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KReYe & FUeQgeU: A caVe fRU a SUagPaWLc R[\geQ-baVed aSSURach WR TXaQWLf\LQg Whe 
bLRORgLcaO cRQWULbXWLRQ WR Whe PaULQe caUbRQ VLQN  
 
DeaU edLWRU & UeYLeZeUV, 
We WhaQN bRWh UeYLeZeUV fRU WheLU WLPe aQd YeU\ heOSfXO aQd cRQVWUXcWLYe cRPPeQWV. 
POeaVe fLQd beORZ SRLQW-b\-SRLQW UeVSRQVeV WR Whe cRPPeQWV. OULgLQaO UeYLeZeU cRPPeQWV 
aUe gLYeQ LQ EODFN, RXU UeVSRQVeV LQ EOXH.  
 
We aOVR SURYLde PRdLfLed We[W eOePeQWV, ZheUe LW LV VWUaLghWfRUZaUd (LQ UHG) aQd LQdLcaWe 
ZheUe addLWLRQaO We[W chaQgeV aUe SOaQQed fRU Whe UeYLVed YeUVLRQ. 
 
 
 
RHYLHZHU 1 (BeQRvW PaVTXLeU) 
     
SXPPDU\ RI WKH MDQXVFULSW 
 
ThLV VhRUW PaQXVcULSW b\ WROfgaQg KReYe aQd IY\ FUeQgeU RffeUV a YaOXabOe aQaO\VLV Rf Whe 
SeUWLQeQce aQd accXUac\ Rf aSSaUeQW R[\geQ XWLOLVaWLRQ (AOU) fRU TXaQWLf\LQg Whe bLRORgLc 
cRQWULbXWLRQ WR cXUUeQW aQd fXWXUe R[\geQ OeYeOV LQ Whe RceaQ. FRU cRQWe[W,  
AOU Ł O2VaW(𝑇, 𝑆) í O2 LV aQ aSSUR[LPaWLRQ Rf Whe accXPXOaWed R[\geQ cRQVXPSWLRQ b\ 
bacWeULa aV ZaWeU WUaQVLWV LQ Whe RceaQ LQWeULRU. AOU LV WhXV aQ aSSUR[LPaWLRQ Rf WUXe R[\geQ 
XWLOLVaWLRQ (TOU), ZhLch LV defLQed aV Whe e[acW aPRXQW Rf R[\geQ cRQVXPed aORQg Whe VaPe 
WUaQVLW. HRZeYeU, AOU haV PRUe SUacWLcaO XWLOLW\ WhaQ TOU becaXVe AOU RQO\ UeTXLUeV O2, 
WePSeUaWXUe, aQd VaOLQLW\. AV VXch, AOU caQ effecWLYeO\ be ³RbVeUYed´ LQ VLWX, aV RSSRVed WR 
TOU, ZhLch UeTXLUeV a PRdeO WhaW SUecLVeO\ WUacNV O2 cRQVXPSWLRQ. BXW AOU aOVR haV 
caYeaWV. IQ SaUWLcXOaU, LWV XQceUWaLQWLeV aUe UaUeO\ TXaQWLfLed, VR WhaW caXWLRXV RceaQRgUaSheUV 
ULghWfXOO\ ZRUU\ abRXW LWV accXUac\ aQd ZheWheU LW caQ be XVed UeOLabO\ (IWR eW aO., 2004). 
NeYeUWheOeVV, Whe aXWhRUV aUgXe WhaW SaUW Rf WheVe XQceUWaLQWLeV aUe XVefXO aV Whe\ 
XQLQWeQWLRQaOO\ caSWXUe bLRORgLcaO effecWV WhaW TOU dReV QRW, aQd WhXV WhaW AOU LV a beWWeU 
PeWULc fRU TXaQWLf\LQg Whe bLRORgLcaO cRQWULbXWLRQV WR O2 OeYeOV aQd fXWXUe chaQgeV. The 
aXWhRUV aUgXe WhaW Whe SaUW Rf Whe XQceUWaLQW\ WhaW LV XVefXO eVVeQWLaOO\ cRPeV fURP VXUface 
dLVeTXLOLbULXP effecWV dXe WR bLRORg\, aQd WhaW WhLV SaUW geQeUaOO\ dRPLQaWeV Whe XQceUWaLQW\ 
dXe WR Sh\VLcaO SURceVVeV, ZhLch caQ heQce be VafeO\ LgQRUed. IQ VXPPaU\, Whe aXWhRUV 
aUgXe WhaW AOU caQ be VafeO\ XVed LQ PRUe cRQWe[WV WhaQ cXUUeQWO\ UecRgQLVed, ZLWh bURad 
LPSOLcaWLRQV fRU VWXd\LQg SaVW aQd fXWXUe RceaQ cOLPaWeV. 
      

OYHUDOO RHFRPPHQGDWLRQ 

ThLV LV a YeU\ QLce aQd LQWeUeVWLQg VWXd\, WhaW I hRSe ZLOO be SURPSWO\ SXbOLVhed LQ 
BLRgeRVcLeQceV, bXW I dRQ¶W WhLQN LW LV Uead\ \eW. M\ RYeUaOO UecRPPeQdaWLRQ LV WR VeQd Whe 
PaQXVcULSW bacN fRU UeYLVLRQV ZLWh Whe LQWeQW WR SXbOLVh RQce aOO LVVXeV aUe addUeVVed. I PXVW 
QRWe WhaW I heVLWaWed PaUNLQg WheVe aV ³PaMRU´ aV Whe\ affecW PRVW Rf Whe PaQXVcULSW, bXW LW LV 
TXLWe VhRUW, VR WhaW LQ SUacWLce I WhLQN WheVe UeYLVLRQV ZLOO QRW WaNe WhaW PXch ZRUN, VR I eQded 
XS PaUNLQg WheP aV ³PLQRU´. 
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WhLOe I XQdeUVWRRd (I WhLQN) Whe deWaLOV Rf Whe SaSeU, Whe SURceVV Rf XQdeUVWaQdLQg ZaV 
gUeaWO\ hLQdeUed b\ VRPe chRLceV Pade b\ Whe aXWhRUV, aQd VRPe PLVVLQg SLeceV LQ Whe 
e[SOaQaWLRQV. I OLVW P\ RefeUee GeQeUaO CRPPeQWV (GC) fLUVW aQd WheQ P\ PRUe deWaLOed 
RefeUee CRPPeQWV (C) beORZ. 
 
A: :H WKDQN BHQRLW PDVTXLHU IRU D YHU\ GHWDLOHG DQG KHOSIXO UHYLHZ. SHH RXU GHWDLOHG 
UHVSRQVHV EHORZ (LQ EOXH).  
 
GHQHUDO CRPPHQWV 
      

GC1. ³GHEW´: I Vee a WeUPLQRORg\ LVVXe heUe. Ma\be WheUe LV SUecedeQW LQ Whe OLWeUaWXUe WhaW I 
dRQ¶W NQRZ abRXW, bXW I fLQd ³O2 debW´ a OLWWOe cRQfXVLQg heUe, aQd I feeO OLNe LW dReV QRW fLW. TR 
Pe, ³debW´ PeaQV VRPeWhLQg WhaW LV RZed RU WhaW PXVW be UeSaLd/UecWLfLed VRPehRZ. AV faU 
aV I XQdeUVWaQd, WheUe LV aQ e[LVWLQg cRQceSW Rf ³O2 debW´ XVed LQ bLRORg\ WR deVcULbe Whe 
R[\geQ defLcLeQc\ LQ aQ RUgaQLVP (e.g., Ta\ORU, 1982), bXW WhaW dReV QRW fLW heUe eLWheU. I 
VWURQgO\ VXggeVW aYRLdLQg WhLV WeUPLQRORg\ Rf ³debW´ aQd WR LQVWead UeO\ RQ Whe 
ZeOO-eVWabOLVhed, e[LVWLQg WeUPLQRORg\ WhaW Whe aXWhRUV aOUead\ XVe aQ\Za\. 

A: We agUee ZLWh Whe UeYLeZeU WhaW WhLV WeUP Pa\ be PLVXQdeUVWRRd, gLYeQ LWV (SULPaULO\) 
Sh\VLRORgLcaO PeaQLQg (V.a.). We haYe chaQged Whe We[W UeVSecWLYeO\ WhURXghRXW Whe 
PaQXVcULSW. 
 
GC2. BLRORJLFDO FRQWULEXWLRQ: I haYe caUefXOO\ WhRXghW abRXW decRPSRVLQg dULYeUV Rf 
R[\geQ chaQgeV befRUe (PaVTXLeU eW aO., 2024) aQd \eW, RQ P\ fLUVW aWWePSW, I becaPe PRUe 
aQd PRUe cRQfXVed abRXW ZhaW Whe aXWhRUV ZeUe WU\LQg WR dR ZLWh WheLU cRPSaULVRQV beWZeeQ 
AOU aQd TOU aV I Uead WhURXgh Whe PaQXVcULSW. The facW WhaW VRPe VWaWePeQWV aUe VLPSO\ 
LQcRUUecW abRXW ZhaW AOU aQd TOU aUe dLd QRW heOS (Vee, e.g., C27, C28, C29).  

A: POeaVe Vee RXU UeVSRQVeV WR C27, C28, C29 beORZ. 

