+^1RS^cKcMdI�K	FJ^1`bRSQtQSOPK1RVFJIN^�RSI�K1LkM { � 
jZ � � � � \ C � OHINT
$ \ � iNG1F��zQVMd^.foMbG1M9RtI �HMd^cK1RSsJOPKcMdT�aU^1RSIks�K1LkM � %/"_FHGmT�G1MbKcGmRVM��POHQBiUG1F�`�Md^m^cFHG � { � � �[X � x � K�`�FJaNQST )jMWOPGmsJakMdT
K1LNOPK�K1LkMd^1M)^1MdIN^1RVK1R �[RVK u	KcMd^cK1^.^1LNFJaNQST�G1MdOHQSQVu )jM)ijMbG "�FHG p MdT�f4RVK1L�K1LkM � � { �kOH^�RVK�aN^cMd^gK1LNM)^mO p M�G1MbKcGmRVM��POHQ
p MbK1LkF[T�OH^gK1LkM)FHijMbGmOPK1RVFJINOHQziNG1F[`�Md^1^cFHGnxw\4F�f�M��HMbG	�UKcMd^cK1^�f4RVK1L { � ���[X FJaNsJL�K�KcF7sJR �HM�OeG1MdOH^cFJIUO�)UQVM)RSTkMdO
F�"�f4LNRS`+L]RS^1^1aNMd^ p MbGmRVK "vakG1K1LkMbG.RSI �HMd^cK1RVsJOPK1RSFJI2x

�.LkM�M��jMd`�K1^�F�"
�POPGmRVFJaN^oOH^1^1a p iNK1RVFJIN^oLNO	�HM )jMbMdI�M(%[O p RSIkMdT�LkMbG1M)RSI�RS^cFJQSOPK1RVFJIBx � I�G1MdOHQSRVK u��[RSKoRS^oQSR �HMdQSu�K1LNOPK
K1LkM�F�)Y^cMbG �HMdT]iNGmF�)UQVM p ^�RSI�K1LNM�TNOPK1O	OPG1MWTUakM�KcFrO p R %�K1akGmM�F�"�`bOHaN^cMd^dx

� K�foOH^�Md^1K1O�)UQSRS^1LNMdT�K1LUOPK.TNOduN�hINRVsJL�K.TNR �jMbG1MdIN`�Md^�RSI�K1LkM�GmMbKcGmRVM��POHQS^g`�FJaNQST+)jM�`bOHaN^cMdT )�u�IkFJI � ���4X�M��zMd`�K1^dx
�.LkMeF�)U^cMbG �HMdT=QVFnf )URtOH^�RtI�K1LkM�TNOnu ��K1R p M	X��[Z � � ��\ C � OHINT $ \ � OPK � 0 � p `bOHI p FJ^cK�iUG1F�)UO�)UQVu )jM
OPKcKcGmR )YakKcMdT�KcF	IkFJI�� �/�.X!M��zMd`�K1^bx � K�LNOH^4OHQS^cF )jMbMdI�F�)U^cMbG �HMdT]K1LUOPK.K1LkM)M��zMd`�K1^qF�"?INFJI�� �/�.X�FJI]TNOnu ��K1R p M
G1MbKcGmRSM��hOHQS^WM(%�KcMdIUT TNFnf4I KcF�OPG1FJaUINT � � � p ��f4LNRS`+L RS^ "�akGmK1LkMbG9TkF�f4IDK1LNOHI foFJaNQSTDLNO	�HM )jMbMdI M(%[ijMd`�KcMdT
"�G1F p K1LkM p RS`�G1FnfqRSINTkF�f MbG1G1FHGWOHINOHQSu�^1Rt^bx � K9RS^�K1LkMbG1M�"�FHG1M	ijFJ^1^mR )UQVMeK1LNOPK�K1LkMrF�)U^cMbG �HMdTDTNOduN�hINRVsJL�KWTNR �jMbGc�
MdIN`�Md^g`�FJaNQST )jM4OPKoQSMdOH^cK�iUOPGmK1RSOHQSQVu7OPKcKcGmR )UaNKcMdT	KcF7IkFJI�� �/�.X M��zMd`�K1^dx,� KoRS^�OHQt^cF9`�FJIN`�MdR �hO�)UQSM4K1LNOPK��hOPG+RSOPK1RVFJI
RSI�IkFJI�� �/�.X M��jMd`�K1^�RSI $ \ � f4RSK1L�QtOPK1RVK1aNTkMe`�FJaNQST�OH`b`�FJaNI�K�"_FHG�^cF p M7F�"�K1LkM �POPGmRSOPK1RSFJI�RtI�K1LkM $ \ � )URSOH^
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f4RVK1L�G1Md^cijMd`�K�KcF�FHK1LNMbG�TNOPK1O�^cFJaNGm`�Md^)RSI�QSOPK1RSK1aNTkM9OHIUT�K1R p M��zOHQVK1LNFJaksJL "vakG1K1LNMbG4foFHG �}foFJaNQST )zM9G1M ��aNRVG1MdT
KcFr^1LNFnf `�FJIN`bQtaN^1R �HMdQVu�K1LNOPK.K1LNRt^.RS^gK1LkMW`bOH^1MHx

