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Abstract. 

Permafrost ~ in the northern high latitudes face5significant degradation risks under global warm in and threaten the 

achievement of global climate goals. rhi~ ~llld) e'plorl:s the response ,IlIU teed had, of pt:llll,llf\ l st nuer lelllpcratllre 

stabilization <,cellar-lI1~ Ilhere lire gillnal mean h:mper,lllire "tahIl 17\! ,I I \oari\lll~ gloh,rl \\;Jlllllng It~\\!ls. 'lIlQ overshoot 

scenarios, Ilhl!re the globaimcalllemp<.!r;rlure tCl11poraril~ c,ceeu the 1.5 L \\;lnlllng t:lr!Lcl I~ rl:rc IdlllfliIL!. Under the 1.5 

°C and 2 °C stabilization scenarios, permafrost area is projected to decrease by 4.6 [4.5 to 4.7] million km2 and 6.6 [6.4 to 

6.8] million km; respectively, h01l1 U pr.:-lllULlqnal leld 01 17 .0 llldlltll1 ~111' . Corresponding permafrost carbon losses are 

estimated at 54 [32 to 79] PgC and 72 [42 to 104] PgC, r\!l.llile til J pre-inJu trial (.:arbon stock of 01-1[383 to 5'jOI Pgc. In 

overshoot scenarios, permafrost area shows effective recovery, with additional losses of only 0.6 [0.3 to 1.1] million km 2 

compared to the 1.5 °C stabilization scenario. III cOlltrast rerm,lITllSI (.:arb'lIl I(\s-; lellHllllS I (lrgd~ in-e\t~t"ibk. \I\lh additinnni 

loss uf.:!-lll to 521 Pgl clltllpared tl\ the 1.-; C ~lahili/ati()f1 'iccnarill Both stabilization and overshoot scenarios show that 

additional warming due to permafrost carbon feedback rises with higher global warming levels, and the most substantial t.A ~\ ~ 

feedback in overshoot scenarios is anticipated during the cooling phase. The additional permafrost area loss due to 

permafrost carbon feedback, which accounts for 5 [2 to 11] % of the total loss, is influenced by both the magnitude of 

additional warming and the sensitivity of permafrost area to global wanning. ~1orc(\\er. lhl,! re~p(lll"~' ur r.:rlll.ilro,t ,\['t:a 

11Crt1wlro:\Il:Jrbon iJllU <lS~(\':tiltl,!d radtiltl\c Inr':lnl! to il hillati mll!!C nt uloh,,1 \\.11111111" c"hihIIIlCar-lil1l:11r rd,lll(1tl·hlr~ L1ndelJ - - ~ . 
laoilll"ltil1l1 ~l:\::lIarro" . Peltllali'oSI carboll feedback i!> 1I111tkd~ III initiul.: a :.elt:'f1crpdll~lling glub;!1 Ilppim: J1nll:ess 1It1~l!1 


cel1arius These findings have significant implications for long-term climate change and 

-----------------------~-
mitigation strategies. 1> ~s "" 3~2uL ~~~« ~ oYl- ~ 

~.~~~ ~LJ~? 
1 Introduction 

Penna frost soils in the northern high latitudes contain an estimated 1100-1700 Pg of carbon, primarily in the form of 

frozen organic matter, which is ro~hly twice th~ amount of carbon in. the atm. osphere (HlIgelius et aI., 2014; Schuur et aI., 
~ be l"'- "''0 ,,1 / vOt.tH/ ) 

2015) . As the climate wanns, Jht: graulIJI fr ,lbruflt p..:rnltl frost lila; along \\ IIh subsl.!quellt 111 i.:rohial tlt:wllll'(lsitillll , would 

release carbon dioxide (C02) and methane (CH4) into the atmosphere, thereby amplifying the warming effect (Koven et aI. , 

q-o( 



30 	 20 I I; Feng et aI., 2020; Smith et aI. , 2022). The positive feedback mechanism, combined with the fact that warming rates in 

the Arctic exceed the global average (Fyfe et aI., 20 I 3; Liang et aI., 2022; Rantanen et aI., 2022), underscores the critical role 

of permafrost as a key tipping element in the climate system (Armstrong McKay et aI., 2022). However, current Earth 

system models inadequately represent or omit the permafrost carbon processes, which has become one of the largest sources 

of uncertainty in future clima.te prpjectiol}s (Schadel et aI. , 2024). Therefore, researching the release of permafrost carbon 
II: 0" th.t. c...Ilm;."a s'IS r~ 

35 and its feedbac , is crucial for accurately assessing climate risks and formulating effective emission reduction strategies. 

The Paris Agreement aims to limit global average temperature rise to well below 2 °C above pre-industrial levels, with 

efforts to keep it below 1.5 dc. Despite these goals, global warming has already exceeded I °C and is on track to surpass 3 

°C by the end of the 21 st century, primarily due to increased anthropogenic C02 emissions (Haustein et aI., 2017; Hausfather 

and Peters, 2020). If current emission rates persist, tilt: relliainillg ~3.rllf11l huuget~ colllpatible II IIh the l .:'i C target II ill be 

40 	 critical I} tight <IIld I i "d~ I!,haustcd "ithin thc nc.\t few years (Rogelj et aI., 2015; Goodwin et aI., 20 J8; Masson-Delmotte et 

aI., 2018; Forster et aI. , 2023; Smith et a I. , 2023). It is unlikely that the 1.5 °C target set by the Paris Agreement will be met 

(Raftery et aI., 2017). However, it might still be achievable after a period of temperature overshoot, by compensating for 

excessive past and near-term emissions with net-negative emissions at a later time - i.e., through on-site C02 capture at 

emission sources and carbon dioxide removal from the atmosphere (Gasser et aI., 2015; Sanderson et aI. , 2016 ; Seneviratne 

45 	 et aI., 2018; Drouet et aI., 2021; Schwinger et aI., 2022). 

Several existing studies have assessed the climate response to overshoot pathways. Many components of the physical 

climate system have been identified as reversible, although typically with some hysteresis behavior (Boucher et aI., 2012; 

Wu et aI., 2015 ; Tokarska and Zickfeld, 2015; Li et aI. , 2020; Cao et aI. , 2023). In this context, reversibility refers to a partial 

recovery of climate conditions in an overshoot scenario toward an Earth system state without overshoot. These studies 

50 demonstrate that global mean temperature, sea surface temperatur51 and permafrost area can recover within decades to 

centuries in response to net negative emissions. Carbon release from permafrost has been shown to be irreversible on multi­

decadal to millennial timescales (MacDougall et aI., 2013; Schwinger et aI., 2022) . I he pre~el1ce or Jbence llr hy,teresi~ 
efted III the pcmlatf<l~t prn<.:c<,scs I'> illnlll!l1ccd h) ll1uhipk laetllr. Ilh:llIdillg the therrmrl inertia or [lemlJfnl t ~!lil~ 

[10tenLJa l shllh in vegetallull ClII1lP(lsitll1ll. alld the e'h~11l to \\hll.l1 irr<!\er lhle pennarrusl I,;mhllll 11I~~e~ art' tllhel b) gall1s II I 

55 ,egclatillil and llol1-penmlrrost so il c,lrhon re erv{lir:. t\I 'l\:Dougall. 2U I3. ~dl\\ Iliger cl aL 21)22/ htrthcnnure Lhe sllil 

~arbllil I ll~~ tlntkr o\\:r hOlll SCeIlClfllJ~ ~ l gllllieClllll~ attects the In dmlogll:<l1 anJ therl1la l proper!le \,( ~~lib \/1111 1.'1 <II . 20 19~ . 

'A>llidl Illlum t110dulnlc lilt! pnh.:eSS\!~ IIlv"I,ed rile Jnlera-=tlon ~ bd\\Cell ph) . ical anu \1ioph)~ical [lroc6~es CClI1 p()tent l nll~ 

whlille lhe c.,.holl \\aler alld I!nerg:) c~I,; l e~;\1 di linl:l rn~t-O\er,h()ol equillhri:1ldc Vrese and Br()\kill. ~1)2I' . Therefore, a 

temporary warming of the permafros~ Iegions entails important legacy effects and lasting impacts on its physical state and 
.f. t1-'>tlNY-­

60 	 carbon cyc le . However, theser tudies have~et to assess permafrost carbon feedback under overshoot scenarios. 

Few studies have examined permafrost carbon response and feedback under a long-term climate stabilization scenario, 

but such scenarios may be more realistic if ambitious emission mitigat ion strategies are not implemented or carbon dioxide 

u~ removal methods are not effective. Most carbon dioxide removal methods have not yet beell proven at large scales 

2 
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(Anderson et aI., 2023). and sustainability concerns further limit land-based carbon dioxide removal options (Deprez et aI. , 

65 	 2024). Multi-model ensemble mean projections suggest that global temperature change following the cessation of 

anthropogenic greenhouse gas emissions will likely be close to zero in the following decades, although individual models 

show a range of temperature evolution after emissions cease from continued warming for centuries to substantial cooling 

(MacDougall et aI. , 2020; MacDougall, 2021 ; Jayakrishnan et aI. , 2024). MacDougall (2021) demonstrated that under a 

cumulative emission scenario of 1000 PgC, permafrost carbon feedback could raise global temperature by approximately 

70 0.06 °C within 50 years after emissions cease. However, systematic research is still lacking on 111)\\ permarl'O~1 ~'arh()n \\ ill 

he Idell eJ HIlU fU/lh!:1 alllplil~ FI\)hal \\anllil1g under temperature stabilization scenarios, as well as how these processes 

differ from temperature overshoot scenarios reaching the same peak warming. Additionally. most post-Paris Agreement 

studies have focused on understanding the impacts of 1.5 °C and 2 °C global warming levels, with little attention given to the 

higher global warming levels (Rogelj et aI. , 20 II ; Comyn-Platt et aI., 2018; King et aI. , 2024). Assessment of permafrost 

75 carbon feedback under various global warming levels would provide a more comprehensive understanding of the critical role 

of permafrost in the climate system. 

This study aims to fill these gaps using an Earth system model of intermediate complexity to systematically assess the 

permafrost response and feedback under temperature stabilization or overshoot scenarios achieving various global warming 

levels. The structure of the remainder of this paper is as follows: Section 2 introduces the model description, design of 

80 	 temperature stabilization and overshoot scenarios at different global warming levels, as well as the methodology for 

perturbed parameter ensemble simulations. Section 3 provides the results of these simulations. Finally, Section 4 offers 

conclusions and discussion of our findings . 

2 Methods 

2.1 Model Description 

85 This study uses the University of Victoria Earth System Climate Model version 2. 10 (UVic ESCM v2.10), an 

intermediate-complexity Earth system model with a uniform horizontal resolution of 3.6° longitude by 1.80 latitude, to 

simulate permafrost carbon response and feedback under temperature stabilization and overshoot scenarios. The atmospheric 

component of UVic ESCM is a single layer moisture-energy balance model. The oceanic component incorporates a fully 

three-dimensional general circulation model , with a vertical resolution of 19 levels, coupled to a thermodynamic and 

90 	 dynamic sea-ice model. A more detailed description of UVic ESCM v2.1 0 can be found in Weaver et al. (200 I) and Mengis 

et al. (2020). 