M\ PaLQ LVVXe LV WhaW Whe aXWhRUV dLd QRW cOeaUO\ defLQe ZhaW Whe R[\geQ¶V bLRORgLcaO 
cRQWULbXWLRQ LV. IW ZRXOd be PXch cOeaUeU LQ P\ RSLQLRQ WR defLQe LW aV Whe WUaceU O2

bLR:  
 
O2

bLR  Ł O2 í O2
abLRW   

 
ThLV defLQLWLRQ (Whe ³Ł´ V\PbRO PeaQV WhLV LV a defLQLWLRQ, QRW a PeUe VWaWePeQW Rf eTXaOLW\, 
aOWhRXgh VRPe SUefeU ³:=´) LV cOeaU aQd LQWXLWLYe: The bLRORgLcaO cRQWULbXWLRQ LV Whe UeVLdXaO 
beWZeeQ Whe baVe VWaWe aQd Whe abLRWLc VWaWe. ThLV caQ be ZULWWeQ aV Whe QaWXUaO 
decRPSRVLWLRQ, O2 = O2

bLR + O2
abLRW. TheQ RQe caQ YeU\ VLPSO\ VhRZ WhaW 

 
O2

bLR = (O2
SUe + TOU) í (O2

SUe í O2
dLV,bLR) = O2

dLV,bLR + TOU,     
 
aQd SURceed WR cRPSaUe AOU aQd TOU WR O2

bLR. OU SURceed WR VhRZ WhaW 
 
AOU = O2

bLR + O2
dLV,Sh\ 
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aQd SURceed WR VhRZ WhaW O2
dLV,Sh\ LV VPaOO, VR AOU § O2

bLR (PORWWLQg O2
dLV,Sh\ ZRXOd be heOSfXO 

fRU WhLV aUgXPeQW.) 

A: We haYe caUefXOO\ cRQVLdeUed defLQLQg a TXaQWLW\ O2
bLR aV VXggeVWed abRYe. HRZeYeU, 

baVed RQ dLVcXVVLRQV ZLWh cROOeagXeV Ze fLQd WhaW defLQLQg TOU+O2
dLV,bLR aV O2

bLR aV SURSRVed 
abRYe caXVeV a fRcXV RQ Whe YeU\ XSSeU RceaQ/eXShRWLc ]RQe R[\geQ SURdXced dXULQg 
ShRWRV\QWheVLV (L.e. bLRORgLcaOO\ SURdXced R[\geQ), aQd Whe LPSOLcLW QRWLRQ Rf O2 
RYeUVaWXUaWLRQ caXVed b\ PaULQe bLRORg\. See fUeTXeQWO\ TXRWed VWaWePeQWV WhaW Whe RceaQ 
SURYLdeV eYeU\ VecRQd bUeaWh fRU hXPaQV (a PLVOeadLQg VWaWePeQW, Vee GaWWXVR eW aO., 2022, 
hWWSV://dRL.RUg/10.64628/AAK.3cYQQeY\f) ). We e[SecW VXch a SeUceSWLRQ WR be fXUWheU 
VXSSRUWed ZLWh a SRVLWLYe VLgQ cRQYeQWLRQ Rf AOU (Vee fROORZLQg UeYLeZeU cRPPeQW aQd 
UeVSRQVe, GC3). IQ WhLV PaQXVcULSW Ze fRcXV RQ Whe LQWeULRU RceaQ R[\geQ aQd caUbRQ 
cRQdLWLRQV WhaW aUe dRPLQaWed fRU R[\geQ b\ XVage (QRW SURdXcWLRQ) Rf O2 b\ bLRORg\.   
 
HeQce Ze heVLWaWe WR fROORZ Whe UeYLeZeUV VXggeVWLRQ WR LQWURdXce a WeUP O2

bLR. HRZeYeU, 
DFNQRZOHGJLQJ WKH QHHG WR VLPSOLI\ RXU WHUPLQRORJ\ IRU WKH total biologicall\ stripped 
ox\gen LQ WKH RFHDQ LQWHULRU, ZH LQWURGXFH WKH WHUP O2

XWLO IRU WKH VXP RI TOU+O2
GLV,ELR 

(QeZ eTX. 5 aQd UeOaWed We[W, L 206ff Rf UeYLVed PV) aQd haYe chaQged Whe PaQXVcULSW 
accRUdLQgO\.  
 
GC3. AOU/TOU VLJQ FRQYHQWLRQ: GRLQg agaLQVW Whe ZeOO-eVWabOLVhed VLgQ cRQYeQWLRQ LV QRW 
RQO\ cRQfXVLQg bXW aOVR WechQLcaOO\ LQcRUUecW. The WeUP ³R[\geQ XWLOLVaWLRQ´ cOeaUO\ PeaQV WhaW 
LW accRXQWV fRU Whe aPRXQW Rf R[\geQ cRQVXPed, ZhLch caQ RQO\ be SRVLWLYe (WheUe LV QR 
³QegaWLYe cRQVXPSWLRQ´). The aXWhRU¶V chRLce WR VZLWch Whe cRQYeQWLRQ UeadV aV abVXUdO\ aV, 
e.g., ³VSeQdLQg PLQXV 10 eXURV fRU a PeaO´ RU ³XVLQg í10 L Rf SeWURO WR gR WheUe´. I VWURQJO\ 
VXggeVW Whe aXWhRUV VhRXOd UecRQVLdeU WhLV cRQYeQWLRQ chRLce. 

A: We aUgXe ZLWh Whe fROORZLQg UeaVRQV WR VWLcN WR Whe QegaWLYe VLgQ fRU AOU fRU RXU 
PaQXVcULSW: CRYeULQg aVSecWV Rf bRWh Whe R[\geQ aQd caUbRQ c\cOe, Ze Qeed cRQVLVWeQW 
UefeUeQce SRLQWV. NaWXUaOO\ a UefeUeQce SRLQW fRU gaV LV Whe SRWeQWLaO VaWXUaWed VWaWe (O2

VaW aQd 
DICVaW, UeVSecWLYeO\). OXU defLQLWLRQ Rf AOU fROORZV Whe PaWhePaWLcaO VWaQdaUd WR VXbWUacW 
WheVe UefeUeQce SRLQWV fURP Whe acWXaO VWaWe. AOVR XVLQg a µSRVLWLYe defLQLWe¶ AOU, ZRXOd 
UeTXLUe WR aSSO\ a SRVLWLYe cRQYeUVLRQ facWRU ZheQ cRPSXWLQg Whe caUbRQ eTXLYaOeQW Rf aQ 
R[\geQ PeWULc Rf O2

XWLO (e.g. AOU[Rc:R2) ZhLch LV bLRORgLcaOO\ QRW PeaQLQgfXO. SLQce Whe 
degUadaWLRQ Rf RUgaQLc PaWWeU LQcUeaVeV DIC aQd decUeaVeV R[\geQ, Ze aUgXe WhaW PeWULcV 
Rf RUgaQLc caUbRQ degUadaWLRQ SURdXcWV VhRXOd haYe a SRVLWLYeO\ defLQed caUbRQ aQd a 
QegaWLYeO\ defLQed R[\geQ PeWULc. We fLQaOO\ QRWe WhaW hLVWRULcaOO\ Whe TXaQWLW\ AOU haV beeQ 
XVed RULgLQaOO\ WR aVVeVV R[\geQ SaWWeUQV LQ Whe RceaQ, ZLWh QR e[SOLcLW Qeed WR WhLQN abRXW 
Whe VLgQ. We cRQVLdeU O2 aQd CO2 LQ cRQMXQcWLRQ, fRUcLQg XV WR gR fRU a cRQVLVWeQW VLgQ 
aSSURach. We acNQRZOedge WhaW ZLWh WhLV aSSURach Ze deYLaWe fURP Whe PRUe 
cRQYeQWLRQaO/WUadLWLRQaOO\ VLgQ defLQLWLRQ Rf AOU (aQd TOU).  

TR cOaULf\ fXUWheU, Ze UeShUaVed LQ Whe We[W aURXQd ET. 6, L 216-235. 

 

GC4. FLJXUHV: SRPe fLgXUeV UeTXLUe TXLWe VRPe eQeUg\ WR SaUVe aQd XQdeUVWaQd. IQ Whe 
da\V Rf AI-aVVLVWed cRdLQg, LLMV caQ be XVed YeU\ effLcLeQWO\ WR PaNe SXbOLcaWLRQ TXaOLW\ 
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SORWV, ZLWh cRORUV, OegeQdV, We[W OabeOV, aQd VR RQ, LQ PLQXWeV. I haYe OaLd RXW PaQ\ deWaLOed 
cRPPeQWV beORZ abRXW WheP, aQd ZhLOe VRPe Pa\ be a PaWWeU Rf WaVWe, Whe\ aUe gURXQded 
LQ faLUO\ cRQVeQVXaO SULQcLSOeV LQ Whe VcLeQce Rf PaNLQg VcLeQWLfLc fLgXUeV. I WhLQN WhLV 
PaQXVcULSW ZRXOd gUeaWO\ beQefLW fURP beWWeU fLgXUeV. 

A: We agUee WhaW Whe fLgXUeV beQefLW fURP LPSURYePeQWV aQd ZLOO dR VR accRUdLQgO\ fRU Whe 
UeYLVed YeUVLRQ Rf Whe PaQXVcULSW. 
     

CRPPHQWV 
      

C1.  N c\cOe effecW: WhaW abRXW deQLWULfLcaWLRQ? IV WhaW caXVe fRU cRQceUQ WRR aV LW cRXOd 
decRUUeOaWe �O2/�W aQd �DIC/�W? 