� K�fgOH^)Md^cK1O�)UQtRS^1LkMdT~K1LNOPK�TNOnuk�hINRSsJL�K�TNR �jMbG1MdIN`�Md^)RSI�\ C � OPG1M�IkFHK�QSOPG1sHM7MdIkFJaksJL�KcF]MdI�K1RVG1MdQVu�OH`b`�FJaUI�K�"�FHG
K1LkM�F�)U^1MbG �HMdT )URtOH^�RSI=\ C � O�)jF �HM � � � p x	ZqINFHK1LkMbG�ijFJ^1^1R )YQVMe`bOHIUTNRSTNOPKcM�`bOHaN^cMrF�"oO}LURVsJL )URSOH^�RSI=\ C �
O�)jF��HM � � � p RS^gO p F[TkMdQSQVMdT � � �	fqLNRS`mL�RS^�KcF�F�INOPGmG1Fnf�xwZ p F�TNMdQSQVMdT � � �	f4LNRt`mL�RS^oKcF�F�INOPG1GmFnf f�FJaUQST )jM
`�FJIN^1Rt^cKcMdI�K�f4RVK1L�K1LkMeG1Md^1RSTNaUOHQB^1RVsJINOPK1aNG1Md^qRtI}K1LkMe\ C � p RS`�G1F�f4RSINTNFnf4^q^1LkFnfqI~RSI $ LNOPiNKcMbG �kxqX,%�KcMdIUTNRSIks
K1LkM�`�FJI�K1RSI�aNa p G1MbKcGmRVM��POHQUaNirKcF!� 0 GmOPK1LkMbGoK1LNOHI � � � p OHQt^cFWOPiNijMdOPGm^�KcF9G1Md^maNQVK�RSIrO �HMbG1ur^ p OHQSQkG1MdTUaN`�K1RVFJI
RSI9K1LkMgG1MbKcGmRVM��HMdT�\ C � O�)jF��HM � � � p ��)UakK�G1Md^1RSTUaNOHQ�^mRVsJINOPK1akG1Md^�RSI9K1LkM�\ C � p RS`�G1FnfqRSINTkF�f4^?TNF)INFHK�RtINTNRS`bOPKcM
O�iNGmF�)UQVM p f4RVK1L�K1LNM�`�FJI�K1RSI�aNa p x

� KgLUOH^�OHQVG1MdOHTku )jMbMdI�^1aksHsHMd^1KcMdT]K1LNOPKgK1LkM)ijMbGm`�MdR �HMdT+)URSOH^gRSI�K1LkM � � � $ \ � p Odu )jMqiUOPGmK1RSOHQSQVu	OPKcKcGmR )UakKcMdT
KcF�IkFJI�� �/�.X�M��zMd`�K1^bx��.LkM � � �]f4RSTkK1L p Odu�OHQt^cF�LNO��HMeOHI~M��jMd`�KqFJI~K1LkM $ \ � )YRSOH^��YOHQSK1LkFJaksJL}K1LURS^4RS^qIkFHK
OHI]M��jMd`�K4K1LNOPK4f�FJaNQtT+)zM�M(%[ijMd`�KcMdT}KcF	GmMd^1aNQVK�RSI]QSOPK1RSK1aNTNRSINOHQ �POPGmRSOPK1RVFJIU^�RSI�K1LkM )URtOH^bx