The It'ITeslri,1l cUl11pont'nt lit I ViL E C~t \2 10 lbt'S Ihe /op-oO\\t1 Rt'pn:sentJtloll 01 Iliteractive I oliage and 11(11'<1 

IndLluing D~n"lllil.::; ,1RII' FlDI H:gel.1I10n mouel [0 o':s<':l'Ib.: the stntcs 01 li\C~ plant flinCII()nall~re~ IPrT~ : hnmdkallr.:.:. 

11!:~Jldt;'al' (n:e. CJ g.ra~~. (-I gra~s . ,1I1J .,hrub ( 1)\ 2u{) I. i\[.:i"'l1t'r eL .t!. 20(3) r\ coupleu ph\lto~) 111Ill:sis-~tol1l~l<Il 

95 	 lOIlJuctam:e llIuc.h:1 G; lI~t'u [0 C<lleu !;.!l ' earboll lIptnke \ ia photo )-Illht'si . \\111I:h is subst'<jut!nll) allllC',neJ 10 \ egd<ltioll 

3 



100 

105 

110 

115 

120 

125 

~ ,-,~~,\j 
\? ~~ V~ 

grim th ami r.:spir~llioll. Tilc rc,>ullillg net ~~ri\ ~chang " in \ .:getJti(ln dwra<.:teri-;tic .... incluJllIg areal CIlV ·ragc. 

len t area II1Je'\. :lnd <.:<1110[1\ hcight tor each PI' I Ihe UVic L'.Ct\-1 \ 2. 1 (J utihz:cd 111 this :>tuJ: doc" nut <lceount tor l1L1tnCl11 

l illllluti\)n~ in the Icrrc-.lriul carh\lll \:) dc. IcaJillg I\l .1Il ovcre-.til1liltioll \1(" glob.il gnhs primal") prlluLlI.:ti\ it) anu i111 elihanc..:J 

capacit} ~lr Inm! tIl 1.1"e lip all11o~pherk c.1rh\Ul (De ~isw et ti l 202.1). Hn\\c\ er. the l110Jd reasollubl) n:pr.:sents Ih~ 

dOIll inant PI I s of C3 gr~lss. shrub and necdldeat Ir..:e at northcm hl~h latitude. although It undere~llm"t.::, \egetatlOn 

carbon Jellsit\ 0\ er thi .· area (l\lcngi . et :11 . 2ILu). 

1hc I ViL I: T\I \ 2.1 () repre<;cllh Ihe lerrc'itri3Iuhsurf,lI:c with 14 1<1) crs C\lcIIJIIH! to a I (1I.1 I Jepth 01 2 ,' (L~ III w. _.1 ' 
- h~dn\~~ 

curre\:lh \:<lplllre the tr~lI1~iellt re"plln"e of pennafro!>tllll celltelllli.tllirnc~~all::'!-. rhl::' tllJl eight la) er I I () 0 Ill) are im II!. ,· 'Lltl 

CI'tt'l,f7l r:wl if q d.r.1 . \\ hile the deeper hi) cr-; arc II1lldclcd a ' impall1eJhlc bcdrod. (1\\ i et al.. 20 I I) , I hc carbllil e~ de i, 

<Il:ti\c illllie lllp ~I\ l<l)er~ (1.\~ III) . \\here ()rg3Ili~ ,'arbol1 li'llll lilterfall. -.irlildateJ b) IItt.' TRIFFID \egetat l ()lIl1l(\d~1. b 

alJ.I,·atcJ to soilla~ ers I\lth tCl11perallln:s abll\c I aCl:orti ing to all e\rlllllential I) ut'l:l"e3sing func tion \\ Ilh depth. I tall <;(11 I 

la) <!r~ are h<.'lol\ I (. the llrQal1JL carbon IS added to the lOp .;nil la) er I he SOil rl:pir'l1 illn i ' cakulJted filr cal:h bl) Lr 

indi \ iduall) tl~ a functioll ~lr kl1lp",ralufc and llllllo;tun: . hut the re~piratitlll cea 'e, II hen the ,>oil 1(1) er 1i!lllpel <llure l.dl~ hdll\\ 

o l" C\ki~sller et "I " 21)(J3, Mellgi" et al.. 2U20), In r.:gillil wherc p~'nl\athhl \:\I.,t '-JdineJ <)<; area~ \\h.:r.: sor! 


tC::lllperatllll,' r<:III .IIII" belo\\ (J C. lor at le,1,1 1\\ () l:Ollo;eclltl\ e ) e3rs the l110del applie, J n:\ i,eJ Jilluslllll-b<l ed 


<.:r)\lturbaUIlll ~chemc tl reJi tribute SlId l:arl)(l11 \\ ithill the "Ii i colurlll\ Ctlll1p<lreJ tll the migiltal Jiffusion-h3 eJ 


U}IIlUrhatiul1 ·theme prllpll\.:J II) KIl\en el ,ii , (2009) the re\i,ed erYIllurhatinll\:helne calt:u l.ne,> earh~\1\ JilhlSI(ll1 u illg 


an eficuilc carbon con\:entration that illcorporate~ the volumetl ic porO,l!y or tlie ,oil 1.I)lCr. ratiter thull the actual carbon 


<.;(lllcl:nlf'ltltll1. Ihereb~ rl:\llh Itlg the JI'>equillbriul11 pr.1hJ.:m llf tlie penl1alrot cllrhtll1 pOIII during nwJel Spill-LIp 


(:'vlJLJ)(lug.dl J.IlJ Knulli 2(16) . I Ill \\eh:r. a~ Ihl: lIVil: E 'Ci\! \2 . IIJ Illil) ~illllll<lte~ pcrlll;.dr ll..,t ~' ;Jlboll in the till' J.3~ III \lj" 


"oil. the current cr)oturbalilln ~chcmc canllot in itiate the IOrlllJf1l11l of 'rcdull1;J s a rl;!suit , soil carbon 'itorcJ in de 'p 


deposit LIt YeLiomil regillil'i is om~~I~\~U~;~:~~~I:IL -\"he.. ~~~ 

In Ill" [ 'Vic E"iC\1 \2 IO'r lqmlt llil .:al"blll1 C111'Y' ,erlllarrosl l:arhol1 <lfe d.:pielcJ a~ lv.o Ji~tinl:t tkpth-r.:solveJ carbon 


r'otll~ II 1111111 Ihe Lipper ,1\ ~\I" 1<1)':1"'> . Soil carhllll that I~ lmn 'pl1neLi t!O\\n\\ard elmi trlhse'o the pCrJ1wtro 'l tahlc (i.e the 


depth Dr the aCl i\c ICl~ er) I '> tnll1~lunneJ int(lre~~ I~ \:<11"11011 ' 011\ I!r. d) . pel"ll1~.lih) ... 1 1:.lr\1011 thaI I IlIll.,ed lIP\1 JrJ Lllld 


crtls,>es tlte pcnnai"rosl wbk. is COI\\ crtcJ bad. intll U'illdlr l'irl~l~~ermafrost carbon can only be decomposed into C02, 


as the UVic ESCM v2.1 0 does not include a methane production module (MacDougall and Knutti, 20 (6) . The permafrost 


carbon pool is characterized by four key parameters: (I) a decay rate constant; (2) the available fraction of the pool , which 


represents the combined size of both the fast and slow carbon pool s subject to decay ; (3) a passive pool transformation rate, 


which governs the rate at which passive permafrost carbon transitions into the available fraction ; and (4) a saturation factor 


used to calibrate the total size of the permafrost carbon pool, which is linked to soil mineral porosity and accounts for the 


decreasing concentration of soil carbon with depth in pennafrost regions (Hugelius et aI. , 2014), These four key parameters 


determine the size and vulnerability to decay of the permafrost carbon pool. A more detailed description of the UVic 
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ESCM's permafrost carbon parameterization scheme and its simulated permafrost carbon characteristics can be found in 

130 MacDougall and Knutti (2016). Cl. ~)\.U..~ 1­
As an Earth system model of intermedia~mple .\(ity , the UVic ESCM offers relatively low computational costs and 

serves as an ideal instrument for performinJ imulations that are not yet feasible with state-of-the-art Earth system models 

(Weaver et al., 200 I; MacIsaac et al., 2021). In recent years, the UVic ESCM has played a key role in assessments of 

carbon-climate feedbacks (Matthews and Caldeira, 2008; Matthews et al., 2009; Tokarska and Zickfeld, 2015 ; Zickfeld et 

135 al., 20 16) and long-term cli,mate Fltange projection (Ehlert et al. , 2018; Mengis et al. , 2020 ; MacDougall et al. , 2021). UVic 
0-( yu..IISll~

ESCM v2.1 0 accurately reproduces histqrical £banges in temperature and carbon f1uxes (Mengis ;:t al., 2020),;t<"compared 
J:~ i ~"'t,,~ Ch.~ 1Vr C t1..IJLCA 

~o ~ the observationil dataseq (Haustein et al. , 2017) and Global Carbon Project 20 I((Le Quere et aI. , 2018). Moreover, it 
17 0.\>0 -b~nd 0.." d.. . 

hasfbeen validated for simulating permafrost areal permafrost carbon stocks aRQ tl;JP distriblItion of anthropogenic GCM'bon 

e)lli~~ion~ across the atWQS(3RerS, Q.,eaR aREI laRQ.(Mengis et al. , 2020). ~ 1kt u (p ~~ 
ca~ ; ,,-kp~ 

140 2.2 Experimental Design ~ ~/V\d2... 

To quantify the impact of permafrost carbon response under different climate conditions, we designed a series of 

idealized climate scenarios, including four stabilized warming leve.!fSWL) and three overshoot (OS) trajectories, spanning a 

long period from 1850 to 2300. In these scenarios, the global mean temperature increases to a maximum of 1.5 °C, 2.0 °C, 

3.0 °C, and 4.0 °C above pre-industrial levels (1850-1900). Following this initial warming phase, the scenarios diverge into 

145 	 two groups following distinct temperature trajectories. In the stabilization scenarios, temperature stabilizes at the respective 

global warming levels and remains steady until 2300, referred to as SWL-1.5, SWL-2, SWL-3, and SWL-4. In contrast, the 

overshoot scenarios allow temperatures to temporarily reach these warming peaks before entering a cooling phase 

symmetrical to the \\'arming phase, gradually reducing the global mean temperature to 1.5 °C above pre-industrial levels, 

where it remains steady until 2300. These overshoot pathways are referred to as OS-2, OS-3, and OS-4, respectively. 

150 	 A simple proportional control scheme (Zickfeld et aL , 2009) was used to derive the C02 emissions pathway 

corresponding to each stabilization and overshoot scenarios, adjusting emissions to align the global mean temperature with 

the prescribed trajectory. The proportional control equation is given by: 

(I) 

155 Where E i+1 represents the carbon emiSSIOn at year i + 1, Ti represents the simulated annual mean global mean 

temperature at year i, and Ti .goal represents the prescribed global mean temperature trajectory at year i for each scenario. 