A: GRRd SRLQW, ZhLch VR faU, Ze dLd QRW PeQWLRQ LQ RXU PaQXVcULSW fRU Whe UeaVRQ WhaW SeOagLc 
deQLWULfLcaWLRQ cRQWULbXWeV OeVV WhaQ 1% WR Whe gORbaOO\ LQWegUaWed UaWe Rf LQWeULRU RceaQ 
degUadaWLRQ Rf RUgaQLc PaWWeU (LQ RXU PRdeO). HRZeYeU, deQLWULcaWLRQ affecWV DICUePLQ bXW QRW 
TOU. CRQVLVWeQWO\, Ze fLQd a YeU\ VPaOO dLffeUeQce beWZeeQ Whe chaQge Rf DICUePLQ aQd TOU 
(FLg. S7; ¨DICUePLQ > ¨TOU). ReVSecWLYe V\VWePaWLc dLffeUeQceV Pa\ be a PaWWeU Rf 
cRQceUQ ORcaOO\, e.g. LQ R[\geQ PLQLPXP ]RQeV. FRU e[aPSOe, aQ LQcUeaVe LQ deQLWULfLcaWLRQ 
ZRXOd QRW be PeaVXUed b\ a chaQge LQ AOU (QeLWheU TOU), bXW cRQWULbXWeV WR LQcUeaVLQg 
DICUePLQ.        

C2.  ³cRQfURQWLQg Whe PRdeO´ LV XVed WhURXghRXW LQVWead Rf MXVW ³UXQQLQg Whe PRdeO´. ThLV LV a 
PaWWeU Rf VW\Oe I gXeVV, bXW LW aSSeaUV a OLWWOe aZNZaUd fRU Pe. 

A: We chaQged WR ³UXQQLQg Whe PRdeO´.        

C3.  NR VSace beWZeeQ XQLW aQd eOePeQW, e.g., ³PPROC / P3´, QRW ³PPRO C / P3´ RWheUZLVe LW 
SaUVeV aV ³PPRO WLPeV C SeU P3´ LQVWead Rf ³PPRO Rf caUbRQ SeU P3´. ThLV aSSOLeV WR Whe 
eQWLUe PaQXVcULSW, LQcOXdLQg fLgXUeV aQd WabOeV. POeaVe checN caUefXOO\. 

A: We ZLOO fROORZ Whe VXggeVWLRQ Rf Whe ReYLeZeU. We aOVR caUefXOO\ checNed RXU PaQXVcULSW 
fRU RXWdaWed XVage Rf SI-XQLWV (e.g. ³ / P3´) aQd chaQged WR Whe cRUUecW fRUP (e.g. ³ P-3´).  
       

C4.  UVe ³î´ V\PbRO fRU PXOWLSOLcaWLRQ LQVWead Rf ³*´. ThLV aSSOLeV WR Whe eQWLUe PaQXVcULSW, 
LQcOXdLQg fLgXUeV aQd WabOeV. POeaVe checN caUefXOO\. 

A: ChaQged LQ Whe PaLQ We[W accRUdLQgO\. 
       

C5.  The XVe Rf ³YaULaQW´ LV a OLWWOe cRQfXVLQg ZheQ Whe aXWhRUV UeaO;\ PeaQ ³PRdeO 
cRQfLgXUaWLRQ´. POeaVe cOaULf\ aQd be cRQVLVWeQW. 

A: We chaQged PRdeO YaULaQW WR PRdeO cRQfLgXUaWLRQ.       
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C6.  ThURXghRXW, Whe aXWhRUV XVe ³A (B, C)´ RU ³A aQd B (C)´ WR UefeU WR ³A, B, aQd C´ RU 
VLPSO\ ³A, B, C´. TheVe LQcRQVLVWeQcLeV aUe a OLWWOe dLVWUacWLQg aQd cRQfXVLQg VRPeWLPeV. 

A: dRQe, MeWhRdV, LQ L 99ff. 

        

C7.  The aXWhRUV XVe Whe ZRUd ³LdeaOL]ed WUaceUV´ fRU SUefRUPed aQd UegeQeUaWed WUaceUV, bXW 
WhLV LV LQcRUUecW : TheVe WUaceUV aUe QRW LdeaOLVed, Whe\ aUe MXVW WUaceUV WhaW caQQRW be 
RbVeUYed aQd PXVW be PRdeOOed. ThLV LV becaXVe PRdeOV aOORZ XV WR ³Wag´ Whe 
SUefRUPed/UegeQeUaWed SURSeUW\ RQWR Whe WUaceU aV LW eQWeUV/OeaYeV Whe VXUface. I VXggeVW WR 
MXVW caOO WheP ³SUefRUPed´ aQd ³UegeQeUaWed´ WhURXghRXW. 

A: dRQe 
        

C8.  L14: ³ZLWh Whe aWPRVSheUe´ ĺ ³ZLWh Whe VXUface´ 
 
A: DRQe 
        

C9.  L24: TXaQWLW\ ĺ PeWULc 
 
A: DRQe 

C10.  L25: gLYeQ ĺ caOcXOaWed fURP 
 
A: DRQe 

C11.  L25: cRQceSW ĺ aVVXPSWLRQ 
 
A: DRQe 

C12.  L44: Wh\ LV LW SUagPaWLc? 
  
A: The aSSURach LV SUagPaWLc VLQce LW LV, aV LQdLcaWed eaUOLeU LQ Whe PV (L 23-25) baVed RQ 
UeadLO\ aYaLOabOe LQfRUPaWLRQ (T, S, O2). We UeZULWe WR (L54):  
³The cRQWULbXWLRQ Rf Whe VRfW WLVVXe SXPS LV QRW dLUecWO\ PeaVXUabOe. HeQce aQ LQdLUecW, 
µSUR[\¶, aSSURach LV Qeeded Lf Ze ZaQW WR TXaQWLf\ WhLV cRQWULbXWLRQ WR Whe PaULQe caUbRQ VLQN, 
bRWh LQ PRdeOV aQd fXWXUe RceaQ RbVeUYaWLRQV. The AOU cRQceSW SURYLdeV VXch aQ 
aSSURach. IW LV SUagPaWLc LQ WhaW LW LV QRW SeUfecW (cRPeV ZLWh VRPe XQceUWaLQW\) bXW LV beWWeU 
WhaQ QRWhLQg/LV VWh WhaW Ze caQ XVe, aV beLQg baVed RQ UeadLO\ aYaLOabOe daWa (T, S, O2.)´ 
      

C13.  L65: LQWegUaWed? RYeU Whe eQWLUe RceaQ? POeaVe cOaULf\. 
 
A: AgUeed, WhLV ZaV XQcOeaU WR Whe UeadeU. IQWegUaWed UefeUUed WR TOU+O2

dLV,bLR, QRW aQ\ 
UegLRQaO LQWegUaWLRQ. We chaQged fURP µLQWegUaWed RceaQ¶ WR µPaULQe¶ (L77). 
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C14.  L85: ³We LPSOePeQWed´: DReV WhaW PeaQ Whe aXWhRUV added Whe fXQcWLRQaOLW\ (fRU 
VLPXOaWLQg SUefRUPed WUaceUV) WR Whe PRdeO? OU VLPSO\ WhaW Whe\ XVed aQ e[LVWLQg fXQcWLRQaOLW\ 
LQ Whe PRdeO? POeaVe cOaULf\. 
 
A: [L 103ff LQ UeYLVed dRc[.] YeV, WhLV fXQcWLRQaOLW\ ZaV acWXaOO\ added (µLPSOePeQWed¶) b\ Whe 
fLUVW aXWhRU WR Whe UVLc 2.9 cRde, fROORZLQg VLPLOaU VXggeVWLRQV XVed LQ RWheU PRdeOV (IWR, 
BeUQaUdeOOR UefeUeQce). OQO\ VRPe Rf Whe UeVSecWLYe WUaceUV (e.g. TOU LQ KReYe eW aO., 2020; 
DICUePLQ, DICSUe LQ KReYe eW aO., 2024) haYe beeQ XVed LQ RXU eaUOLeU ZRUN. GLYeQ WhaW Whe 
UeYLeZeU UefeUV WR a SaUagUaSh SRLQW heUe, ZLWh deWaLOV gLYeQ beORZ, Ze WhLQN WhaW RXU 
WeUPLQRORg\ LV cRUUecW. 

C15.  L85±90: The SUeVeQWaWLRQ Rf SUefRUPed WUaceUV caQ be VLPSOLfLed. FRU e[aPSOe, ZhaW 
abRXW: 
         
The SUefRUPed WUaceUV DICSUe, O2

SUe, aQd PO4
SUe UeSUeVeQW Whe DIC, O2 , aQd PO4 WhaW ZRXOd 

be WUaQVSRUWed aQd PL[ed cRQVeUYaWLYeO\ fURP Whe VXUface LQWR Whe LQWeULRU ZLWhRXW aQ\ LQWeULRU 
VRXUceV RU VLQNV. 
 
A: ChaQged accRUdLQgO\. (L 105ff Rf UeYLVed PV) 
 

C16.  L90: A cRPPRQ QaPe fRU WheVe ³UePLQeUaOL]ed´ WUaceUV LV ³UegeQeUaWed´. I XQdeUVWaQd 
WhLV PLghW QRW be Whe SUefeUUed WeUP fRU Whe aXWhRUV, bXW LW LV ZLdeO\ XVed LQ Whe OLWeUaWXUe 
ZheQ decRPSRVLQg WUaceUV LQWR SUefRUPed aQd UegeQeUaWed cRPSRQeQWV. 
 