�gRSOH^cMd^�OPG1M	QtR �HMdQVu]KcF}OPGmRS^1M9K1LkGmFJaksJL=^cu[^cKcM p OPK1RS`eMbG1G1FHG+^)f4LNRS`+L�K1LkM�GmMbKcGmRVM��POHQ�`bOHI�KcGmu�KcF}`�F p ijMdIN^1OPKcM "�FHG
)�u7`+LNOHIksJRSINsWK1LkM.iUG1F��YQVM�F�"2K1LkM4K1OPG1sHMbKo^1izMd`bRSMd^bx � "jK1LkM.GmMbKcGmRVM��POHQURS^waUINO�)UQVM�KcF!)jMbKcKcMbG p OPK1`+LrK1LkM p F[TkMdQSQVMdT
^cijMd`�KcGmO9KcF9K1LNM p MdOH^makG1M p MdI�K1^�)�urOHT&�1aN^cK1RtIks�K1LkM�iNG1F��YQSM.F�"BK1OPG1sHMbK�^cijMd`bRVMd^���K1LkMdI�FJ^1`bRSQSQSOPK1RSFJIN^wKcMdINT�KcF7TkM��
�HMdQVFHiBx �.LkM p FJ^cK4F�)���RSFJaN^.`bOHaN^cM9F�"�FJ^1`bRSQSQSOPK1RSFJIN^�RS^.IkFJRt^cMHx � ^1`bRSQSQSOPK1RSFJIN^gRSI]K1LkM�GmMbKcGmRVM��HMdT}iUG1F��YQVMd^.OPG+RS^1RSIks
"�G1F p G+OHINTkF p IkFJRS^cM�RSI K1LNM�^cijMd`�KcGmO�^1LkFJaUQST )jM�G+OHINTkF p RSI iULUOH^cM��wOHINT ^1LkFJaNQST K1LkMbG1M�"�FHG1M )zM�G1M p F �HMdT
f4LkMdI�QSOPGmsHM)I�a p )jMbGm^oF�"�iNG1F��zQVMd^�OPGmM�O	�HMbGmOPsHMdT2xo\4F�f�M��HMbG��Y`�MbG1K1OHRSI]^1u�^cKcM p OPK1RS`�MbG1G1FHGm^ p Onu�OHQS^1FeGmMd^1aNQVKgRSI
FJ^1`bRSQtQSOPK1RVFJIN^�f4LNRS`+L�OPGmM�IkFHKgGmOHIUTkF p RtIriULUOH^cMHxwZqI�M(%kO p iUQVM�F�"BK1LNRt^�RS^�K1LkM)F�)U^cMbG �HMdT�TUR �zMbGmMdIN`�Md^gRSI ��M��HMdQ
. � GmOHTNRtOHIN`�Md^*)jMbKAfoMbMdI "�FHG1fgOPGmT]OHINT]G1M��HMbG+^cMW^cfoMbMbiU^�F�"�K1LkM { � 
jZ��]RSI�KcMbG "�MbG1F p MbKcMbG � ^1MbM9ZqiNijMdINTNR %rZ � �
f4LNRt`mL}`bOHaN^1Md^4FJ^1`bRtQSQSOPK1RVFJIN^4RSI}K1LkM �BM��HMdQ - iNG1F��zQVMd^�f4LNRt`mL�OPGmM9TNRS^1K1RSIN`�K1QVu�OHI�K1R ��`�FHGmG1MdQSOPKcMdT )zMbK f�MbMdI�OHT&�1Oh�
`�MdI�K4QSR p )}^1`bOHIN^bx

�.LkM�RtI �HMd^cK1RSsJOPK1RVFJIN^.RSI $ LNOPiNKcMbG � LUO	�HM9RtTkMdI�K1R �UMdT]O	I�a p )jMbG�F�"�ijFJ^1^1R )UQSM�`bOHINTURSTNOPKcMW`bOHaN^1Md^ "�FHG.K1LkM�ijMbGc�
^1RS^1KcMdI�K�FJ^m`bRSQSQSOPK1RVFJIU^�RSI $ \ � RSI�K1LkM	GmMbsJRVFJI F�"gK1LkM	KcGmFHiURS`bOHQlKcG1FHijFHiUOHaU^cM�F�)U^cMbG �HMdTDRSI=K1LkM { � 
jZ � TNOPK1O[x