The time-invariant coefficient k pE is set to 1515 PgC K,I, ensuring that the control scheme responds neither too quickly nor 

too sll4,~~~nosed temperature derivation. Ba~e on Iht: rroportioll.d \:olllmi Sd'CI1lC U ..;et of cll1i~~ion lrJlcctor Ie» 

\\cre d 'T trom initi.:JI simulntiOlh or ~wblli7<lII()11 uno ()\\!rSllOl1t scenarios using the L Vic E. CM \2.10 \\ilh Ihe 

160 	 pCllnafro~l carbOil I1wJulc Jea\:t i\:Itecl, Ihi:reb~ i:\~llloil1g tile in/lUcJ1l1;' III renl1arro~t .:.lrhol1 Cl11b il1l1~ Specifically, all 
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these initial simulations of stabilization and overshoot scenarios firstly follow a unified emissions trajectory, which is based 

on historical C02 emissions (Friedlingstein et aI., 2022) until 2021, and thereafter follow the emissions trajectory of the 

Shared Socioeconomic Pathway 5-8,5 (SSP5-8,5) (O'Neill et aI. , 2016) until the highest temperatures of each scenario are 

approached, As the highest temperatures of each scenario are approached, the proportional control graduallXb~teps in , to 
o tQU1l.A 

165 mediate C02 emissions and realize the warming trajectory of ea,ch sC~l)ario . The CO: emission trajectories (jj.agri'Osed from
,I t ~1Tl\~~lffl, -,h'~ 

....me initial simulations were used later to drive formal simulations of stabilization and overshoot scenarios (Fig, Ia), Once 

~lhl'.!sl'.! I'.!mb~tl)1I tral~cll)rit:~ were e~l<1blt 'hed. tllen: is no lurthl:r applicatiol1 ot the.: propoltiolla l ((lllll'ul III the Illrm;:tl 

simulat Ions 

rll iSIlI,lle the clll1trihulinll of rl'.!llll"rr\l~t carboll kctlh"d•. [\\0 p,u,\l\el ¥,b uf Itml1al imLilatilm~ \1 ere conducted fur 
D:trta\",~ 

170 each l'ennrio. both Jri\ en b) lll~ '<lme CO: em!. 'ion lraJectllt'lC d, 1:,'IWi hI l'nlill thl.' illiti I '>1111\11"tllll1 nne ~el acli\<JteJ 

tile p... rntatrosl carhol1 Ilwdull'.! niH.! is referred to as pr: ..,i1l1u 1.lti()l1~ \1 hi Ie tlw nthet,>\t 'Jl'.!acti,\ ~Itcd the rl:'ll1H1fro:.! l'tlrbol1 
c:~\"'~ 

Illuuule and IS rerell'cd 10 as NPll '1Il1ulatiotl'i ince the em is, ion traJectones I,ere ol itl.::-"o h:~ J IhHl1 the initl<ll "1I11l1latilln'\ III 

II I iell th~ proPlll1i l ll1.l1 c{lntml ~lherne II a... applied to <Jchte"e the ,ksireu telltpcratlilt.' ratll\\.t~~. "ppl~ irtg tht:111 Illth.: I(.lrlllal 

"il1ll1"llioll~ wllh lht:' perlllilrnlsl carboll moult!.: JL'aeli\ ated call ertl:ctin:ly aclll!.'\'c the: J':slgned tel11p.:rnture traj,::cll1rte~ 

175 (1Ig Ih) 110\1\;' \1.'1. appl; tllg thc ulagrHl'>t~u ell1l'i~ion~ ill "il1lulali\1Il \vith Ill.. p.:rltlarro 1 ItlOulIl..: .I11il,lteU re~lIlls in .til} 

per11larrO~ll'<lrbuJl Iht'\!.'s bl:ing effelli\t:'i;. aJdeullll top orlh... di'1gI1O»ed el11l~silll1~ , lherdJ} Glusiltg addt\lonal \\arlllit1!! In 

olher \\orJ~ , to ncllle\'e the Illll'nJl:u cilln<llc wrget~ Ullda tll<: ... aml.' ~1111 ...... t()11 path,\ il;' . rellloval .. ..:qlll\'alent to the 

pernlJfrn I Ltlrh\111 emi,sillth \\ollid he required , rh..'rdllrt:. til\. ellJ11parisnn betlleen lhe [>f-L and I PI-C '1l1ltilillioll sct~ 

pro~ idl: :1 r()bll~t IraIllCI\ ork III i~olate and qualltd'). lite add 11Iothll warnllltg anu raJiilti VI; [orl i ng enecl~ dLIl' to penlla li'osl 

180 carholl em i~,il1n lImkr ... tdbi I ihll itll1 .lilt! P\ ershollt ~1't:'lIari(1s For comparison, two parallel simulations with permafrost 

carbon module activated or deactivated were also conducted for the high-emissions SSP5-8,5 scenario, 
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Figure I. Temperature stabilization and overshoot scenarios designed through a simple proportional control scheme (Zickfeld et 
185 aI., 2009) 9A C02 tllli5~ioli and \:JVie ~8CM .:ua with permafrost carbon module deactivated (corresponding to the NPFC 

simulations). (a) ~d CO2 emission and (b) gI99'~1 warAtffig relative to the pre-industrial levels (1850-1900), in the 
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~ 
histor'ical and SSPS-S.S scenario (black), the stabilization (dashed lines) and overshoot (solid lines) scenarios~.S °C (blue), 2.0 
°C (green), 3.0 °C (red) and 4.0 °C (purple) global warming levels. 

To evaluate the uncertainty in permafrost carbon response under stabilization and overshoot scenarios, we perturbed the 

190 	 four key permafrost carbon parameters following the methodologies of MacDougall and Knutti (2016) and MacDougall 


(2021), The permafrost carbon decay constant was derived from the mean residence time (MRT) of the slow soil carbon pool 


at 5 °C in permafrost soils and adjusted to reflect decay at 25°C using the method proposed by Kirschbaum (2006). The 


probability distribution function of mean residence time was taken as a normal distribution with a mean of 7.45 years and a 


standard deviation of2,67 years from Schadel et al. (2014), The available fraction of permafrost carbon was derived from the 


195 	 size of the fa st, slow and passive soil organic carbon pools separately for organic. shallow mineral, and deep mineral soils 


measured by Schadel et al. (2014), The probability distribution function of available fraction of permafrost carbon was 


described by weighted gamma distributions, with each distribution respectively describing the probability distribution 


function of available fraction of permafrost carbon in organic, shallow mineral , and deep mineral soils. The passive carbon 


pool transformation rate was estimated from the I~C age of the passive carbon pool from mid latitude soils, yielding an 


200 esti~ated value 0 t@".25 x 10-10 to 4x 10- 10 S-I (Trumbore, 2000), The probability distribution function of the passive carbon 

~Ol transformation rate was taken as uniform in base-two looarithmic spac (MacDougall and Knutti , 2016). For the initial 

1>; t- quantity of permafrost region soil carbon, its probability distribution function was taken as a normal distribution with a mean I.J.~ 
I .o~>; \,\ o!. 
~ r p",t of 1035 PgC and a standard deviation of75 PgC, informed by Hugelius et al. (2014), A series of 5,000-year sensitivity runs 

\'h~ 1'1\. were performed under preindustrial steady conditions with varying saturation factors to determine their relationship with the 

..))Y-"L 205 quantity of the permafrost region soil carbon pool. This rel ationship was then utilized to tune the permafrost region soil 
s~ 1 

carbon pool , ensuring alignment with observational data (Hugelius et aI., 2014), I ig . 2 illu'lrat~s Ihe prohahdil~ distribuliun'jV.r$­
rl.111C11011 for cach renurb~d par;1lllctcr MacDougall and Knutti (2016) and MacDougall (2021) additionally perturbed two 

physical climate parameters controlling climate sensitivity and Arctic amplification, but they are not perturbed in this study 

due to their limited influence on global mean temperature in stabilization scenarios. 

1 he Latin h~ percuhc sampling method (i\h:"a~ Cl al.. 1971) was lised LlI c\rlorc lilt: clTcCI lIt ]1aralll~ler UIlCC11aint) llil 

pmjclllons ( r rcnn.llro~L Larl1!l1l Lhtlngc In IlmLUJ. IIlc prohabililj Ji ' trihlllion fi.IIlCtillll (If c,lch h.C) penllafwst L'arboll 

ranllleter was Ji\ided illl1l25 intt:rv.tls of equal probabilil~ One \alut: \.\JS random I: selectl'u Irolll each inrcnalll1r a gi\cn 

par.l1l1ett:r. <lIld Ihen randolll l) mdlchcu \\ itb VJlul?' llr til.: "lh~r Ihrcc h.e: r,ll",l111 'lcrs -elected 111 tl1ealllc millll,,:r It) gt:llcrale 

parameter s'l ,This <ll11pling pnlL:eJun: \\as rcp\!atcJ 10 IlIll\!~, n:sulting 111 250 1I1liLjue p~ralilell!J ~\!b (It' . 250 model 

215 \ .lI"Ialll~) for each parameter set, the UVic ESCM v2 ,10 was first run through a 10,000-year spin-up phase under pre­

industrial conditions to achieve a quasi-equilibrium state, For these spin-up runs, the atmospheric cen concentration was 

fixed at 284.7 ppm and the solar constant was set to 1360.747 W m-2 Following the spin-up, emission-driven transient 

are presented as the 
J 

7 

simulations were conducted under the stabilization, overshoot and SSP5-8,5 scenarios, The results 

median across all model variants, with uncertainty quanti fied as the range between the 5th to the 95th percentiles. 
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n :Jlrt,cnt une I'hlinl~ in pcr nl:lfrll I carhnn rl"llflll ~e , POInd (tI ) enll,I." .1 Ingal'ithmil' ,rail' on the horiLnntal :t1..i5 10 b clle f" 

iIIus tmte the rll\tl'lhnliOIl of I Ill: rnrre~pulld ing pa ramcll'r, l hh figu r e i, r~l , rut1u l:ed rrunl \hld)oll~ :llI (2021 1, ~ 


,l--, So .~ 'I V'\.lAI\... ~~ 
1i (to"- ~ +0 CJ;>n ~ 'fI,.v., +v3 Results 

~ ~vY'L ~cA fu......, l~, 0"l,.L ~~ 
225 Till: l lY iL lSl'M \ ~ I() fellah l) ~ill1l1 l ates h i"l ll ri ~<l1 lel11[J\!ratur<,; l hJnges. p~rlllafms t nr\!a. ilno Ihe panltlOtllllg or ~. 

lllllilnl(1Dg ell ic carhon t!l11i",ltlll" <JIllOllg tht! atnJ(l~rh.::re llcean and l:lIlJ I lnJer pre- IIlJu,tn :1I l:IllllhtWlls the ~ill1u l ated 

\)rlh.:rn Ilell1ispbere rerlll ;t t nl~t ar.:" J': li neJ as regi.ll1'> \\here the ';\l il l a~er remall!. perenniall) fro/ell li.r at I\!JSl t\\ \1 

~Ol1SCCllli\c )e~lr~. \\ ,1::' 1701 [ 170010 17.0-l l l1lllllull I<.m-. Ih..: ~iillul"t..:J lllllli ~ ui l ~arbon stoc!'; III thc [Jcrtll ufrosl regio ns 

\"-1~ IOJ I 19 15 tu 11.19 1 Pg.t . 0 1 \\ Ilicil 4~ -I 1383 to 5901 PgC \\ <I~ l'i .l :-.~tlieJ U, per~ ll lll"l1 ~ It o/ell carlM t ;II1J 5--1 71 -3] 1\) 
t. ,mfro ztN\, 

230 	 559 1 Pg \ \ :1 ' ( la1-osi fieJ as Ll ~Lla l/ <;,'i l carhon. rllr Ute [Jcr i()J I9611- 1<)C)O. lhe mOllel sirnulall!J N\lt lllt'nl I kll li ~plt crc 

penn ulro:. l area al 16,8 I I fl 7 10 16 lJjm illi\ll1 k ill • \\ hiell l~ll b \\ ilhin the recon:>tnlctd range from 12,U to I ~ . ~ nllll lOIl km 

(Liladbum el nl .. ::!( 17) alld rile onsen "tioll Jem'ed e"tenl from I::! , ~ I l\I 10 48 m i llIon 1..111 (!hullg el ,t! .. 2UUD) 
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I\dullional1~ . the sillllllJteu ..;oil..:arboll ~t(ld. iIllhe lop" _':; m nt'pell1l:.lli·uSI rl.'gillils for Lhi,ame periou \I ~ 103-1 [919l0 

I 151 ] Pg . II il h -181 [., ~C 1\) "!!7 J PgC .:las,lIi l.'u .IS pCrl.'lIl1 iilll~ frnzl.'l1 carboll acclllllllll1g for -17" 0 I-I:!" 0 to :1 1\1" 101 Ihe lnlal 

235 	 pt:mwCro I ~oill.'arb\1I1 "101.:1,. . 111 a~ret:l11cnl \\ilh IILI~..:lius cl al (201-1) . Dill III!.! tile perlou lUI I 2020.1111.' nH1ucI e ·tim.llcu il 

global mean temperatllre IIIcrease 011.1-111 13 Il1 1 1:1 L rclallle 10 rremullstri,llle.. el \\Iw.:h i~ doel) aligned \Ilth th ... 