A: IQ Whe cRXUVe Rf ZULWLQg Whe PaQXVcULSW Ze haYe had aPSOe dLVcXVVLRQV ZLWh UeVSecW WR 
ZhaW WeUPLQRORg\ WR XVe WR UefeU WR Whe accXPXOaWed SURdXcWV Rf RUgaQLc PaWWeU degUadaWLRQ. 
We agUee XVLQg RQe WeUPLQRORg\ RU aQRWheU caQ be cRQfXVLQg. TheUe LV a dLYeUVLW\ Rf 
WeUPLQRORg\ XVed LQ Whe OLWeUaWXUe (DICUeg, DICVRfW, DICUePLQ) ZLWh dLYeUVe PeaQLQg, QRWabO\ b\ 
Whe VaPe aXWhRUV chaQgLQg RYeU WLPe. OXU WhLQNLQg/OLQe Rf aUgXPeQWV ZaV Whe fROORZLQg:  

Wh\ Ze dR QRW XVe DICUeg: E.g. IWR eW aO. 2004 XVe DICUeg fRU caUbRQ fURP degUadaWLRQ Rf 
RUgaQLc PaWWeU (LQ OLQe ZLWh Whe UeYLeZeUV VXggeVWLRQ), hRZeYeU LQ a OaWeU SXbOLcaWLRQ IWR eW aO., 
2015, hWWSV://dRL.RUg/10.1002/2015GL064320, LQcOXde caUbRQ fURP CaCO3 dLVVROXWLRQ LQWR 
Whe WeUP DICUeg aV ZeOO. AOVR e.g. BeUQaUdeOOR eW aO., 2014 haYe XVed Whe WeUP DICUePLQ fRU Whe  
VXP Rf DIC fURP RUgaQLc PaWWeU degUadaWLRQ AND CaCO3 dLVVROXWLRQ. BecaXVe Rf Whe 
aPbLgXLW\ Rf LQcOXVLRQ Rf CaCO3 dLVVROXWLRQ YeUVXV QRW, Ze fLQd fRU Whe SXUSRVe Rf RXU VWXd\ 
CVRfW WR be PRUe SUecLVe.  
 
HRZ Ze XVe DICUePLQ: We fXUWheU QRWe WhaW Ze XVe Whe WeUP UePLQeUaOL]ed LQ RXU VWXd\ WR 
deQRWe VSecLfLc WUaceUV UeOaWed WR RUgaQLc PaWWeU degUadaWLRQ AND ZhLch aUe VeW WR ]eUR LQ 
Whe VXUface RceaQ (L.e. RXU WUaceUV DICUePLQ, PO4

UePLQ). ThLV WUaceU dReV QRW LQcOXde Whe 
eYeQWXaO UeVXbdXcWLRQ Rf degUadaWLRQ SURdXcWV aQd WhXV Ze aUgXe LV LQcRPSOeWe LQ 
deVcULbLQg LQWeULRU RceaQ eQhaQcePeQW Rf caUbRQ dXe WR degUadaWLRQ SURdXcWV VWePPLQg 
fURP RUgaQLc PaWWeU. We heQce VWLcN WR Whe WeUP ³UePLQeUaOL]ed´ fRU RXU VSecLfLc WUaceUV 
(DICUePLQ, PO4

UePLQ). 
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Wh\ Ze XVe CVRfW: IW LV Whe WeUP ZhLch Ze WhLQN LV XVed PRVW ZLdeO\ aQd VSecLfLcaOO\ WR 
deVcULbe caUbRQ fURP RUgaQLc PaWWeU degUadaWLRQ (EggOeVWRQ & GaObUaLWh, 2018, 
hWWSV://dRL.RUg/10.5194/bg-15-3761-2018; WLOVRQ eW aO., 2022; KZRQ eW aO., 2011, 
hWWSV://dRL.RUg/10.1029/2011GB004059; BeUQaUdeOOR eW aO., 2014; KZRQ eW aO., 2009, 
hWWS://ZZZ.QaWXUe.cRP/dRLfLQdeU/10.1038/QgeR612; SaUPLeQWR aQd GUXbeU, 2006, OceaQ 
bLRgeRchePLcaO d\QaPLcV). We heQce UeVeUYe Whe WeUP CVRfW LQ RXU VWXd\ WR deVcULbe 
geQeULcaOO\ caUbRQ fURP Whe decRPSRVLWLRQ Rf RUgaQLc PaWWeU, LUUeVSecWLYe ZheWheU LW ZaV 
fRUPed afWeU RU befRUe Whe OaVW cRQWacW ZLWh Whe VXUface.  

WhLOe ZULWLQg Whe PaQXVcULSW Ze fRXQd LW QeceVVaU\ WR haYe VXch a geQeULc WeUP, ZhLch LV 
dLVWLQcW fURP WeUPLQRORg\ Ze XVe WR deVcULbe VSecLfLc aSSURacheV, OLNe RXU WUaceU DICUePLQ RU 
Whe AOU-aSSUR[LPaWLRQ WR TXaQWLf\ WhLV cRPSRQeQW.  

C17.  L108: ThLV LV LQcRUUecW : 
 WLWhLQ Whe LQWeULRU RceaQ DICVaW LV a SaVVLYe WUaceU, L.e. haV QR VRXUceV RU VLQNV. PaVVLYe 
WUaceUV aUe WUaceUV WhaW dRQ¶W SaUWLcLSaWe LQ Whe d\QaPLcV, aV RSSRVed WR acWLYe WUaceUV, OLNe 
WePSeUaWXUe aQd VaOLQLW\, ZhLch affecW deQVLW\. I WhLQN Whe aXWhRUV PeaQ ³cRQVeUYaWLYe´ heUe. 
 
A: ChaQged accRUdLQgO\ (LLQe 126 Rf UeYLVed PV) 

C18. L153: AV fRU L108, I WhLQN Whe aXWhRUV PeaQ ³cRQVeUYaWLYe´ heUe . 
ThaW LV, cRPSXWLQg O2

VaW caQ gLYe a VPaOOeU YaOXe cRPSaUed WR O2
VaW fURP aQ e[SOLcLW O2

VaW 
WUaceU ZhLch LV cRPSXWed aW Whe VXUface gLYeQ VXUface WePSeUaWXUe aQd VaOLQLW\ aQd PL[ed 
SaVVLYeO\ LQ Whe LQWeULRU RceaQ. 

I WhLQN Whe Ne\ ZRUd WhaW LV PLVVLQg heUe LV ³QRQ-OLQeaULW\´: O2
VaW LV a QRQOLQeaU fXQcWLRQ Rf 𝑇 

aQd 𝑆, VR WhaW eYeQ Lf 𝑇 aQd 𝑆 ZeUe WUaQVSRUWed cRQVeUYaWLYeO\, O2
VaW LWVeOf Pa\ QRW be 

cRQVeUYaWLYe. ThLV LV a cRPPRQ LVVXe ZLWh ³deULYed´ WUaceUV, VXch aV SRWeQWLaO WePSeUaWXUe, 
ZhLch LV QRW e[acWO\ Whe VaPe aV cRQVeUYaWLYe WePSeUaWXUe (e.g., JacNeWW eW aO., 2006). 
 
A: We chaQged aV fROORZV 
³That is, computing O2

sat from mixed temperatures and salinities can give a smaller value compared 
to O2

sat from an explicit O2
sat tracer which is computed at the surface given surface temperature and 

salinity and mixed conservatively in the interior ocean. This effect, which is associated with the 
non-linear relationship between T, S and O2

sat, however, is, globally, much smaller compared to the 
disequilibria evaluated in this study (Fig. S9) and ignored henceforth.´    
(L 238ff Rf UeYLVed PV).       

C19. L169±178: ThLV SaUagUaSh LV cRQfXVLQg WR Pe. IW LV abRXW hRZ dLffLcXOW LW LV WR cRPSXWe 
DICdLV,bLR cRPSaUed WR O2

dLV,bLR.   

A: We adPLW WhaW Ze NeSW WhLV SaUagUaSh LQLWLaOO\ (WRR) VhRUW aQd XVed SaUWO\ XQcOeaU 
WeUPLQRORg\, Vee deWaLOV  beORZ 

a) The e[SOaQaWLRQ Rf Whe dLffeUeQce LV cRQfXVLQg. IV LW Whe UeaVRQ fRU Whe dLffLcXOW\ Whe 
VL]e Rf Whe aWPRVSheULc aQd RceaQ UeVeUYRLUV? OU LV LW Whe facW WhaW DIC affecWV 
aWPRVSheULc CO2 aQd Whe cOLPaWe? OU bRWh? ThLV LV XQcOeaU LQ Whe cXUUeQW ShUaVLQg. 
POeaVe cOaULf\. 
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A: CRQceUQLQg (a), LW LV bRWh. IQ 259ff Rf Whe MeWhRdV VecWLRQ Rf Whe UeYLVed PV Ze QRZ 
cOaULf\: 
³Attributing DICdis to physical versus biological effects is not as straightforward as for O2, as there is 
no meaningful definition of an abiotic DIC tracer in an Earth system model experiment where 
atmospheric CO2 is affected by ocean biology. For O2 the atmospheric reservoir is large (about 100 
times the current marine O2 reservoir; Duursma et al., 1994) and changes in marine oxygen can be 
neglected when computing the atmospheric oxygen boundary condition of the ocean. This is very 
different for carbon, where the ocean holds about 60 times as much carbon as the atmosphere, 
changes in ocean carbon are known to affect atmospheric carbon (e.g. Maier-Reimer et al., 
1996) and thus climate (which is not the case for oxygen).´      
  

b) WhaW LV dLffeUeQW beWZeeQ Whe ³QRUPaO´ PRdeO aQd Whe ³AOOPXPSV´ PRdeO? AUeQ¶W aOO 
Whe PaULQe caUbRQ SXPSV WXUQed RQ LQ Whe defaXOW VeWXS? IV WhaW aQ ³addLWLRQaO´ 
e[SeULPeQW? POeaVe cOaULf\. 