-H� �




�FJ^1^1R )YQVM�`bOHaU^cMd^.RSTkMdI�K1R �UMdT�OPG1M�K1LNM � � � G1MbiNGmMd^cMdI�K1OPK1RSFJI��kK1LkM�OH^1^1a p iNK1RVFJI�K1LNOPK�K1LkM�OPK p FJ^1iULkMbG1M�`bOHI )jM
OH`b`bakGmOPKcMdQSu�G1MbiUG1Md^cMdI�KcMdT�FJI�K1LNM�GmMbKcGmRVM��POHQYsHG+RST�OHINT�K1LkM�OH^1^1a p iUK1RVFJIrK1LUOPKoK1LNM � { � �POPGmRVMd^gQSRSIkMdOPG+QVu7f4RVK1L
OHQVK1RVK1aUTkMHx

Z�QSQUK1LNMd^cM�Rt^1^1akMd^�OHQS^cF7O��zMd`�K�K1LkM)\ C � G1MbKcG+RVM��hOHQ x � ^1`bRSQSQSOPK1RSFJIN^�RSIrK1LkM)\ C � G1MbKcGmRVM��POHQS^oRSI�K1LkMqGmMbsJRVFJI�F�"BK1LkM
KcG1FHiURt`bOHQwKcG1FHijFHiUOHaN^1M "_GmF p G1MdOHQ�TNOPK1O~OPGmM p FHG1M�`�F p iUQSRS`bOPKcMdTDK1LNOHI K1LkFJ^cM�RtI=K1LkM $ \ � GmMbKcGmRVM��POHQS^���^1RSIN`�M
^cF p MeFJ^1`bRSQtQSOPK1RVFJIN^qOPG1M9M(%[ijMd`�KcMdT�RSI}K1LkM9KcG1FHiURS`bOHQ�\ C � TNaNMWKcF�K1LkM9KcGmFHiURS`bOHQBK1OPijMeG1Md`�FHGmTkMbG)M��jMd`�Kbx � ^1`bRSQ �
QSOPK1RVFJIU^�RtI~K1LNMeKcGmFHiURS`bOHQ � � ��\ C � iUG1F��YQVMd^)TkF�M(%kRS^cK���)UakK)^cMbM p KcF )jMdLNO��HM	RSI~O�GmMdOHQSRS^cK1RS`9fgOdu��Bf4LNMbG1MdOH^
FJ^1`bRSQtQSOPK1RVFJIN^�RSI�K1LNM�KcG1FHiURS`bOHQ $ \ � iNG1F��zQVMd^gFJaksJL�K4IkFHK.KcF	M(%kRS^cKbx

{ OHI�u�F�"�K1LNM�KcMd^cK1^�ijMbG "_FHG p MdT "�FHG $ LUOPiNKcMbG � OHQS^cFDG1Md^1aNQVKcMdT!RSI!aNINM(%�ijMd`�KcMdT�M��jMd`�K1^�FJI!K1LNM�iNG1Md^m^1akG1M
G1MbKcGmRSM��hOHQ�f4LNRS`+L foMbG1M�TUR �zMbGmMdI�K "_FHG p RST���QtOPK1RVK1aNTkM	OHINTDM ��aNOPKcFHGmRSOHQo`bOH^cMd^bx �.LkMd^cM�LNO	�HM]IkFHK9G1MdOHQSQVu )jMbMdI
TNRS^m`baN^1^cMdT�LkMbG1M�� )UakK.`�FJaNQST+)jM�OHI}RtI�KcMbG1Md^1K1RSIks�KcFHiURS` "�FHG "vakG1K1LkMbG.RtI �HMd^cK1RSsJOPK1RVFJI2x