\lbsCl"\ed rise Ilf IDq [0.9 1 10 1:;>1] l (Gub et .11 .. 2(21). frol1\ 20 In to 2019 Ihl! rnnud I!::.timaled thal anthrop~h!I!I1I'­
t 

c.lrholl eIlliSsic\I1{ \;!e j i t~~u~~I~: follows '1:' r" 4 Lll :\ .6j Pgl \r.1 to the atl110sphele J.n [298 to 30' 1 PgC ~ r- ' ~) the 

ocean. 	Dlld .2" [2 -I to _ Jlj I'g( ) 1'·1 tn ten'c,mal ecn"Y'>tl.'t11s. I hesc C'itill1 :lIe~ arc bronJI) C()Il"i"ll.'l1t II ith thl.' glohal 

240 	 Ul1lll10l'0g":lIt\. CO , huJg.CI a~ e ~llIelll b~ th..: Ghlb.1I (\11 belI1 P1llj..:cl (OCP) II illl figll1"6 \11' :; I 002 PgC ) ( I I'm tht: 

III1IW'ipl1cre. :;" 11.6 PgC F '! for tile 1"":UIl. UI1J 3-/ · ()l) PgC ~1~ 1 forll.'rrcsrrilll <:clh;.stI!111s(rncJ ling5tclllct tl l .. 2020) 

3.1 Permafrost Response 	 ~~~ h:j ~Y""f. 
The Northern Hemisphere high-latitude erma frost area is strongly correlated with changes in global mean temperature 

(Fig. 3a, b; Fig. S Ia, b). As global wanni g increases from 1.5 °C to 4 °C, the permafrost area declines from 13.9 to 8.3 

245 million km 2 under the SSP5-8.5 scenari . In the stabilization scenarios, when global warming is stabilized at the Paris 

Agreement targets of 1.5 °C or 2°C, permafrost degradation is effectively suppressed compared to the SSP5-8.5 scenario. 

By 2300, permafrost area decreases by 4.6 [4.5 to 4.7] million km2 and 6.6 [6.4 to 6.8] million km2 from the pre-inJu..;trial 

!t:\I?1 (If 17 () 111illllll1l,111 under SWL-1.5 and SWL-2 scenarios, respectively, accounting for 39 [38 to 40] % and 56 [54 to 
"d6d'\un~ 

58] % 	of the reduction observed under SSP5-8.5 scenario. The ~al permafrost degradation under the SWL-3 

250 	 compared to SWL-2 is significantly larger than that under SWL-4 compared to SWL-3. This is mainly because the 

remaining permafrost available for degradation becomes progressively limited under higher global warming levels, and the 

pem1afrost area under higher stabilization scenarios has not yet reached a steady state in our simulations. Additionally, the 

permafrost area under the SWL-3 and SWL-4 scenarios exceeds that under the SSP5-8.5 scenario by only 2.0 [1.9 to 2. I] 

million km 2 and 0.9 [0.8 to 1.0] million km2 by 2300, respectively. This is primarily because the permafrost area in the 

255 	 SSP5-8.5 scenario is smaller and, as a transient simulation, is further from equilibrium compared to SWL-3 and SWL-4. 

110\\ l·ver. durin;,! the cool ill!,' phase of the Cln:rsl1uut scellal"lOs. :l ~ the gll)bal mean tempcr:llure r..:tLlrn~ 10 1'- (ab\!1 e rre­

111du~!rtal levcb. the rcnnatm~t nrea gmduall) recOI er\ It) t!t ;u 1I1lJl'l' the ...;\\ L-I ; scenario (rig -1.1. Fig 1,,) By 2300, it 

converges to similar levels of Il.l ~ I2.4 million km2 under the OS-2, OS-3 and OS-4 scenarios. with an additional loss of 

only 0.2~1.2 million km2 compared to the S WL-1.5 scenario. This indicates that permafrost area is nearly reversible and 

260 	 largely follows the global mean temperature trajectory, recovering as temperature reduction, consistent with previous studies 

(MacDougall, 20 I 3; Lee et aI., 2021; Schwinger et aI., 2022). It is noteworthy that permafrost area loss under overshoot 

scenarios typically exhibits a hysteresis effect (Boucher et al... 2012; MacDougall, 2013 ; Eliseev et aI. , 2014), peaking about 

I0~30 years after global mean temperature reaches its maximum in our simulations. 
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~dy\J 

repn'~enllhl' en,embl~ mcumll of 25U il1lulati<JlI~ ba'eu un thc .( " ,imulatillll\. (),," ""IIU:t '!!hl panel, rcp ..ewlIl \ !lIne in Ihe 

280 \ f!lr 2300. Itilh uncert~int) I'llll/!t' l' ·til1l!lted :1\ Ihe ~th to 95th 1'.... cenlUc\. 

Under both temperature stabilization and overshoot scenarios, permafrost carbon declines monotonically over time (Fig. 

3c; Fig, S I c). driven by the imbalance between weaker permafrost carbon inputs and relatively faster decomposition, The 

primary source of permafrost carbon input is a very slow physical process of downward diffusion through the permafrost 

285 table due to cryoturbation mixing effect (MacDougall and Knutti , 2016), As a result, the rates of permafrost carbon 

decomposition significantly exceed its inputs (Fig, Sa, c; Fig, S3a, c), Under the S WL-1.5, SWL-2, S WL-3, and SWL-4 

scenarios, permafrost carbon losses are projected to be 54 [32 to 79],72 [42 to 104], J06 [64 to 152), and 127 [74 to 180] 

PgC by 2300, respectively, whi Ie under the OS-2, OS-3, and OS-4 scenarios, the losses are 60 [35 to 87], 78 [50 to I II], and 

97 [63 to 135] Pgc. This indicates that despite global mean temperature returning to 1,5 °C in overshoot scenarios. 

290 considerable permafrost carbon losses still occur, accounting for 82 [80 to 85] %, 73 [71 to 78] %, and 76 [72 to 85] % of the 

losses in the corresponding stabilization scenarios achieving same global warming levels, Additionally, the extra permafrost 

carbon losses under the SWL-2, SWL-3, and SWL-4 scenarios relative to the SWL-J.5 scenario continue to increase over 

time; \\hcrca~ ill Iht' 1l\-:r,h~\(ll ,':eIMrip'o, the..: addltion.1I Ill...~e, decrease dllrlllg Ilw stabilmmoll pll3';t',(flg ..tb;,Ug S:!b) 
tt. ~\> c. Y'A. \-0., '- "'h 4.~ "1-cb.111L &0\, 

llnd rt'dllll! tll 2-1 I-Itl) 521 PgC h\ 2 ,~OO , This decrease occurs because, after g.lobal "'BFR'IiRg ~QQlg ffi 1,5 °C, the permafrost 

295 carbon decomposition rate under the overshoot scenarIOS closely aligns with that of the S WL-1.5 scenario, while the 

permafrost carbon inputs under the overshoot scenarios surpass that 0 f the S WL-] ,5 scenario, ,'",pwi> ? 
, ill1l~ lraJeclul} a, 'oil ~''J.rh\II/<:':lIW'Clelll':: lIlIth:r 

0\ crsiloot :CCI2£l rJO;;; Thi, I, li"dj duc 10 II111Cl:UI':ltc pal'i1l1lt'tcrilalilll\ Jd\)pteu in lht' CUITt'1I1 ll10Jd \ IlLlleu ill the model 

de~t'rlpti\1n (Sectloll 2 I) IlllerfJlI i~ Jllo.:atl:d I,) .,nil IJ~ ..:1':, ~ itll tt'mp":I'JtulcS :.lbll\'\: I C aCLllrLiing III an C\plll1ellliall:. 

decre.''oing fUIll:llUl1 ,)f dl!pth 1;\ hen all .od la)-a" an~ helll\\ I ( nrgnllil: c;lrhol1 frol11 the lillerl,lll is added III lht' top ,nil 

lei) el' 1\.\.:<11111 h dt:. pellilillro~l Ci.II'hllll am] IIlHI-pt'rIlHlf!u,1 'IIi I CUblHI .m: butll re pl eWIIl..:J <1-. Jt'plh-I t::>oh t'J ca!bull pllob 

\1 il/1in the wp '/ oil I,,: <:r~, 1 he 111(1\ emenl 01 pCrJltlIfr,)SI I!arbon oue tu cr~ OtllrhatlOll 1I11'\illJ,! IS paramelel'llcJ a b':lllg 

I'rolHlrtillll<l1 til tile gr.ldient Ill' 101 ... 1 soil .:arhlln \\ ith depth oil carbun lhat df fllIst' ... Jo\l 1111 arJ Ihrtlugh the peml.1 rrll~t 1.lhk 

i~ COI1\ I!rteJ to pennrl frost carbon Dun ng the ':\HJllIIg phase \)1' 0\ ersllUol s.:etHlril\S, illl.:rt',I:;-:u litlerl~llI Clnd a m ing 

305 permafrost !ahk kaJ Itl el\!\all:d l.arhllil cOllcentrnlil1l1'" ill "urf:I':l.' ~ntl I,,~er ... . resultlllg 111 enhanced lenic.d lit! U-lClIl ami ,1 

surge III pem1Jfn, ...t c.l!bl1l1 illplllS. LlHllt'I'\.:/y, L1ndcl Iilc 5 'P5-S :; scenJIW pcnn.lfmst colrh 111 il1put... e,hihil )JtI~ .1 minor 

reak :.lnJund th\! ~150s tollo"cu b) a ~harp d<:L1in.: (11g, -a Fig '1a), Th i ... i" UUI' to II"," c(lnli!1Ullll~ reduction 111 pLTlHairost 

areel and llle deepcl1l!1g III the pell11af'l' \~l llhle hl)\11 Ill' \\ Ilidl reduce l.' .. r\),111 COIKt'lllrJtlllIIS ill th..: upper ~1l11 I.!} er~ Jlld 

\Ie'lkell \l:11ICJI uilrl.l~lon , de~pite the il1creelsrng hlkr flu:\. ullder (J strung CC) Cerlllini ioll hackgrmmJ W<: IlI1te lil,1\ the 
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Permafrost region soil carbon shows a strong tendency to recover after temperature overshoot. In contrast, permafrost 

region soil carbon continues to decrease under temperature stabilization scenarios, but the rate of decrease is gradually 

slowing down. The pemlafrost region soil carbon release in the overshoot scenarios is significantly mitigated compared to 

315 stabilization scenarios at same global warming levels (Fig. 3d; Fig. S I d). By 2300, permafrost region soil carbon losses 

under OS-2, OS-3 , and OS-4 scenarios are projected to be 41 [15 to 72], 61 [29 to 98], and 81 [44 to 124] PgC, respectively, 

with reductions of 14 [8 to 21], 41. [25 to 57], and 62 [41 to 82] PgC compared to the S WL-2, S WL-3, and S WL-4 scenarios, 

respectively . During the . IablillJl(1iUTl ~~~~~lto'wer~lwot sccnario... addltiol1;)1 pcnn,Ii 'rn~1 regIOn ,,(\il earooll loses 

compared 10 the , .\\ L-I 5 I:enari\l u~\..re"he but th.; perll1alrost ret!IOI1 snil earboll ill the (l\t'l hOI)! 'LCllilrtos dot'~ nut full\ 
I' 1)':1 2';00 -	 . 