CRQceUQLQg (b), Ze cOaULf\ WhaW RXU ³QRUPaO´/defaXOW PRdeO cRQfLgXUaWLRQ LV Whe AOOPXPSV 
PRdeO, ZLWh aOO PaULQe caUbRQ SXPSV WXUQed RQ LQ WhLV cRQfLgXUaWLRQ. We QRZ aYRLd Whe 
XQcOeaU WeUP µdefaXOW VeWXS¶ ZheUe SRVVLbOe, cOaULf\ ZheUe Ze XVe Whe aOOPXPSV aQd ZheUe 
Whe QRBLRPXPSV cRQfLgXUaWLRQ. The WeUP µdefaXOW PRdeO¶ cRQfLgXUaWLRQ LV QRZ RQO\ XVed WR 
dLVWLQgXLVh agaLQVW Whe VeQVLWLYLW\ e[SeULPeQWV ZLWh PRdLfLed SaUaPeWeU VeWV fXUWheU dRZQ LQ 
Whe PV. (IQ L335 ff Rf Whe UeYLVed PV, Ze ZULWe). 

³In the following we use the term µdefault model¶ when using our default biogeochemical and 
physical model parameter set (which is based on former model tuning to observations; Keller et al., 
2012) in the allPumps configuration, opposed to sensitivity experiments described in the next 
paragraph.³ 

       

c) IQ Whe ³NObLRPXPSV´ PRdeO, Whe aWPRVSheULc CO2 LV VWLOO aOORZed WR eYROYe bXW Whe 
WRWaO (RceaQ + aWPRVSheUe) caUbRQ LV cRQVeUYed, SUeVXPabO\ aW Whe SUeLQdXVWULaO 
OeYeO. BXW WheQ WhaW PeaQV WhaW Whe VXUface DIC aQd aWPRVSheULc CO2 aUe hLgheU, VR 
Whe cOLPaWe LV ZaUPeU, aQd VR Whe RceaQ LV aOVR ZaUPeU, aQd Whe cLUcXOaWLRQ LV 
dLffeUeQW, aQd VR RQ. POeaVe cOaULf\ e[acWO\ hRZ Whe VWead\-VWaWe ³NObLRPXPSV´ 
PRdeO ORRNV OLNe. IQ SaUWLcXOaU LWV cOLPaWe aQd LWV RceaQ cLUcXOaWLRQ. ThLV VeePV 
LPSRUWaQW WR LQWeUSUeW Whe UeVXOWV. 
 

CRQceUQLQg (c ): TR cOaULf\: IQ QRBLRPXPSV aWPRVSheULc CO2 UeVSRQdV WR chaQgeV Rf Whe 
RceaQ caUbRQ LQYeQWRU\, cRQVeUYLQg Whe WRWaO (RceaQ+aWP) CO2 LQYeQWRU\ aW Whe SUeLQdXVWULaO 
OeYeO. TR cOaULf\ hRZ Ze haQdOe Whe e[SeULPeQWV ZLWh aQWhURSRgeQLc CO2 ePLVVLRQV aQd 
cOLPaWe chaQge WR aYRLd addLWLRQaO effecWV fURP cOLPaWe chaQge dXULQg PRdeO VSLQXS aQd 
WUaQVLeQW Ze haYe added Whe fROORZLQg We[W  (LLQe 308ff).  
 
³ Both model configurations are run into steady state, conserving the atmosphere+ocean total CO2 
inventory (mass conserving approach; see also Tjiputra et al., 2025) and sharing the same 
radiative forcing of allPumps.³ 
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d) The aXWhRUV VWaWe (heUe aQd OaWeU LQ Whe UeVXOWV) WhaW ³WheUe LV QR PeaQLQgfXO defLQLWLRQ 
Rf aQ abLRWLc DIC WUaceU´. WhaW ³PeaQLQgfXO´ PeaQV heUe LV XQcOeaU aQd aSSeaUV WR be 
LQ dLUecW cRQWUadLcWLRQ ZLWh ZhaW Whe aXWhRUV acWXaOO\ dR, ZhLch I cRQVLdeU WR be 
PeaQLQgfXO. SR I dLVagUee ZLWh WhLV VWaWePeQW, eYeQ Lf LW LV RSeQ WR LQWeUSUeWaWLRQ. I 
ZRXOd VXggeVW aYRLdLQg geQeUaO VWaWePeQWV OLNe WhLV RQe aQd VLPSO\ e[SOaLQLQg Whe 
facWXaO UeaVRQV behLQd Whe aXWhRUV¶ PeWhRdV. I dRQ¶W XQdeUVWaQd Zh\ Whe 
³NObLRPXPSV´ PRdeO¶V DIC LV QRW a PeaQLQgfXO defLQLWLRQ Rf aQ abLRWLc DIC WUaceU, 
VLQce LW LV e[acWO\ WhaW: a PRdeO cRQfLgXUaWLRQ ZheUe Whe bLRORgLcaO SXPSV aUe WXUQed 
Rff, VR WhaW Whe RceaQ caUbRQ c\cOe LV SXUeO\ abLRWLc. POeaVe cOaULf\.    
    

CRQceUQLQg (d) Ze RULgLQaOO\ ZURWe ³there is no meaningful definition of an abiotic DIC tracer in an 
Earth system model where atmospheric CO2 is affected by ocean biology ³. AV Ze NQRZ fURP 
eaUOLeU VWXdLeV (e.g. MaLeU-ReLPeU eW aO., 1996, CliP. D\Q., 12, 711-721 ), aQ EaUWh V\VWeP 
PRdeO ZLWh aQ RceaQ ZLWhRXW bLRORg\ haV a cRQVLdeUabO\ hLgheU aWPRVSheULc SCO2 cRPSaUed 
ZLWh Whe cRQWePSRUaU\ aWPRVSheUe. ThLV eYROYLQg aWPRVSheULc SCO2 LV QRW NQRZQ LQ a PRdeO 
ZLWh bLRORg\ aQd heQce caQQRW be XVed aV a bRXQdaU\ cRQdLWLRQ fRU aQ RceaQ abLRWLc WUaceU, 
DICabLRW. TechQLcaOO\, RQe cRXOd add a VecRQd WUaceU Rf CO2 LQ Whe aWPRVSheUe (a WUaceU ZhLch 
LQWeUacWV ZLWh Whe RceaQ abLRWLc WUaceU, DICabLRW, bXW WhaW dReV QRW affecW cOLPaWe). We LQVWead 
decLded fRU Whe aOWeUQaWLYe (VcLeQWLfLcaOO\ eTXLYaOeQW) RSWLRQ Rf XVLQg aQ addLWLRQaO PRdeO 
VeWXS LQ ZhLch bLRORg\ dReV QRW affecW Whe caUbRQ c\cOe, VLPSO\ VLQce LW cRPeV ZLWh a QXPbeU 
Rf WechQLcaO adYaQWageV. The PaMRU RQe LV WhaW Ze caQ caUU\ RXW dLffeUeQW e[SeULPeQWV ZLWh 
dLffeUeQW cRQfLgXUaWLRQV Rf Whe QRBLRPXPS PRdeO ZLWh UeVSecW WR Whe SCO2 bRXQdaU\ aQd LWV 
LPSacW RQ cOLPaWe. IQ Whe SUeVeQW VWXd\ Ze chRRVe Whe QLRBLRPXPSV cRQfLgXUaWLRQ LQ ZhLch 
aWPRVSheULc SCO2 LV QRW fL[ed bXW caQ eYROYe (NeeSLQg Whe RceaQ+aWPRVSheUe caUbRQ 
LQYeQWRU\ cRQVWaQW aW SUeLQdXVWULaO OeYeOV dXULQg Whe VSLQXS), bXW Ze NeeS Whe cOLPaWe 
cRQVLVWeQW ZLWh Whe aOOPXPSV PRdeO, WhaW LV aSSO\ Whe VaPe UadLaWLYe fRUcLQg aV LQ Whe 
aOOPXPSV PRdeO (Vee c ). TR cOaULf\ RXU UeaVRQLQg, Ze aPeQded Whe VeQWeQce b\ Whe ZRUd 
µe[SeULPeQW¶ aQd aYRLd Whe µWeUP PeaQLQgfXO¶ aQd QRZ ZULWe (L 259f):  

³there is no straightforward definition of an abiotic DIC tracer in an Earth system model experiment 
where atmospheric CO2 is affected by ocean biology´ (L 214) 
aQd  
³This indirect approach is needed since there is no straightforward definition of an abiotic DIC 
tracer «³ (L 598) 