�)( � � � ��� � ��6��26����B/16 ���.-	�

�.LkMeRS^cFHKcFHijMWGmMbKcGmRVM��POHQS^.iNGmMd^cMdI�KcMdT�RSI $ LNOPiNKcMbG��	^1LNFnf iNG1F p RS^1M�� )UakKqK1LkM9OPiUiNG1FJOH`mLNMd^qKcF�K1LkM p RS`�G1F�f4RSI[�
TkF�f ^cMdQVMd`�K1RSFJI OHINT K1LkM	G1MbKcGmRSM��hOHQS^WOHTkFHiNKcMdT LNMbG1Mr`�FJaNQST iNG1F�)UO�)YQVu )jMrR p iNG1F��HMdT akijFJI2x	E RVK1L ^cMdQSMd`�K1RVFJI
F�" p RS`�G1F�f4RSINTNFnf4^ )UOH^1MdT FJI+�cFJRSI�K�G1MbKcGmRVM��POHQS^�F�"gK1LkM p O � FHGeOHINT p RSIkFHG�RS^cFHKcFHijM���RVK p Onu )jM	ijFJ^1^mR )UQVMeKcF
G1MdTNaU`�M�K1LkMW^cu[^cKcM p OPK1Rt`�MbG1G1FHG4FJI}K1LkM9GmOPK1RVFJ^bxo��R	�zMbG1MdI�Kq`�FJI'�UsJakGmOPK1RVFJIU^�F�"�K1LkMWG1MbKcG+RVM��hOHQ�OPiNiNG1FJOH`+L p RVsJL�K
u[RVMdQST+)jMbKcKcMbG.G1Md^1aUQVK1^bx

� K.RS^gQSR �HMdQVu	K1LUOPK4O p FHG1M)K1R p M�`�FJIU^1a p RSINseOPiNiUG1FJOH`mL]KcF "�FHG1fgOPGmT p F[TkMdQj`bOHQS`baNQSOPK1RSFJIN^�� � RSI �HFJQ ��RtIks�O p FHG1M
G1MdOHQSRt^cK1RS` � � � G1MbiUG1Md^cMdI�K1OPK1RVFJI OHINT=O]^ p OHQSQVMbG�^ciUOH`bRtIks]RSI�K1LkM �HMbG1K1RS`bOHQlsHG+RST � p RVsJL�K)iNG1F[TNaN`�M )jMbKcKcMbG�G1M��
^1aNQSK1^��[iUOPG1K1RS`baNQtOPGmQVurRSI�K1LNMWakiNijMbGgKcG1FHijFJ^ciULkMbGmM�OHINT}QVF�f�MbG4^1KcGmOPKcFJ^ciULkMbGmM � y#� � � � G1MbsJRSFJI2x

� K	f�FJaUQST���RtI K1LkMbFHG1u�� )jM]izFJ^m^1R )UQVM�KcF iUG1F�`�Md^m^	OHQSQgF�")K1LkM�O��hOHRSQtO�)UQVM { � 
jZ�� �BM��HMdQ . ��TNOPK1O=KcF F�)UK1OHRSI
O�sJQVF�)UOHQgTNOPK1OH^cMbK�F�"qK1LkM]RS^cFHKcFHiURt`�`�F p izFJ^mRVK1RVFJIDF�"4fgOPKcMbG �hOPijFJakG � OHINT p MbK1LUOHIkM � "_FHG�
�aNQVu - � � - aNI�K1RSQ

-H�/.



{ OPGm`mL - � � �kx��.LNM.G1MbKcGmRVM��POHQS^�iNG1Md^cMdI�KcMdT�RtI $ LNOPiNKcMbG*��LUO	�HM)IkFHK�)jM4^1a )/� Md`�K�KcFWM(%[KcMdIN^1R �HM��POHQSRSTNOPK1RVFJI
� )UakK
K1LkMbG1M7RS^q^1`�FHijM "�FHG�O�sHG1MdOPK�TkMdOHQ p FHG1M �POHQSRSTUOPK1RVFJI}foFHG �zx $ F p iUOPG+RS^cFJIN^q`�FJaNQST )jM p OHTkMWfqRVK1L�TNOPK1O "�G1F p
K1LkMWZ $ X � � �#� � �4X���FJI}Z�akGmOrOHINT]f4RVK1L+"vakG1K1LNMbG4TNOdu[^ "�G1F p K1LNM � TNRSI �/� { �Wx $ F p iUOPGmRt^cFJIN^�`�FJaNQST�OHQS^cF
)jM p OHTkM�f4RVK1L�TNOPK1O+"�G1F p O�I�a p )jMbG)F�"�)UOHQSQSF�FJI��2OHRVG+`�GmO�"_K�OHINT�sHG1FJaUINT�� )UOH^cMdT=RtIN^cKcGma p MdI�K1^bx�X,%[O p iUQVMd^
RSIN`bQtaNTkMrK1LNM { � 
zZ�� OHRVGm`�G+O�"_K7OHINT )UOHQSQSF�FJI RSIN^cKcG+a p MdI�K1^ � 
�RVMd^1`mL MbK�OHQ x � . � ��� � ��RS^m`mLkMbG	OHINT \9x � MdQSLNO�" �
. � ��� � OHINT K1LkM � � � � � - RSIN^cKcG+a p MdI�K � 
HFJLUIN^cFJIDMbK7OHQ x � - � �'. O � ��)jFHK1L F�".f4LNRS`+LDLUO	�HM��UF�f4I f4RVK1LNRSI K1LkM
K1R p M�ijMbGmRSF�T�F�"�K1LkM { � 
jZ�� � x � -H� ` p���� TNOPK1OH^cMbKbx