320 rcco\ er to the k\ d ulIuLr tht' S 1,.\ L-I :' Sl·~ n,lri r{ (I I!.! . ·k h!.!. ' 2(;). l otabl\. Jl1 all ... taolli/Jtl(lll Jnu ()\ ersho(\t SCel1arill~ 
- - ,t: ,-"m",\o.t\ve., 

Sll11l1lntcu in thl~ ~tlld) . the pcnlldtro\t region sotl "crw,\ .1\ J ner carhol1 ouree for dII1H).,phcric C02 b) 2300 . lIo\\t'\er. 

dllring the stabili/~Ili()n phase 01 ()~-~ <lnd 0<:'-1. the renllafrost legion ~utl turns mto a carbon sin". :1 .. \oil earh()n Illrllt, 

surpass the reuuceu uecomrmitioll actl\ It: due to the depiction or .;oil carboll '>locks and reuuc 'd \\anlllllg k\cl, 

Pcnnafr lst region ,oil I:aloon illPllb rrilllaril) ongmatc li'om ·~hlll I;idllh)sic:at rroeesscs related 10 ~egetaLitln 11llell ;111. 

325 \I ith th..:ir illlt'llsity innucnced by \Iarnling le\els <lnd CO - tertili/~Hilln etfect Ilhill: \Wnllil rmt regilll1 ~l\il carboll 

decomposition IS closel) tied to global I1\cal1 t~l11pemtllrt: III the owr~hoot !>e~'llanll~ . the pca" for perm,lii"ost region . oil 

carbon input · l ccur, ,lJghll~ later than the global mean telllpcratttn; pea". \1 herea the peak for perm,\lhlst rcgion ~,)il 

carbon decompuslLion happell ... margllhlll~ carlier than lhe global mean telllpcrature pea" (f' it! 5b. d: hI! . ~ .1h. d) 

1he r\.'rmafn1st rCl!ioll "\It! carhon inpllts g':llcrall~ lrm:k the IrajectOl} or Jill... r 1111\ aerns~ the ".Ill1e are". \\ ith an 

330 	 appro Im:!lt: deb) of IO-2ll \ear~ (lIl1t "hO\ln) To iltlnhutc the Ctll1tnblltlllll or PCrIlhlfro'>l n:gilltl ~oil carbon inpuls. we 

e\;\minl!d how dominallt \egetJtiPIl l~ res (lh;eJldeaf tree. ["3 gros, and ~hrllb) (1\('1' the pcnnalmst regilln addrt lU 

tel11J1eratur... and alnlOspiJeril L'O: e\HJ(;entr.ltilln'i ill both mershont anu stabili/.Hillil "cl!nJli0S (Fig. 6) . eedldeaf Irees 

\.'\pand slll\\ I} ,II1U l"(lI\tlnllt1u"l~ in the 1'<.'1 l1afro"t region in h~)th OV\;,r-!lOut and ,wbJii/..alion ... ' 1!11.1rIU • \11I.:rc,\,> that of 

shruhs do e1) 1011(11\ s tht: trajccII)f\ oC !.dohal mean temllClllturt . The cOlllblllet! areal 1.', )\ erat!.e of tr':l'S alld ~hruh, i .J 1 .u . 
-	 - - - . S 1 \III !> 

335 projected 10 cOler abollt b21J L1pon 1.5 l lIannlllg r.:l<ltl\': III J1rc-illdll~l!iill kwl~ aruunu 2lJ40o; . ~ llghll~ higlwr Ihall the <fVt...\.'J 
r" 

2-1 52° 0 range projl.'Clt'd lur 2050 LI illg LI ·talistle" I apprDach that lint.. c! imate conuit iOIl~ til \ egetat ion t) pe~ lIIH.ler 1II 0 h ~tl'Yl 

dlslinct CI1lI'iSmll tra.leclnne" (Pcaroll el al _013) During the \\armillg and Loullng phase of mcr,hoot <.;ccnarHh. the ~ it ) 

. . ~q~ 
<.'\PaJ1SI()1l "IIU rcJlIll101l lit ,hl"1lh, elHTcsplIllJ 1\lIh Ihl: dl:t!radattllll <lilt! e\rJIl~I\ln (It 'J !!r'l,se r.:<.;neLtl\i;'h '\moll!.! tile ) . 

- ,. - - How~ 
lim~e dominant rr rs, 0111: ~hrubs ~hml a nt'iII"l~ rc\ er~lhk rCSp(1I1<';<.' ill are<11 em t"ragc. nCI prill"l!") prodliLtil It~ INPP) and 1'h.", 

340 legetallOll carhon \\ ith respect III gJohal \111.'.111 ll·mpcl-allll·... lInde! ovcrshoot l.CenMJOS In cOlltra\l . Lhl' c(lIllinUOlI\ I·eulll.:tion ~ . 

nfC, gra!>st's Jlld the t'\p,lIhllln of needlcleat" tree sugget 1 degrc~ ot Irre\ersioilll; in thc ~tl"1l({L1re ,IIIU \tget~1111111 Carb,ll1 t"y~;".Lu ~h~ 

densit} ofnonhern high latitude telT<.'"triall!cos):>tclIl!> undt'l ,)\cr\llvot . celltlnos. Our rC'>lIlh are in lille II ilh an t:arill!f ~ll1J} 

h) T It..ar!>l..a and Ilc"feld (2015). bllt LOIIlrast \\Jlh ~Lll\Iing:er et "I (ltl22) \\11\1 rl'rl1rteU onl) rIlilllH dint-rence, 111 

vegetatioll carbon after the over Iloob compared to tht: reference ~il1lulatiol1 \\ i[h 110 ova hoot h~ pr.:scnblng vegetation 
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345 	 distrihuti')lh. In llur stuth. lhehill!'> in \egetatlon compO'iitHlIl :l J \.Iunge, ill living hIOIl1,h::.. \! 'pcl:iall) those a-s(lclaleu 

"ith \\O()J~ vcgl't;ltloll arl' "") dri\er\ llfpt.:mwfn,-;I regio/1 'Id.: rhlY l inpUl, Jtf?:;7 
~ o~~ ~ 

1 he 1I111:.:rt.dllt) ill pl.:l111<1lr"\t regioll !>uil t.:urbull ~ I)' nC:.lI I,," thl' salII" a.· thut 01 pcrl1l:.dt"ll~t clIl·bon b ' Fig. 31:. 

d: I Ig. SIc. d) For c\.ample. the 5th to 9"1lh percentile r.lllgc ,If pel1l1aln1 '1 region oil earhol) relea.,\! ul1uer Ihe 0 -2 II1J 

()\-~ sccnarin\ i.. "R PgC and RI I)~ respect i\e!) h~ 2100. col1lp,m:J tll~:! Pg <lnJ 7'2 PgC for rcmlaffllst carbon r.:lea ·e 

350 rhi ind ie.lte.. that the 1Illcertail1l) 111 penllafrust region soil \.arbon rdcase i!> largely dri\cII b\ th\! unl:ertail1t~ 111 perl11atrost 

c;]rholl release. 1hcrdnre. \\C evaluate the rdati\ e import<lnce )j" perturbed renlwlrost CaIOIl/1 p,lrallldcr'i III pcmwh·f)st 

legioll (IiI C:'lI"hlil rt:iea.'ie und"r dillcn:llt telllperalure plllh\\a~., Ihmugh cakulatilll,!-lhcit clllrcl,tlitllh ,h;W\::. all ell cmblc 

IIl1UI,ltill1\ . The influence of model parameters on the uncertainty of permafrost carbon losses by 2300 is relatively 

consistent across the SSP5-S .5, OS-4, and SWL-4 scenarios, with the strongest correlations observed for the permafrost 

355 	 passive carbon pool transformation rate (R=0.SI-0.85), followed by the initial quantity of permafrost region soil carbon 

(R=0.55- 0.61). This finding aligns with Ji et al. (2024), who high lights the critical role of these two parameters in the 

uncerta inty of permafrost region soi l carbon loss under temperature overshoot and 1.5 DC warming stabilization scenarios. 
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Figure 5. Timeseries of changes in (a) permafrost carbon inputs, (b) permafrost region soil carbon inputs, (c) permafrost carbon 
decomposition and (d) permafrost region soil carbon decomposition, under the stabilization (dashed lines) and overshoot (solid 
lines) scenarios at 1.5 °C (blue). 2.0 °C (green), 3.0 °C (red) and 4.0 °C (purple) global warming levels, along with the SSP5-8.5 
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scenario (black). Square markers indicate the time points when the temperature overshoot reaches its peak or stabilized warming 
begins. while circle markers indicate when the overshoot returns to I.S°c. Rcsult~ represent the cn ~mble median of 2:;0 
simulnho.... bu\cd on tbe PF( ,imulatinll.'. Dot, on the right 1'l1n'" rCl,rewnt \ (llu(> ill lhr ~c"r BOO. \\ilh IInccrtaillt~ rlln~l' 
e timated as rhe 5th to 95th pl'rccntilrs. 
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Figure 6. Time.,cri~, or anDlmllllean an',,1 fraCli"n {left column 1. net prim:.n produrl.\oil.\ (middle culunlll ' :lnd \el!,cl:lIiclII r arhon 
(ri!!ht column) under stllhilizlItion (lIa,hcd line\ ) and l/\CrshDol (,olid linC\) ,c(,lIaritl~ al 15 O( (hlue). 2.0 0(" (~I·cenl . 3.0 0(" ( r~dl . 

and 4.0 " f' (pllrple , £Iclbal \\;mnine len' ls . 1I ~cll iI ' Ihe SSP:;-.'!':; scenarIO (bl:l(I.) . Filch ro~ r('pre enh onl' orlhr III/"I~I' domin .1I11 
planl rlinction;lll~pl' (pIT) : (ll-C) I1l!cdlelear Iree, (d-I) C.\ gr;. ~\ ;lnd (l!,- iJ shrub. ~' lJuare marl.cr~ illdn:ate the lime point' ~"ell lhe 
temperalure mershoot rl'aches its peal. or stabil;ud ~ar",illg hegin~ . "hill' circle m,lrJ..cr'> indkah: \\hcn the O\er~h()tli returns to 
15 dc, He~lIlts repre rnl Ihe en,emblt median of 250 sill1l1latiol1 ~ hnsed on the I'F( s imllllliion , lIntl th( h:lding denote Iht' .-Ih 
and 9:';lh pl'rcutile ulH:crtain~ r~ng..' . 