C20. L195: A 17-chaUacWeU-ORQg VXSeUVcULSW LV, WR Va\ Whe OeaVW, a OLWWOe XQZLeOd\. SXUeO\ LW¶V 
SRVVLbOe WR cRPe XS ZLWh beWWeU QRWaWLRQ heUe. I aOVR PXVW adPLW I dLVOLNe Whe COU* aQd BGC* 
QRWaWLRQ. I aP acWXaOO\ haYLQg a haUd WLPe WUacNLQg WheVe cRQYROXWed PRdeO cRQfLgXUaWLRQV. I 
aOVR dRQ¶W Vee Whe SRLQW Rf Whe ³COU´ (aQd ³AOOPXPSV´) QRWaWLRQV aW aOO, VLQce WheVe aUe Whe 
defaXOW cRQfLgXUaWLRQ. A WabOe/PaWUL[ RU a dLagUaP VhRZLQg ZhaW LV WXUQed RQ/Rff LQ each 
PRdeO cRQfLgXUaWLRQ ZRXOd be YeU\ heOSfXO 

A: IW LV QRW aOO Whe VaPe aV Ze WU\ WR cOaULf\ LQ Whe fROORZLQg. AOOPXPSV aQd QRBLRPXPSV aUe 
dLffeUeQW PRdeO cRQfLgXUaWLRQV Qeeded LQ Whe caUbRQ VecWLRQ WR cRPSXWe b\ dLffeUeQce 
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DICdLV,bLR. We cOaULf\ QRZ LQ Whe PeWhRdV VecWLRQ WhaW AOOPXPSV LV Whe VaPe PRdeO 
cRQfLgXUaWLRQ XVed LQ Whe R[\geQ VecWLRQ (L 265ff): 

³Computation of the biotic component of DICdis, DICdis,bio, is thus based on dedicated experiments carried out 
with two configurations of our model, one configuration with all marine carbon pumps turned on (allPumps, 
which is identical to the model configuration used in the oxygen section) and one in which the impact of 
biological carbon pumps on alkalinity and DIC is disabled (noBioPumps). ³ 

BRWh PRdeO cRQfLgXUaWLRQV aUe fLUVW UXQ LQWR WheLU RZQ VWead\ VWaWe aQd WheUeafWeU fRUced ZLWh 
RXU LdeaOL]ed cOLPaWe chaQge VceQaULR (Vee L 270-307). 

The WeUPLQRORg\ COU* aQd BGC* UeOaWeV WR dLffeUeQW cRQfLgXUaWLRQV Rf Whe WUaQVLeQW 
VLPXOaWLRQV (heQce COU* LV QRW Whe VaPe aV aOOPXPSV, bXW a VSecLfLc e[SeULPeQW caUULed RXW 
ZLWh Whe cRQfLgXUaWLRQ aOOPXPSV AND ZLWh Whe cRQfLgXUaWLRQ QRBLRPXPSV, aQd BGC* LV 
aQRWheU VeW Rf e[SeULPeQWV caUULed RXW ZLWh bRWh cRQfLgXUaWLRQV.) (L320 ff) 

This transient experiment is performed with the allPumps and the noBioPumps model configurations in two 
setups. In the first setup (COU*) the model is fully coupled, i.e. CO2-emissions cause global warming and 
climate and circulation change. In the second setup (BGC*) the climate is kept constant at the preindustrial state.  

We XVe Whe WeUP COU fXUWheU fRU cRQVLVWeQc\ ZLWh WeUPLQRORg\ XVed LQ Whe C4MIP ³feedbacN  
cRPPXQLW\´ VLQce Whe C4MIP SURWRcRO SURYLdeV YeU\ heOSfXO aSSURacheV WR dLVWLQgXLVh 
dLffeUeQW SURceVVeV LQ WUaQVLeQW PRdeO e[SeULPeQWV.  

We fXUWheU cOaULf\ (L337ff): 
³In the following we use the term µdefault model¶ when using the our default biogeochemical 
and physical model parameter set (which is based on former model tuning to observations; 
Keller et al., 2012) in the allPumps configuration, opposed to sensitivity experiments described 
in the next paragraph. ´ 

 
We agUee WhaW Whe abbUeYLaWLRQ LQWURdXced LQ ETX. 10 (fRUPeU ETX. 9) LV TXLWe ORQg. We 
VXggeVW WR XVe LQVWead 𝛥DICdis,bio,climate , i.e. 
 
³ 𝛥DICdis,bio,climate  = DICdis,bio,COU* - DICdis,bio,BGC*                                                                              (10) ³    
 
FLQDOO\, ZH QRWH WKDW ZH ZLOO SURYLGH D FODULI\LQJ WDEOH WR FKDUDFWHUL]H WKH GLIIHUHQW 
FRQILJXUDWLRQV DQG H[SHULPHQWV.  

   

C21.  L222±224: SeQWeQce LV haUd WR SaUVe aQd cRQfXVLQg. Wh\ PeQWLRQ cRROLQg LQ WhLV 
cRQWe[W? ShRXOdQ¶W Ze aVVXPe WhLV PeaQV WhLV LV a VWead\ VWaWe, VXch WhaW WheUe LV QR 
cRROLQg? POeaVe cOaULf\ aQd VLPSOLf\. 
 
A: We aUe VRUU\ fRU Whe cRQfXVLRQ. We haYe cOaULfLed aQd VLPSOLfLed Whe ShUaVLQg: 

³(L392) Globally, most of this difference, about 80%, is explained by upwelling of undersaturated 
waters that are low in O2 due to organic matter degradation in the interior ocean (Fig. 1a). This 
µbiological¶ contribution is quantified by O2

dis,bio (Fig. 1a, Fig. S2; Eq. 4).   «  (L 397)  The 
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remaining 20% of the globally integrated O2
dis  is explained by the thermal effect of solubility 

increase due to cooling during the process of dense water formation and subduction (Fig. S2). ³   

We hRSe WhLV cOaULfLeV Whe PeaQLQg Rf cRROLQg LQ Whe cRQWe[W Rf a VWead\ VWaWe VLWXaWLRQ.  

 

C22.  L229: ³eVWLPaWe Rf eVWLPaWeV Rf´ ĺ ³eVWLPaWeV Rf´ 
A: dRQe 

 

C23.  L239: Wh\ LV ³bLRORgLcaO´ LQ TXRWeV? 
A: TXRWeV deOeWed 

 

C24.  L239±242: O2 dLV,bLR aQd cR ZeUe aOUead\ defLQed LQ Whe PeWhRdV VecWLRQ, VR MXVW XVe 
WheP.  
 E.g., UeSOace 
 ³We UefeU WR WhLV µbLRORgLcaO¶ cRQWULbXWLRQ WR Whe WRWaO O dLVeTXLOLbULXP aV OdLV,bLR (...)´ 
ZLWh 
  ³ThLV µbLRORgLcaO¶ cRQWULbXWLRQ LV TXaQWLfLed b\ OdLV,bLR (...)´ 

A: SLPSOLfLed, Whe VeQWeQce UeadV QRZ (L394): 
³This biological contribution is quantified by O2

dis,bio (Fig. 1a, I; Equ. 4). ³ 

 

C25.  L241: Wh\ LV abLRWLc LQ TXRWeV? 
A: ThLV SaUW Rf Whe VeQWeQce ZaV deOeWed, aV VXggeVWed LQ C24. 

 

C26.  L244: If Whe aXWhRUV agUee WR aYRLd Whe WeUP ³O2 debW´, Whe\ cRXOd VLPSOLf\ 
         
 ³ZheUe ZaWeUV ZLWh a OaUge O2 debW fURP RUgaQLc PaWWeU degUadaWLRQ UeWXUQ WR Whe 
VXUface´ 
         
WR VRPeWhLQg OLNe 
  ³ZheUe ZaWeUV bLRORgLcaOO\ VWULSSed fURP WheLU RULgLQaO O2 UeWXUQ WR Whe VXUface´ 
 
A: adRSWed (L 397 Rf UeYLVed PV) 

 

C27.  L245±147: ThLV LV aQ LQcRUUecW (RU aW OeaVW aPbLgXRXV) defLQLWLRQ fRU TOU: 
 ³TOU LV aQ aSSURSULaWe PeaVXUe Rf Whe accXPXOaWed O2 XWLOL]aWLRQ Rf LQWeULRU RceaQ ZaWeUV 
VLQce OaVW cRQWacW ZLWh Whe aWPRVSheUe´ 
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NR, TOU LV Whe accXPXOaWed O2 XWLOLVaWLRQ Rf LQWeULRU RceaQ ZaWeUV VLQce OaVW cRQWacW 
ZLWK WKH VXUIDFH OD\HU (UaWheU WhaQ ZLWh Whe aWPRVSheUe). ThaW VXUface Oa\eU LV e[acWO\ Whe 
YROXPe LQ Whe PRdeO ZheUe Whe OSUe WUaceU LV UeVeW WR WRWaO O (aQd TOU UeVeW WR ]eUR). 