�.LkM)TNOPK1OH^cMbK�`�FJaNQtT�OHQS^1F )jM�M(%[O p RtIkMdT�RtI�`�FJI&�1aNIN`�K1RSFJIrf4RSK1L�O9sJQVF�)UOHQj`bRVGm`baUQSOPK1RVFJI p F�TkMdQz^1aN`+L�OH^ $ Z { ��x
�.LkMbGmM�RS^�ijFHKcMdI�K1RtOHQ2KcF�aN^1M�K1LNRS^ p F[TkMdQ2RSI�`�FJI&�caUIN`�K1RVFJI]f4RSK1L { � 
jZ � p MdOH^1akG1M p MdI�K1^4KcF	KcMd^cK �POPGmRVFJaU^.L�u��
ijFHK1LkMd^cMd^�FJI}K1LkM�MdI�KcG1u�F�"?fgOPKcMbG �POPijFJakG4OHINT]OHRVGqRSI�KcF�K1LNMW^cKcGmOPKcFJ^ciYLkMbG1MHx

�.LkM�TUOPK1OH^cMbK�`�FJaUQST]OHQS^cF	ijFHKcMdI�K1RSOHQSQVu )jM�aN^cMdT}RtI}`�FJI&�1aNIN`�K1RVFJI]fqRVK1L�F�)U^cMbG �POPK1RVFJIN^4F�"�izFJQtOPG.^cKcGmOPKcFJ^ciULNMbGmRS`
`bQVFJaNTU^�RSI�FHGmTkMbG.KcF�^cK1aNTku�TkMdL�u�TkG+OPK1RVFJI]RSI�ijFJQSOPG�G1MbsJRVFJIU^bx