3.2 Radiative (mpacts of Permafrost Carbon Release 

The permafrost carbon release Y~ increas~global mean radiative forcing and surface temperature. R~ ,:olllpuri ng 

1\ \ 1) p.mll ie l ~cts o t lmulntlOll. \I ith the rc:ml .l ~ro~ t c<Jronlll11mjule Ju il,teJ (1'1 C) I1r JeaLli\.Il<::d (NP1C) lIe "ere able to 

qULlllt l l ~ the add iLi llnal rad iatiw rorcinl,! and II .Im, ing l::1useJ b) rem1:! rl'll~l carbon rde:! ' (: The time evolution of additional 

global warming closely resembles the additional radiative forcing (Fig. 7a, b; Fig. S4a, b) due to approximately linear 

relationship between radiative forcing and temperature change based on the energy balance of the climate system (Forster et 

aI. , 1997; Myhre et aI., 2014). Both in the stabilization and overshoot scenarios, the magnitude of additional radiative forcing 

and warming increases with higher global wam1ing levels . By 2300, the additional warming in the overshoot scenarios 
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steadily rises from 0.10 [0.06 to 0.15] °C in OS-2 to 0.14 [0.09 to 0.20] °C in OS-3 and 0.18 [0.11 to 0.25] °C in OS-4. 

Similarly, in the stabilization scenarios, the additional wanning increases from 0.10 [0.06 to 0.14] °C in S WL-1.5 to 0.13 

[0.07 to 0.19] °C in SWL-2, 0.21 [0.12 to 0.31] °C in SWL-3, and 0.24 [0.15 to 0.35] °C in SWL-4. This is because higher 

global warming levels lead to more significant reductions in permafrost carbon and penna frost region soil carbon, and 

further intensifying global warming. Furthermore, in the stabilization scenarios, the additional warming continues to increase 

over time due to delayed permafrost degradation and positive permafrost carbon feedback. In overshoot scenarios, the 

additional warming tends to stabilize once the temperature returns to 1.5 °C above pre-industrial levels. By 2300, the 

additional warming under SWL-2, SWL-3, and SWL-4 exceeds that ofOS-2, OS-3 , and OS-4 by 0.03 [0.01 to 0.04] °C, 0.07 

[0.02 to 0.11] °C and 0.07 [0.03 to 0.10] °C, respectively, amplifying the additional warming in the overshoot scenarios by 


22 % to 56 %. b~ ~ 'jl1~t s~\cl ~ A.dd'd-icmAlL I,J.}U''Wl I~ I> 

hi6ke."C"" 1'1"1 ,\,U,' 11~.;,hn'l ~ce.nt:\'nIK.. . 


However, the additional warming during the cooling phase is most substantial in overshoot scenarios, and it is also 


significantly greater than that in stabilization scenarios over the same period. This is primarily due to the sustained reduction 

in atmospheric C02 concentration during the cooling phase, which amplifies the radiative forcing caused by permafrost 

carbon release. Specifically, because of the logarithmic relationship between C02 concentration and radiative forcing 

(Etminan et aI., 2016), the decline of background C02 concentration to low levels causes the additional increases in C02 

concentration due to permafrost carbon release to produce more significant changes in radiative forcing. Similarly, the global 

mean warming under the SSP5-S.5 scenario is 2.43 [2.41 to 2.44] °C higher than under the SWL-I.5 scenario by 2100. but 

the additional wanning difference due to permafrost carbon release is minimal at 0.0 I [0 to 0.03] 0c. Despite global mean 

warming reaching 8.20 [8.12 to 8.28] °C by 2300 in the SSP5-8.5 scenario, the additional warming is limited to 0.14 [0.08 to 

0.20] °C due to the profoundly higher background C02 concentration, the additional warming is only comparable to that of 

SWL-2 and OS-3 scenarios. 

The adJlllonal wanl1l1lg causcd b~ pemhl Irll~1 Ull bOil rd.:.1 .: 1:.11\ t'e uti llzcJ III a, <,s'; 1IIIdhcf tho.: perma lrn I car bon 

f\:"Cubad-. cOlllJ be l"Iassifi d as a global tirrill[!. point [lrO\:e~ Thi~ nH;:al1~ it j, nol 0111) pvsitiv..: but ,tis" ~urrili<'nll) ~trllllg 

10, 'ill'itaill Ih.. tr 111 qtlalif: all initial rt"<' 111 glohal mean teOlflemture \\oldd 11<'1:<1 10 trigger pcrll1atrn~t cad'PI1 cml<;~I(\II'i llial 

rcsull 111 a ("unher im:r":,lst: III global mean tCIll!1cralUfl: Ulp.1 "Ill!:! tile milial \\arl11l1lg. \ a r.. ,ult. the r(lsiti\\~ [lcfIIlafn1,1 

carbon iccJblH':" would inJlIl: • SII nillellt aJJltiollal thall illg III illitiatc iI sl.!ll:'su. til inillg kcdbll,'" loop ( I Itlbl1l1 el al . 202 ) 

\\ C cllll'lo) ed Ihe p':IIllJfhu I-':cdb,h:" faet,)r. \\ 11Icl1 is ddinC'd as the r~11lJ of the aJdl1HHlal \\ ilmUllg tn the IIllltal \\ ;lIming 

simu takd \1· ilh thi! pemlalrost carbon moduli: dcacli"llcJ. lO J<!lemllill.' II the pcnllafrO,,1 carlWIl Icedbac" I:illl t,c l:onsiJered 

as a glohal lipping proCCS\ In all [ll.'rtlwheJ palilll1cter <!11~ell1hk ~ll11l1l<11ioll" t,)r Ihe "lahiil7alinll O\t:l"shllol JI1J S"p)-S.~ 

s~\!lIari(l,. thc 111'I\iIllUIll pcrll1:.lIiust rt!t.:dha~" faclor i" 0.21 l' C- I B~ :'.~1)O, tht! pl.':rmnrru~t feed bach: hcwr lor the 0'.-1 and 

~1'.5-8 . 5 scenarios are estHlIuteJ at 0 12 100& 10 0171 l C- I and 0 (l.:'. IU .OI-() OIl l Vi n:~pecll\<!l: The renmllro:,l 

!':edb<1I:" fl:Jrnmetcr i ' lilt! Ilighesl undt!1 the O .... -\.:cl1arto. \\ hile it is lilt:' 11\\c~t Linder the 'iSPS-S. '\ "':I;'I1.1rio (f=ig 8. Ilg. 

""J rlltt!l"eslillgl). Iht: fi!i..'Jharh: f~lct(lb are quitt' ~il1lilar ,Kross the ~tahtli7ati 111 "CCnJfll1S, \\ltll \,1111c~ lIl" 1I 06-1 IIUI,7 to 

l1.O\}6 J L C- J 
• (J.()6-1 10-036 III 0 1I'l':; I >( C l , I) 06LJ IUIlIi to !l . 1 O:i I c- I and 0.061 I(lIn)! 10 (j OS\) I I' C - I 1m Ih<:' 

15 
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. WL -I -. \.\ L-2. WI -' nnd ,,\.\ L- I s~<!narilh h) 2300. r<!~p~lli\ d~ Although th<! le<!ubad. 1~ldor III tht! 0\ cr hOO l 

420 	 ,ccnJrlO' IS ~lIhSI,1I 1 1Iil l h largel thall the recent estimate 01 I).{n~ (0 ()Il~) liD) ( C- I ha cd oil lh~ l.ii\lh A,,,c.,,,I11<.:nt 

R.:port IIf lile Inll!rgll\ 1!I11I11CIII<l I I' lIlel In IlltlUh: l·hang.c ( lvhlll1 d al. 202-1). (lUI' lifHl lllg" IIttllcalc lhal the pl1'>it ive 

I Cnlhlfr\ ,,[ llHblll\ k~dh.,ck i" Llll likt:l) to n::.u ll ill I!I1lIugh aJditionilltl1-l\\ ing alill ~\lrre"rolldillg ~<Jrbon emi'isions to iniliale 

II ~elf-perpctuating lipPing pmce",. ~ince thl" ::.!UJ~ onl) nllltle\:.. [he graJuallh<J\'ving of pcnn<lrr,hl through th.: ,leep~uillg ot 

Lhe aeti\ <! Ia) cr. \\ ~ cannOI ruk nUL the rO - 'lblltt~ of lIppin;l pnims a socl<Jted with the ahrupt tha\\ ing ot tallk deH!lopmelll. 

Figure 7. Additional changes in (a) radiative forcing, (b) global warming and (c, d) permafrost area due to permafrost carbon 
feedback, calculated as the difference between the PFC and NPFC simulations. Shown are results for the stabilization (dashed 
lines) and o\'ershoot (solid lines) scenarios at 1.5°C (blue), 2.0 °C (green), 3.0 °C (red) and 4.0 °C (purple) global warming levels, 
along with the SSP5-S.5 scenario (black). Square markers indicate the time points when the temperature overshoot reaches its 
peak or stabilized warming begins, while circle markers indicate when the overshoot returns to \.5 0c. Results represent the 
ensemble median of 250 simulations. Dots on the right panels represent values in the year 2300, with uncertaint)' ranges estimated 
as the 5th to 95th percentiles. In panel (a), the additional radiative forcing is calculated using the simplified expressions (Etminan 
et ai., 2016) based on simulated CO2 concentrations. In panels (c) and (d), the additional permafrost area loss is smoothed using a 
5-)'ear rolling average to eliminate interannual variabilit)'. 
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Figur~ 8. Tim!" erie. of Ilcrm:,rrc"t fc('dbad. fnrlor under ~tabilil:llilJll (dllshl'd lilu:,s) and oHr;hoollsolid lillI's) sccnllrius at 1.::- O( 

tblue), 2.0 0 (I!reen), 03 .0 °(" (reu), :lnd .... 0 °(' (pur'p le) glohal \\arming le\l:-" . a~ Ilell :1\ lh~ . ~r5-8.5cellllrio . Square mar-I,.ers 

440 indicate Ihl' lime IUlint .. II hen Ihe temperature flle"hoot renciu', if 11t':II,. IIr stahilill:-U I~:\rIlli"g bt'gi,,~ , \I hill' ircle marl,.er 

indicate \I hl'U Ihe oHnho,'t r 'turns III 1.5 0c. ResuIt~ repn'~enl the en,emllle nu!di:1Il IIf 2;:;0 simu lntiun\. nlll~ 1111 the ri~hl p,me" 

repr('sent lulll(" in thl' ~C :II Villi . nith uncelTainl~ /':lnge. e,rilllalell '" IlIl' 5th In 95111 (Ien·cnlile.. Thl'l'errn"rrn~1 f('cduacl,. faclor 

i~ ralrul:ltcd (\' Ib~ i'lli/o of atlduional glubal ,\armill!!. cau\cd II) Ihe prnn:lfro I r:lrhlln fi:'cllharl,. h .I.'., Ihe IliffHence brlneell the­

I'~ C IIno , PI- C simulllllO"~) 10 Ihe global mean tl.'lIll)er:llure chaneI.' in the 'IPI' (' illlui;lIions. 