A: chaQged accRUdLQgO\ (L402) 

        

C28.  L245±248: ThLV LV aOVR LQcRUUecW : 
         
³The facW WhaW AOU LV OaUgeU WhaQ TOU (FLg. 1a, c, e) LQ PagQLWXde LQdLcaWeV WhaW (...) TOU LV 
(...) LQ facW QRW a gRRd PeaVXUe Rf Whe WRWaO accXPXOaWed O2 debW aVVRcLaWed ZLWh Whe 
degUadaWLRQ Rf RUgaQLc PaWWeU LQ Whe LQWeULRU RceaQ´ 
         
The SRLQW Rf TOU LV SUecLVeO\ WR accRXQW fRU Whe WUXH R[\geQ XWLOLVaWLRQ LQ Whe RceaQ LQWeULRU. 
The facW WhaW AOU LV QRW eTXaO WR TOU LV b\ QR PeaQV aQ LQdLcaWLRQ WhaW TOU 
XQdeUeVWLPaWeV RU RYeUeVWLPaWeV R[\geQ XWLOLVaWLRQ; LW RQO\ LQdLcaWeV WhaW AOU LV aQ LQe[acW 
aSSUR[LPaWLRQ Rf TOU. 
 
A: We UeaOL]ed WhaW Ze ShUaVed WhLV QRW cOeaUO\. OXU PaLQ SRLQW LV QRW WhaW RQe PeaVXUe LV a 
beWWeU eVWLPaWe WhaQ Whe RWheU fRU Whe VaPe TXaQWLW\, bXW WhaW TOU aQd AOU SURYide diffeUeQW 
VRUWV Rf iQfRUPaWiRQ. TR cOaULf\ WhLV, fROORZLQg aOVR UeYLeZeU 2, Ze ePShaVL]e WhLV QRZ eaUO\ RQ 
LQ Whe PaQXVcULSW (AbVWUacW, MeWhRdV). SLQce TOU (Whe VR caOOed µWUXe R[\geQ XWLOLVaWLRQ¶, IWR 
eW aO. 2004) LV VeW WR ]eUR ZheQ a ZaWeU PaVV had OaVW cRQWacW ZLWh Whe VXUface (C27), LW 
accRXQWV VROeO\ fRU bLRORgLcaOO\ VWULSSed R[\geQ Rf a ZaWeU SaUceO VLQce LW ZaV VXbdXcWed 
fURP Whe RceaQ VXUface. AOU LQ addLWLRQ LQcOXdeV aQ\ bLRORgLcaOO\ VWULSSed R[\geQ SULRU WR 
WhaW, dXe WR LQcRPSOeWe eTXLOLbUaWLRQ Rf XSZeOOLQg R[\geQ defLcLW (Whe XQeTXLOLbUaWed SaUW LV 
dXbbed O2

dLV,bLR heUe). OXU LQWeUeVW LV LQ Whe WRWaO LQWeULRU RceaQ O2 deSOeWLRQ aQd DIC 
eQhaQcePeQW dXe WR bLRORgLcaO degUadaWLRQ SURceVVeV, heQce cRPbLQaWLRQ Rf Whe 
TXaQWLWLeV/PeaVXUeV,  TOU+O2

dLV,bLR. TR WU\ WR PaNe WhLV QRWLRQ e[SOLcLW Ze UefeU WR QRZ aV  
O2

XWLO.  

TR LPSURYe Whe ORgLc Rf Whe SaUagUaSh Whe UeYLeZeU LV UefeUULQg WR Ze haYe UeShUaVed WR:   [L 
401ff] 

³While TOU is an appropriate measure of the accumulated O2 utilization of interior ocean waters 
Vince laVW cRnWacW ZiWh Whe VXUface, it is in fact not a good measure of the total accumulated 
biologically-stripped O2 in the interior ocean.´  

C29.  L248±249: ThLV LV LQcRUUecW : 
         
³AOU, LQ WXUQ, addV Whe LQfRUPaWLRQ Rf Whe effecW Rf bLRORgLcaOO\ LQdXced 
XQdeUVaWXUaWLRQ Rf ZaWeUV aW Whe begLQQLQg Rf WheLU Qe[W MRXUQe\ WhURXgh Whe LQWeULRU 
RceaQ. AOU eTXaOV TOU+O2dLV,bLR (...). IW heQce SURYLdeV a YeU\ UeOLabOe gORbaO VWaWe 2 
eVWLPaWe Rf Whe WRWaO bLRORgLcaO effecW RQ O2, aQd Ze ZLOO dLVcXVV LQ Whe fROORZLQg WR 
ZhLch e[WeQW AOU agUeeV ZLWh TOU+OdLV,bLR LQ a chaQgLQg cOLPaWe aQd fRU RWheU 
YaULaQWV Rf RXU PRdeO.´ 
 
AOU dReV QRW ³add´ aQ\ LQfRUPaWLRQ. I XQdeUVWaQd Whe aXWhRUV PeaQ WhaW AOU LV affecWed b\ 
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Whe VWaWe Rf R[\geQ VaWXUaWLRQ ZheQ ZaWeUV OeaYe Whe VXUface Oa\eU, ZhLch ZRXOd be cRUUecW, 
bXW WhaW LV QRW ZhaW Whe VeQWeQce Va\V. 

ThLV gReV bacN WR P\ geQeUaO cRPPeQW GC2: WLWhRXW a cOeaU defLQLWLRQ Rf ZhaW Whe ³WRWaO 
effecW RQ O2´ PeaQV, Whe VWaWePeQW LV MXVW aQ ePSW\ aVVeUWLRQ RQ XQdefLQed WeUPV. I WhLQN 
XVLQg P\ UecRPPeQded defLQLWLRQ fRU O2bLR ZRXOd PaNe WhLV PXch cOeaUeU aQd PRUe 
SUecLVe. 

A: AV VWaWed abRYe (RXU UeVSRQVe WR GC2), Ze feaU WhaW defLQLQg TOU+O2
dLV,bLR aV O2

bLR cRPeV 
aW Whe ULVN WhaW UeadeUV Pa\ cRQfXVe LW ZLWh Whe R[\geQ SURdXced dXULQg ShRWRV\QWheVLV. 
HRZeYeU, Ze haYe UeShUaVed heUe aQd PaNe XVe Rf Whe WeUP O2

XWLO LQWURdXced QRZ LQ Whe 
MeWhRdV VecWLRQ. 

We haYe UeShUaVed WR (L 403): 

³This is so, since TOU misses the information of the effect of biologically induced undersaturation of 
waters at the beginning of their next journey through the interior ocean. AOU equals O2

util (i.e. the 
sum of TOU and +O2

dis,bio, Eq. 5; Fig. 1c, g) globally with only 2% uncertainty (Fig. 1a) in our default 
model setup «.´ 

 

C30.  L259: WhaW abRXW ³Rf Whe fRUPeU dLffeUeQce´ ĺ ³Rf ǻAOU´ fRU cOaULW\? 
 
A: Ze UeZURWe WR (L 414): 
³of the difference between 𝛥AOU and 𝛥TOU ³ 

 

C31.  L268: ³fURP´ ĺ ³ZLWh´ 
 
A: dRQe 

 

C32.  L314±317: ThLV LV cRQYROXWed aQd YHU\ XQcOeaU: 
         
³We UefeU WR Whe fUacWLRQ LQ DIC ZhLch caQ be aWWULbXWed WR Whe VRfW WLVVXe SXPS aV µVRfW WLVVXe 
SXPS caUbRQ¶, CVRfW. IQ aQaORg\ WR RXU fLQdLQgV abRYe, Ze cRQVLdeU CVRfW WR be a cRPSRVLWe 
Rf (a) CVRfW accXPXOaWed VLQce OaVW cRQWacW ZLWh Whe aWPRVSheUe aQd (b) a UecLUcXOaWed bLRWLc 
cRPSRQeQW Rf Whe caUbRQ dLVeTXLOLbULXP.´ 
         
WhaW LV CVRfW? IW LV QRW UeaOO\ defLQed heUe. Sa\LQg LW LV ³a cRPSRVLWe Rf (a) aQd (b)´ LV RSeQ WR 
LQWeUSUeWaWLRQ: WhaW LV a ³cRPSRVLWe´? WRUVe, (a) LQcOXdeV CVRfW LWVeOf. ThXV eYeQ Lf 
³cRPSRVLWe´ ZaV cOeaUO\ defLQed, WhLV ZRXOd VWLOO be a cLUcXOaU defLQLWLRQ. FXUWheUPRUe, ³a 
UecLUcXOaWed bLRWLc cRPSRQeQW Rf Whe caUbRQ dLVeTXLOLbULXP´ LV TXLWe cRQYROXWed, fRU QR 
UeaVRQ.  

A: We cOaULf\ aQd UeZULWe WR (L 529) 
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³In analogy to our findings above, we consider Csoft to be the sum of (a) remineralized carbon 
accumulated since last contact with the surface and (b) a recirculated biotic component of the carbon 
disequilibrium (Equ. 11). ³ 

MXch cOeaUeU ZRXOd be DQ HTXDWLRQ! I aVVXPe WhaW LW LV 
         
CVRfW = DICUePLQ + DICdLV,bLR,COU*-BGC*, 
         
gLYeQ Whe SaUeQWheWLcaO LQ Whe abVWUacW. ThLV eTXaWLRQ (RU Whe cRUUecW eTXaWLRQ Lf PLQe LV 
LQcRUUecW) VhRXOd be LQ Whe PaLQ We[W. AQd DICdLV,bLR,COU*-BGC* VhRXOd be UePRYed fURP 
Whe abVWUacW becaXVe LW¶V WRR RbVcXUe ZLWhRXW a SURSeU defLQLWLRQ, ZhLch Whe abVWUacW LV QRW fRU. 
I aOVR UeLWeUaWe Whe cRPPeQW I Pade LQ C19.G. 
 