Z�I=aNINTkMbGm^1K1OHINTNRSIks�F�"�K1LkM�KcG+OHIN^ "�MbG�F�"�fgOPKcMbG �hOPijFJakG�OH`�GmFJ^1^�K1LkM7KcG1FHijFHiUOHaN^1M7OHIUT=RVK1^)G1MdTNRS^1KcGmR )UakK1RSFJI}RSI
K1LkM.QVF�f�MbG�^cKcGmOPKcFJ^ciULNMbG1M�RS^ �HMbu9KcF9aNINTkMbGm^1K1OHINTNRSIksqK1LkM�`mLkM p RS^cKcG1u��JG+OHTNRSOPK1RVFJI�OHINT�TNu�INO p RS`b^�F�"YK1LNRt^?GmMbsJRVFJI��
f4LNRt`mL�RtI}K1akGmI~OPG1M7OHQSQ
"vOH`�KcFHGm^�f4LNRS`+L�OPG1M!�[RVK1OHQBKcF�aNINTkMbG+^cK1OHINT�R "�OPK p FJ^ciULkMbGmRt` p F[TkMdQS^qOPG1M9KcF p O��HM7OH` �
`bakGmOPKcM�iUG1MdTNRS`�K1RVFJIU^�F�" "�aNK1akG1M�`bQSR p OPKcM�OHINT�`bQSR p OPKcM�`mLNOHINsHMHx,� ^1FHKcFHiURS` p MdOH^1aNG1M p MdI�K1^ "_G1F p { � 
zZ���LNO��HM
K1LkM�ijFHKcMdI�K1RSOHQjKcF�`�FJI�KcGmR )YakKcM�KcF	K1LNRS^�OPGmMdO	OHINT}^1LNFJaNQST )jM�O "_G+aNRVK "vaNQYOPGmMdO "_FHG#"�aNG1K1LkMbG�G1Md^cMdOPG+`mL2x
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� LkM {�� � Z"! p FJI�K1LNQVu p MdOHIDiNG1F$#zQVMd^�iNGmMd^cMdI�KcMdT RSI K1LNRS^&%gLNOPiNKcMbG7LNO('HM*)jMbMdID`bOHQt`baNQSOPKcMdT�+_G1F p O�QSOPG1sHM
I�a p )jMbGgF,+�iUG1F$#YQVMd^bx � LNMqGmOHIUTkF p MbG1G1FHG�FJI�K1LkM p FJI�K1LNQVu p MdOHI�iNG1F$#YQSMd^oRt^�K1LNMbG1M-+_FHGmM.'HMbG1u�^ p OHQSQ0/[OHINT]^cF
RVKwRS^l`bQSMdOPG�K1LNOPK�OHI�ueFJ^1`bRSQSQSOPK1RSFJIN^lRSI7K1LkM p FJI�K1LNQVu p MdOHIN^�OPGmRS^cM1+�G1F p ijMbGm^1Rt^cKcMdI�K�iNGmF,)UQVM p ^lRSI7K1LNM�G1MbKcGmRVM-'POHQ0/
GmOPK1LkMbG�K1LUOHI�IkFJRS^cMHx � LkMbG1M�OPG1M,/�LkF�f�M-'HMbG2/�FHK1LkMbG�ijMbGm^mRS^cKcMdI�K9FJ^1`bRtQSQSOPK1RVFJIN^9iNG1Md^1MdI�K�RSI K1LkM {3�4� Z.!65"798
iNG1F$#zQVMd^of4LNRS`+L]OPG1M�OHI�K1RV�A`�FHG1G1MdQSOPKcMdT�)zMbK f�MbMdI�OHT;:cOH`�MdI�K4^1`bOHIU^bx�Z�QVK1LkFJaksJL�K1LkMd^1M�FJ^1`bRSQSQSOPK1RSFJIN^gTkF	IkFHK.^1LkF�f
aki�RSI�QSOPG1sHM=<�^1`bOHQSM)O2'HMbGmOPsHMd^-/zRVK�fgOH^>+_MdQSKoK1LUOPKgRSK�foFJaNQST?)jMqiNGmFHizMbGoKcF�RSIN`bQSaUTkM.K1LkM p RSI�O7TNRS^1`baU^1^1RVFJI�F,+�OHI
F2'HMbG@'�RVMbf;F,+�K1LkM ��aUOHQSRVKAu�F,+�K1LkM {3�4� Z.!�TNOPK1O[x

{ 5"AB![X�G1MbKcGmRVM-'POHQS^oF,+�RtINTNRC'[RSTNaNOHQ[iUG1F$#YQVMd^>+�G1F p G1MdOHQ2TNOPK1O�^1LNFnf ^cF p M.'[RS^1RD)UQVM4FJ^m`bRSQSQSOPK1RVFJI*)jMbKAfoMbMdI}OHT;:1Oh�
`�MdI�K�G1MbKcGmRVM-'POHQwQVM-'HMdQt^bx?5)^1`bRSQtQSOPK1RVFJIN^)`bOHI OHQS^1FE)zM	^1MbMdI RSI=RSINTURC'�RtTNaNOHQBiUG1F$#YQVMd^�RSI�K1LNM	X>![Z�5"798F8�M-'HMdQHG
iNG1F[TNaN`�K1^dx�X�I[O p RtINOPK1RVFJI7F,+jiNG1F$#YQSMd^?FJIrK1LkM.^1`bOHQVM4F,+jOW`�F p iUQVMbKcM.FHG@)URVK�G1M-'HMdOHQS^�K1LNOPKwK1LkMd^cM4FJ^1`bRSQSQSOPK1RSFJIN^lOPG1M
OHI�K1RJ<�`�FHG1G1MdQSOPKcMdT?)jMbKAfoMbMdIrOHT;:1OH`�MdI�K�^1`bOHIN^dx � F9TNM p FJIN^cKcGmOPKcM4K1LNRS^-/�O2'HMbGmOPsHM�iNG1F$#YQVMd^�F,+K)jFHK1L�fgOPKcMbGH'POPijFJakG
OHINT p MbK1LNOHIkM�f�MbGmM�`bOHQS`baUQSOPKcMdTL+�FHG9O�^1O p iYQVM	FHGM)URSK?N�FHGM)URVKPOQG$OQR�S2TU+_GmF p K1LkM�X>![ZV5"798W8BM-'HMdQXG~TNOPK1O[x
!�MbiUOPG+OPKcM)O2'HMbGmOPsHMd^.foMbG1M�OHQS^cF7`bOHQS`baNQtOPKcMdTY+_FHG�OHQSQYK1LkM � F�TUT[Z9OHIUT�� M-'HMdI\Z�^1`bOHIN^�RSI�K1LNRS^�FHGM)URVKbx]7�RVsJakGmM�Z9xDS