445 

The permafrost carbon feedback also causes additional permafrost area loss under stabilization, overshoot and SSP5-S.5 

scenarios. During the cooling phase of OS-2, OS-3, and OS-4. there is a significant additional permafrost area loss of 0.3 

[0.1 to 0.4], 0.4 [0.2 to 0.6], and 0.5 [0.3 to 0.7] million km 2 respectively (Fig. 7c; Fig. S4c), contributing 6 [2 to S] %, S [4 

to 12] % and 9 [5 to 12] % of total pennafrost area loss by 2300. Although global warming has been identified as the 

450 primary driver of permafrost degradation (McGuire et aI., 2016; Lawrence and Slate, 2005), the temporal evolution of 

additional permafrost area loss does not align with changes in the additional warming (Fig. 7b; Fig. S4b), particularly in the 

stabilization and SSP5-S .5 scenarios (Fig. 7d; Fig. S4d). To better understand this puzzle, we conducted sensitivity analysis 

based on the SSP5-S.5 scenario. The results show the sensitivity of permafrost area to global warming (SPA W, units of 

million km 2 °C1) is not constant. The maximal sensitivity occurs below a global warming level of 1.5 0c. The magnitude of 

455 	 SPA W decreases as global warming surpasses 1.5 °C (Fig. 9a), suggesting the response of permafrost area to rising 

temperature weakens and indicating a diminishing feedback effect. Interestingly, by multiplying transient SPA W by the 

additional wanning, the temporal evolution of the additional penna frost area loss can be welJ reconstructed across various 

scenarios (Fig. 9b-i). The root mean square error (RMSE) between original and reconstructed additional permafrost area 

loss, ranging from 0.04 to 0.09 million km 2, indicates high reconstruction accuracy. 
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Permafrost carbon feedback usually induces greater additional warming at higher global warming levels. but the lower 

SPA W diminishes its impact on permafrost area loss. Under the SSP5-8.5 scenario, the additional permafrost area loss peaks 

around the 2060s, reaching approximately 0.19 million km\ coinciding with a strong sensitivity of 3.4 million km 2 
0("1. 

After this peak, despite continued rise in additional warming, the permafrost area loss declines notably due to the gradual 

weakening of SPA W. Similarly, in the stabilization scenario, SPA W decreases markedly at higher global warming levels, 

even as additional warming increases, preventing a positive correlation between the additional permafrost area loss and 

global warming levels (Fig. 7d; Fig. S4d). For example, the additional warming in the SWL-4 scenario reaches 0.24 [0. 15 to 

0.35] °C by 2300, nearly twice that of the SWL-2 scenario (0.13 [0.07 to 0. 19] 0C). However, due to its SPA W being only 

0.8 million km 2 0 ("1, approximately one quarter of 3.4 million km 2 
0 ("1 under SWL-2, the additional permafrost area loss 

under SWL-4 scenario is only 0.2 [0.1 to 0.3] million kmC, significantly lower than 0.5 [0.2 to 0.7] million km2 under SWL­

2. This suggests the maximal SPA W occurring near 1.5 °C and 2 °C global warming levels has significant implications for 

the Paris Agreement's targets of limiting global warming at the same levels. 
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Figure 9. (a) Relationship between SPAW and global warming derived from the SSP5-8.5 scenario based 011 the PFC simulations. 
Black curve represents SPAW calculated as the slope ofa local regression (Cleveland et al., 1979, 1988, 1991) between changes in 
permafrost area and global mean temperature under the SSP5-8.5 scenario. Colored circle markers represent transient SPA W at 
1.5 °C (blue), 2.0 °C (green), 3.0 °C (red), and 4.0 °C (purple) global warming levels. (b-i) Time series of original (solid line) and 
reconstructed (dashed line) additional permafrost area loss (L'.PF) due to permafrost carbon feedback for each scenario. The 
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constructed results are derived by multiplying the transient SPAW with the additional warming (Fig. 7b; Fig. S4b) under each 
480 scenario. Smaller RMSE values indicate higher reconstruction accuracy. 

3.3 Linearity of Permafrost Response anti feetl had. 

Arter e"ploring the re ponse and fe dba\:k or pcnnuJro5t lInt!er temperature stabi lization and (l\ er~ho()t ~l"enar ios at 

varioll glohal Wilnlling lewis. it is natural to que tion tile ~in~am) of tht:se rcspons t)and fecdbac~as fUlictions a/" 

485 g lobal warming levels Our reslil l ~ ~Iw"\ that thl! rcsp()n~es or pemlalro~l area. permu lrost carbon Ceedbac" and aS$ociatl!d 

radiati\(! forcing to a hroad range of g lubal wanning an.: ncar!) linear (tig. 10) The permafro. t area .:hangc c\hibit a 

strongly nonlinear relutJOf1ship \\ Ith global \\ unl1lng be lo\\ I .S ' e level. then a qua. ilinear relation hClween them in the 

global \\ arming range from 1.5 T to 3 '( Above ., gil bal \\arming.. the sensiti\il) of pemHlfrost area lO global 

warming decreases l1ol1linear l ~ . and it is evident in both stabilwlliull and SSP5-85 scenanos ( - ig. lOa). In contra, t. 

490 permarro'; t ' arb ll1 10<;$ and a, ociateu radiati\e f(m' ing e:-;hibit a nearl) linear respon ' C to increasing glnbal \\ arm ing l eve l ~ . 

espednlly above I " . lor both ~tabilizalion <llld SSP5-!! ,5 ~ccn<lrios (Fig 1Oh. c) . 

Meanwhile. the st.'llsitivitie,~ of penllafro~t area. perll)arro~ t (arbon loss. and as 'o(iated radiati\c forcing to global 

W:tnllillg under tubilization 'c.:narius ::m: all strollger than tho~ ' und\.'r lhe S~P5-8 . 5 'cenario ' pecitically. based un the 

SiIllulmcd permafrost area in the year 2300 under stabilization scenarios \\ llh global warming leve ls bet\\e~1l 1,5 C and 

495 	 J ' c, the ensiliviry ofperl1\arro 't area to global "armillg i ' -3 . 19 1-301 tll -3 36) milliun ~Ilr T- I . In cllmparison. a linear 

fit of permafrost area change against global warming levels over the same temp.:rature range in the SSP5-85 -cenario) iclds 

<l sensitivity of -2 .85 [-277 t -2.891 mi llion km~ '- , 1. imilarly . the perll1afro~t carbon feedback per Jcgr<;e of glob, I 

\\ ann in g Jeri"ed from a linear fit based 011 the lotal permafrot carbon 10:" in the }car 2JOO unde;;r t, hililation cenarios. i ­

::.7.6 [-16 .5 to -3821 PgC ("' In contrast. the cOITesponding value under the _SP5-S .5 scclIario. estimatl?d from a linear lit 

500 over tile I.;; e to 4 OC \\ arming rangc. i. - 19 .3 [-I - .7 ll) -24 , II Pg °e-I . Aprl) ing the same appruach. the associated 

radiative rorcing per degree or global \\arlllillg. b estimated to be 0.08 [0.05 to 0. 12] W rn : e I for the ~tabil i zatiu ll 

scenano and 0.0-1 lO .03 tn 0.051 Will': C- for the SP5-R.5. rllese difference bet\\een the tabiliLaLioll and 5SP5-8 ;; 

scenarios are mainl) auributabh: to thl: dilTcl'ing response time ~l?ak reprcsel1led b) the t\\occnarios : S:P5-8.5 refl ects a 

lypical transient res pOll e. \\ hi Ie the tabllizallon scenario maintain stabi IIzed temperalure<; lYer extended pcri()u~ and thlls 

505 	 approximate a 4ua5i-cqui libriurn re<;ponse or the climate-carbon s! ·[eill . FUrLhemlOre. the sma ller :en~itivit) of pemlafrosl 

radiative forcing pel degree of glubal \\ ~ulning under the SSP5-!!.:' can be partiall) artributed to its higher bac"ground 

atmo 'Pill:lic CO. COJ1cclltration 'ompared to the stabilization cenarios. Thl: same anHlunt III' CO: em i. iOlls \\ (luld produce 

smililer additIOnal radiative forcing under a higher hackground afll1o~pheric CO: concentration. due to the logarithmic 

n:lalionship between (0" concentration and radiative rorcing (Ctll1inan cl al.. 2016) 

5 I 0 To iI certain extent. our finding. al ign \0\ ith thoe or itLbOIl et al. (_02-1). \\ ho uggcsleJ that the accLimulated response:: 

of rctic perm, i"rostLO climate \o\al111ing is appro'\ illl ate l) quasilincar. ILZbon el al. (202--1) reported a lJllasililkar dccrc<L~e 
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ill t h~ ~q ll ilibr iu ll1 pcnllat'mst ,-,,, tenl to gl <I I wanlli ng, with a rale a t approx lIll:ttd) 3.: mi lli on km~ C I rhl, quas il incnr 

re lati on h old ~ fo r global v. aml ing ra ~ . . to 4 '. deriveu fmlll the em pi rical relation hip bl'lWCl'l1 the 10C(1 1 

penl1 il rro~ t fraction and the annua l lean globa l temperature. Il nwever. our re!> lIlts indiclHl! the qua. ilinear relat ionship ,)Illy 

ho lds fo r globa l warl11l1lg levels ct\\ een 1.5 '( and J FlI l1hernlllre . the pernwfro t carbon feed bad, and thl! a~s() iatl!u 

rauiati. \.' (~1rc i llg pel' degree 0 \Iamling. ,s uerived 1'1'0111 our s imulat ion!> or bo tlt Slabil i,wtion an u S. P5-8.: ccnario . <Ire 

\ 1 Ilhm tile ranges of -181-3 to -4 11 PgC C-1 und OOQ r002 to 0.201 W ill - C I. respectively . repolted by Canadell el al 

(l021). Our est imate. al 0 llign with tile e:-,tim<ltcu range or equi libriulll sellSil i\ it) of pemlafrost carbon ueci inc to g loba l 

warm in g. which i ~ -2 1 [-4 to -48J Pgl . I . Thi s 11 1 a~ repre ent an upper 1Il111t for pCrIllarro ·t tarbon leedbac k per uegree or 

glob;]1 \\an11 ing. consi dl ri ng th at the estimated reullction in pem1ah-os t carbon docs not equate directly to carbon .:mlSS ton~ 

relea. ed into the almo phere. a 110tt!U bv Nitzbon et at (20241 1. ~,W\~) 1. ~c.~-k~ ~ V) W\~~ ~ 
. b..J::- pl1 Cl4l'¥\.(y ~ 

Unuer oVtThoot scenarios. permnfro"t area rc ponds nea rly revt! rsibly and pre~ents an a lm~s~ clo~\!d loop (Fig. l Oa). In 

t()l llrasl. permafrost carbon 10.. exhib its an open loop \\ ith rc pc t to globa l waml ing le\ cls In othe r' \\oru s. permafrost 

carbon I % does nOI rever ·e as tempcratun:s decline. in uicating irrever. ible p\!nlla ti'o~ t carbon rad iati. e forcing Among the 

um:'1.' I11c tnc5 investiga ted here. on ly pCtmafro.'> t area e:-.h ibits strong reversibi lit) under til overshoot cenarios I his al'\o 

c:\p l<l ins \Ih) , in Fig. 9a. tile pcrmafrost area Cl1sitivit) derive<l from the SSP5-ILS ~tcnar iQ . \\hen mu lti pl ied ll) additional 

\\ ([nll ing. can reasollabl: [.:conslruct perlllafrost area loss in the stabi liLat ion and UVCr:. llOot cases 