A: IQWURdXcLQg WhLV eTXaWLRQ aW WhLV SRLQW aSSeaUV SUePaWXUe LQ RXU YLeZ. IW QeedV Whe 
fROORZLQg 1.5 SageV Rf PaQXVcULSW WR aUULYe aW WhLV SRLQW (fRU WUaQVLeQW cOLPaWeV. We add  Whe 
fROORZLQg We[W aQd eTXaWLRQ aW Whe eQd Rf Whe fLUVW SaUagUaSh Rf VecWLRQ 3.2 (L 595): 

³For steady state situation with quasi-constant atmospheric pCO2 boundary condition, we propose to 
quantify Csoft as: 

 Csoft, steady state = DICremin + DICdis,bio                                                              (11)³ 

aQd XVe CVRfW LQVWead Rf DICUePLQ + DICdLV,bLR  LQ Whe SaUagUaShV WR fROORZ. CORVe WR Whe eQd Rf 
VecWLRQ 3.2 Ze add Whe fROORZLQg (L 630 ff): 

³Returning to our earlier argument that we consider Csoft to be the sum of (a) remineralized carbon 
accumulated since last contact with the atmosphere and (b) a recirculated biotic component of the 
carbon disequilibrium, we propose that the change of Csoft is best estimated by the sum of 𝛥DICremin  
and 𝛥DICdis,bio,climate, i.e. 
  

𝛥Csoft = 𝛥DICremin  and 𝛥DICdis,bio,climate                                                               (12) ³ 
           

FLJXUH FRPPHQWV 

A: :H DJUHH WKDW WKH ILJXUHV EHQHILW IURP LPSURYHPHQWV DQG ZLOO GR VR DFFRUGLQJO\ IRU 
WKH UHYLVHG YHUVLRQ RI WKH PDQXVFULSW. 
 

C33.  RePRYe aXWhRU VLgQaWXUe RYeUOaLd RQ Whe VLde Rf aOPRVW eYeU\ SaQeO LQ eYeU\ fLgXUe 
 (PaLQ aQd VXSSOePeQW). 
A: See geQeUaO VWaWePeQWV cRQceUQLQg fLgXUe LPSURYePeQWV abRYe. 

C34.  CRORUPaS chRLceV: UVe dLYeUgLQg cRORUPaSV fRU dLYeUgLQg daWa (dLVeTXLOLbULXPV) aQd 
VeTXeQWLaO cRORUPaSV fRU VeTXeQWLaO daWa (AOU, TOU, eWc.) ASSOLeV WR 
 � FLgXUe 1c±M. 
 � FLgXUe S1a (aQd SRVVLbO\ c aQd d bXW caQQRW WeOO fURP hLddeQ WLWOeV/XQLWV). 
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 � FLgXUe S2a±c (aOO SaQeOV). 
A: See geQeUaO VWaWePeQWV cRQceUQLQg fLgXUe LPSURYePeQWV abRYe. 

C35.  FLgXUe 1: 
  a) RePRYe QRQVeQVLcaO [-a[LV WLcNV LQ SaQeOV a aQd b. 
  b) RePRYe aXWhRU VLgQaWXUe RYeUOaLd RQ Whe VLde Rf eYeU\ cRORUbaU 
  c) SaQeO M WLWOe LV cURSSed 
  d) The ³WUaQVecW´ LV a OLWWOe cRQfXVLQg: AWOaQWLc gReV fURP 70�N WR 80�S, bXW WheQ WheUe 
LV a 60�S LQdLcaWed RYeU Whe AQWaUcWLc, aQd WheQ bacN WR 80�S fRU Whe PacLfLc. Ma\be a PaS 
caQ be added LQ Whe VXSSOePeQW WR cOaULf\ Whe ³WUaQVecW´ OLQe? 
A: See geQeUaO VWaWePeQWV cRQceUQLQg fLgXUe LPSURYePeQWV abRYe. 

C36. FLgXUe 2: 
 a. SaQeO a:     

L. ³ǻO2
XWLO´ LQ Whe \-a[LV OabeO haV QRW beeQ defLQed. JXVW XVe ³ǻO2 ´ VLQce LW¶V aQ a[LV fRU 

chaQgeV LQ R[\geQ, aQd QRW aOO Rf WheP aUe abRXW XWLOLVaWLRQ aQ\Za\ 
LL. TLWOe LV aOVR LQcRUUecW        
LLL. ³TePSRUaO deYeORSPeQW´ ĺ ³TLPe VeULeV´        
LY. cRPSOLPeQW: OabeOV Qe[W WR Whe daWa LV gUeaW!        

A: See geQeUaO VWaWePeQWV cRQceUQLQg fLgXUe LPSURYePeQWV abRYe. 

b) SaQeOV b aQd c: POace OabeOV Qe[W WR Whe daWa OLNe LQ SaQeO a. 

A: See geQeUaO VWaWePeQWV cRQceUQLQg fLgXUe LPSURYePeQWV abRYe. 

c) aOO SaQeOV: VecRQd \-a[OLV WLcNV caQ be UePRYed. 

A: See geQeUaO VWaWePeQWV cRQceUQLQg fLgXUe LPSURYePeQWV abRYe. 

C37.  FLgXUe 3: 
a) Add VRPe cRORU aQd a OegeQd RU VRPe We[W OabeOV WR heOS Whe UeadeU. 
b) FRUPaW WLcN OabeOV Whe VaPe (cXUUeQWO\ a ³.0´ aSSeaUV RQO\ RQ Whe \-a[LV) 
c) UVe beWWeU WLWOeV: Whe\ aUe aOO WechQLcaOO\ ³VWaWe eVWLPaWeV´, VR SaQeO (a) WLWOe LV 
XQheOSfXO, aQd Whe OaVW 2 aUe LdeQWLcaO, ZhLch LV aOVR XQheOSfXO. 
A: See geQeUaO VWaWePeQWV cRQceUQLQg fLgXUe LPSURYePeQWV abRYe. 

C38.  SXSSOePeQWaU\ fLgXUeV: IW ZRXOd be cRQYeQLeQW aQd heOSfXO WR SOace Whe caSWLRQV ZLWh 
Whe fLgXUeV LQVWead Rf RQ VeSaUaWe SageV. 
A: See geQeUaO VWaWePeQWV cRQceUQLQg fLgXUe LPSURYePeQWV abRYe. 

C39.  FLgXUe S1: 
 
a) WhLWe baQd cRYeULQg SaQeO c) WLWOe PeaQV Ze dRQ¶W NQRZ ZhaW LV SORWWed. 
b) WhLWe baQd cRYeULQg SaQeO d WLWOe PeaQV Ze aUe XQVXUe Lf LW LV MXVW OSUe WhaW LV SORWWed. 
c) RePRYe aXWhRU VLgQaWXUe RYeUOaLd RQ Whe VLde Rf SaQeO c  
d) RePRYe aXWhRU VLgQaWXUe RYeUOaLd RQ Whe VLde Rf SaQeO d 

A: See geQeUaO VWaWePeQWV cRQceUQLQg fLgXUe LPSURYePeQWV abRYe. 
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C40.  FLgXUe S3: [-a[LV WLcNV OabeOV aUe WRR VPaOO aQd fRUPaWWed ZLWh XQQeceVVaU\ OeadLQg 
]eURV. 

A: See geQeUaO VWaWePeQWV cRQceUQLQg fLgXUe LPSURYePeQWV abRYe. 

C41.  FLgXUe S6: Add a OegeQd RU VRPe We[W OabeOV WR LQWeUSUeW Whe dLffeUeQW WLPe VeULeV aW a 
gOaQce. 

A: See geQeUaO VWaWePeQWV cRQceUQLQg fLgXUe LPSURYePeQWV abRYe. 

C42.  FLgXUe S7: SOace OabeOV Qe[W WR daWa. 
 
A: See geQeUaO VWaWePeQWV cRQceUQLQg fLgXUe LPSURYePeQWV abRYe. 

C43.  FLgXUe S8: [-a[LV WLcNV OabeOV aUe WRR VPaOO aQd fRUPaWWed ZLWh XQQeceVVaU\ OeadLQg 
]eURV. 
A: See geQeUaO VWaWePeQWV cRQceUQLQg fLgXUe LPSURYePeQWV abRYe. 

        

FLQDO RHPDUNV     

I WhLQN WhLV LV a YeU\ QLce aQd LQWeUeVWLQg VWXd\ WhaW ZLOO beQefLW a ZLde aXdLeQce RQce LW haV 
beeQ SROLVhed aQd SXbOLVhed LQ BLRgeRVcLeQceV. CRQgUaWXOaWLRQV WR Whe aXWhRUV fRU WhLQNLQg 
abRXW AOU aQd TOU LQ WhLV QRYeO Za\. 

NRWe: The UeYLeZeU SURYLded aOVR a checNOLVW WabOe ( Vee: 
hWWSV://egXVSheUe.cRSeUQLcXV.RUg/LQde[.ShS?_PdO=PVRYeU_Pd&_MUO=778&_OcP=Rc108OcP10
9Z&_acP=geW_cRPP_VXS_fLOe&_PV=137710&c=310152&VaOW=17851478951304994034), 
ZhLch I dR QRW cRS\ heUe.    
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A: AJDLQ, ZH OLNH WR WKDQN BHQRLW PDVTXLHU IRU KLV WLPH DQG HIIRUW DQG WKLV YHU\ 
FRQVWUXFWLYH DQG KHOSIXO UHYLHZ.     
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