G �,^



^1LkF�f4^�K1LkM9TNR �jMbG1MdIN`�Md^gF,+�K1LkM�� F[TNT[Z	OHINT � M-'HMdI\ZrO('HMbG+OPsHM9iNGmF$#YQVMd^X+�G1F p K1LkMWO2'HMbGmOPsHMeF2'HMbGqOHQtQB^1`bOHIN^bx
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� LkMeX>![Z 5.7 8 G1MbKcG+RVM-'hOHQ�aN^cMd^�RSI +�FHG p OPK1RSFJIE+_GmF p K1LkMeG1MbKcGmRSM-'hOHQS^ +_GmF p K1LkMeiNG1M-'[RVFJaN^q^1`bOHI~KcF�^cMbK)aki�K1LkM
RSINRSK1RSOHQ2sJakMd^1^qiNG1F$#zQVMd^ +�FHG)K1LkMeINM I�K�^1`bOHI2x)\4F�f�M-'HMbG(/2K1LNM 5 I�+�FHGmT}G1MbKcG+RVM-'hOHQ�`bOHI )jM9^cMbK�KcF�TNF�K1LNRt^.FHG�IkFHK
OH^�K1LkM9aU^cMbG�`+LkF�FJ^cMd^bx � LkM&5 I�+�FHGmT�GmMbKcGmRVM-'POHQ�`bOHI�K1LkMbG1M-+�FHG1MP)zM9aN^cMdT~KcF�^1LNFnf K1LNOPKqK1LNMeOHI�K1RJ<�`�FHG1G1MdQtOPK1RVFJI
F,+�iNG1F$#zQVM�FJ^1`bRSQSQtOPK1RVFJIN^.+�G1F p FJIkM�^1`bOHI KcF~K1LNM�IkM I[K9RS^WiNG1Md^cMdI�K�M-'HMdI f4LkMdI K1LkMrG1MbKcG+RVM-'hOHQ +_GmF p OHI�u=FJIkM
^1`bOHI�aN^cMd^�IkF�RSI +�FHG p OPK1RVFJI�+_GmF p iUG1M-'�RSFJaN^4^1`bOHIU^bx.!kRSIN`�MWK1LNM9iUOPKcKcMbG+I�RtI�K1LkMeFJ^1`bRSQtQSOPK1RVFJIN^4foOH^�^cF�`bQVMdOPGmQSu
G1MbsJaNQtOPG(/�OHINT `�FJaUQST IkFHK )jM�KcGmOH`�MdT KcF~OHI�u�KcGmOHIN^ +�MbG�F,+gRSI +�FHG p OPK1RVFJI=RSI K1LkM 8BM-'HMdQHG�iNG1F[`�Md^1^1RSINs /�RVK�fgOH^
TkMdTNaU`�MdT]K1LNOPK.K1LkMd^1M�^cu�^1KcM p OPK1RS`�FJ^1`bRtQSQSOPK1RVFJIN^ p aN^cK.^1KcM p +�G1F p ^cF p MbK1LURSIks	RSI�K1LkM 8�M-'HMdQ S ` GmOHTURSOHIN`�Md^bx
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