0.0 I--_~_~__~_~_~ 
Q.0 2 3 4 5 

Global warming 1°C] Global warming 1°C] 

figure IU. Uelliliomhill behH'cn global \\ ;l r m ill l!, ICl cls :lnu th r ee pcrmafro I I1lcl r i c~ : (a ) permarro ·t 'l re" 10 ~. (h) pcrntafru t 
carhon loss. and (e) permafrost radiatl\ ~ forring in Ih~ stabil ization (colored dashl'd lill~ · ) and oH r shoot (eolor~u solid lincs) 
~cenarios al 1.5 °(, (hlue), 2.0 0(" (J!.recn ). J .O 0(" (red) lind 4.0 °(" (J1urJ1le) global "arming t(,Hls. :Ililng ~\ith the SSP5-S.5 scenario 
(bla ck ), quar e and rircle nur ken indicate Y:IIII{,~ in the year 2300 fur the sl:llJ ilizalion and over hOllt , cenarios, re'J1e cti\'l·I~· . ,\11 
rc ' ult · a r c based on the PVC simulat ions. Gre~ solid lines show linea r fit of perma fro t metr ics to globa l \\ll r millg levels in 
sllibili7.ation ~cenarjo~ by 2300, while black dll 'hed lin es sho \1 corre. ponding fit, for the SP5-S.::- ce nllrio. Note that in p:lI1el (a). 
bOlh lht" s tabilization sccnar i o~ :lnd Ihe cOITeSIJonding S~ P5-S.5 pOint indudell in the linear fit are lim ited to a lob:ll \\ :lrIlling 
J ~y el s betwecn 1.5 0 and J.n 0c, wh~n'!ls in pUII~ l s (bl anti (c l, the fits indud~ points with global wllnn in;; leve ls ranging from 
15 °, to .400 °('. For tabilizalion ('en:lriQ , onl~ the results from the year 23011 are used for fitting, II hile for fhe SS PS-S5 scenario, 
all n ' ' u l t.~ 1\ ithin the specified global " 'a rmin" level r:HI"e are u etl for filling . Sh;ldl'd region~ reprewnt Ihe 5th to 95th percentile 
ranges across 250 cnsclI1 hie simuhllions. 
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540 	 4 Conclusions and Discussion }{>~~ 
This study utilizes the intermediate-complexity Earth system model UVic ESCM v2 .10 and perturbed parameter 

ensemble modelling approach to study the response and feedback of permafrost under temperature stabilization and 

overshoot scenarios across different global warming levels. 1 he I lYie F eM \~. 10 has heen \::11 idated agamst obscf\I'atlUnal 

and reCOIl~lrlll:led Oalasch. uellwllStratillg ils abillt~ III rt'pnluut'e li"!llI iGI pernwrrosl .1rca ,Iud perntaCro..1 c<lrholl stllck~ 
545 	 addition to presenting the changes in permafrost area, permafrost carbon and permafrost region soil carbon under various 

warming trajectories, this study also quantifies the additional radiative forcing, global warming) and permafrost area loss 

induced by permafrost carbon release and . uggc ·t · thal pelntufrn~l cat bOil lecuback is Llillikel~ In initiate J scli-perpeLuallllg 

global tipping proces~ lIlluel blllh ~t,Ihili7Ulilll1 anu o\-ersllllllt 'n.:cnuri(l'i . In aJuilltlll . lhi~ stuu: re\cub qllasiltne,,~ resp()n.~t A-fU)./) 

OK1V 	 -kw-\.~ t"o-'O'
of perlllatrosl an:~u. pcrnhllnhl carboll ,HId a~socJ[\tcd radlali\ e lim:mg " n hm,lU range of global ~g. providing 

550 ins ights into the implications of permafrost carbon feedback for long-term climate change and miti~n strategies. 

Reductions in permafrost area and carbon exhibit a strong correlation with global warming ~er both stabilization and 

overshoot scenarios. [n stabilization scenarios, lower global warming levels effectively mitigate permafrost degradation 

compared to the SSP5-S.5 scenario, whereas higher global warming levels lead to substantial permafrost degradation due to 

cumulative warming effects. [n overshoot scenarios, permafrost area largely recovers as global warming returns to 1.5 °C 

555 levels, though this recovery is delayed by hysteresis effects, with degradation persisting for decades after temperature peaks. 

1'I:rl1lilli"o,ll'urhllll uedlm: ' IIlIdl'l hnth ,lahtllzauol1 alld (\\er,hnnt '('ellann,. dnH: 11 11;. Ille (hll~IlIiC h;lIanct! h"\\\l:el1 'Iltl 

..:,Irhnll illPUb .lIld de':llll1~)llSlli\ln . Th.. II\er.. holl1 sccnarios parllall~ Illillgah: perl II al"1'nsl '<lthll1 lus~es cOlllparcJ III Ih 

stuhill7;]1I0n s. cnJriu~ ill Iht! am.: gloh." \\ um1ing 1.:\"c1s '\ igni riealll c;]rholl 11l,~t!'i per~i~t during thc cool ing alld 

l<loiliL.ilthlll pha,,\:~ of (\\clslwul "ccnarlO. hi!!hliLdHllIg the essentlC.llI) im:vcrslble nature of lilb pmtt'." rt'rnwrn)~t 1"1'L!IOIl 

560 ~()il ,'arboll c,hibib a certain dt'grec of rc,'()\t'T} lInd!!r the ()\CrShlHll .,cellanns In Elcl. ~ojl in Ih(:!~e regiolls e\cn transitions 

11110 il cm'bon SII1!- durll1g thl' '\;Ihlli/i:ll lOll rh':ht' If IhI.' m cr,i1ol11 ,1't'n<ll"UlS \\ ith high glllh... 1 \\ JJ1ll1llg 11.'\ "k "'lIrp\lrLed h~ 

r'dLiccu d':COlllposllion ratc, and sLlst:lJlleJ inputs fro II I '"t'gelatlOn Itttcrfilli flo\\e\er the higher the n\t'r,hll\l\ 1t'\eI~. the 

k . .. rCCI)\CI) lhl're i~ nll.'SI' lillUlllgs ul\\kr,L(m~ the Lnth.al rllk ollcllIporaf) ICnlpl'rulurc o\l'r~honllng I\:\cl, III affccting 

lung-len)) pt'rnlaln)~ l .:arbon rdt',ht' <llId rt'clIvl'r: Plllt'lItwl 

565 	 rhe responses nj pennnlnlSt area perlllarrUSI c~rhllll,;:lnd a 'sociatl'u mdlatin~ fon:ing tIl 1I bn:latl n1tlgl' llf glnha l 

\\;.Irl1llllg ,1ft' Ilt'arl~ I1I1ea I' 1 ht' [lcnllaffllSt "rca and gll)h<ll mean ICl1lperalun: L'\hib" a quu,ilint'ar relation lin Ihe gloh:.d 

assoclatcd rat.!wtiH: fnrtlllg t'.\llIhll a quasilme..lr rL'latulil III glnn,,1 \\:Jrnllng nlllge'i rr(1m I til ~ C ulltler thl' ,whd 17.LlI illil 

wid.., ';"P5-l) ," ·1.:':lIal il1~1 he ~l'n~11 J \ il~ 01 pl'rmal"rusl art':.t (0 !!Illbul \\ UrIlllllg dCli h:d from lht' ~t,lbd I/allull ,lilt.! S P:5-8:, 

570 ,ccnarios is much higher than 1.6 million km 2 °el derived through an equilibrium permafrost model (Liu et aI., 2021), but 

our result is close to that derived from an observation-constrained equilibrium projection, approximately 3.5 million krn 2 °e l 

(Nitzbon et aI., 2024). Nitzbon et al. (2024) noted that permafrost area decreases quasi-linearly with increasing global mean 
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temperature. 1I00\~ver. \\e [ollnd that the n:l:Jtloll\hip hold mlhl,>L[()Ugly for lhe glubal ,\arming range 1'n1m I.' C Lll , t~ 
575 L glob.:d \\arming. It then dl:!crcases tLl a l'elali\d~ stabII:! leH:1 beL\\een 1.5 l anJ 3 L \\UI'mmg le\e\s. and conLinue:- tLl 

dediil~ he) \lnt! the 3 C \\arm ing le\ cl This is in line with Comyn-Platt et al. (20 IS), who found the feedback processes due ~4
~ 

to permafrost thaw respond more quickly at temperatures below 1.5 0c. The maximal sensitivity occurring below J.5 °C ho. <S 1
'-y J . 

global warming level suggests the fastest permafrost degradation is anticipated to take place within Paris Agreement's 0 .... 
warming levels. Our fi ndings have significant implications for the development of mitigation and adaptation strategies 

580 addressing permafrost-thaw impacts consistent with keeping global warming at the Paris Agreement's levels. 

Our study highlights the substantial permafrost carbon feedback during the cooling phase of overshoot scenarios. ~1 
Permafrost carbon release evidently increases global radiative forcing and amplifies global warming. The permafrost carbon 


feedback can be more profound in temperature stabilization and overshoot scenarios than in high-emissions scenarios~ 


~ .:tabilization scenarios, additional radiative forcing and warming persistently increase over time due to delayed degradation 
 II 
4r 585 and positive permafrost carbon feedback. In overshoot scenarios. additional warming almost stabilizes once g lobal warming 

u~	 drops to 1.5 °C levels. During the cooling phase of overshoot scenarios, lower background C02 concentrations amplify the 

warming effect of permafrost carbon release. In contrast, under the high-emissions SSP5-S.5 scenario, the additional 

warming is limited due to higher background C02 levels reducing the addition.al radiative forcing from permafrost carbon 
I ~ t:l1O'Ou..no. 

release. The additional permafrost area loss due to pert;'afrost carbon feedback.~ 5 [2 to II] % of the total loss by 

590 2300 in the stabilization and overshoot scenarios. Th~ additional permafrost area 10sSdJ can be well explained by the 

sensitivity of permafrost area to global warming and the magnitude of additional warming. The complex interactions 

between global warming and permafrost degradation emphasize the importance of account ing for these nonlinear effects in 

climate projections, particularly at 1.5-2 °C global warming levels . 

o Our result sholl illcompl~le n::Ul\ <:1') 01 pcrmalrosL ::m:L1 under the o\crshnol scell~lrHJS \\ lHch l'i Illflll~llced h~ Illultlple 

595 	 factor fil l. the additional perl11::J lrnsl carh<1f1 n:lc;)sc leaJs to grc(llel adJlt lolHrl \\unning under the over·d1o(JL scenario 

Ihan the ~\\,I - I' 'iccl1.lrio. C<IIhlllg. lddltiol1ui pemlafl'Ilsl dcgrnJ,ltit1l1 B~ .:no(J lile 1l0rthel ll high-latitude pl:!rJlhlfrn'l 

regioll'> .Ire un I D. I J C \\ anl1cr compared 10 tin: \\ L- I .5 scenurw. :ccond. the lhcm1JI Inertia uf deep soil l a~ ers limits 

the raLe ol'perlltalrosl recO\er~ . [veil aftcr glubalmcall tcmpcmlllres relllm to the 1.5 C. tar!!cl residual heat ac-:ulnlllaleJ in 

Jeeper "ot! la~ ers Juring temperature (l\ cr"h(l(\l perlou l:ontlllue.' to II1hib ll pernlJi'roL rdrcc/lng. prelentll1g Ilitl reSLOratlO11 
~ ~ • ." '''' th(,. tOwL.-/·S . 

600 LIl ib rle-ll\\.:!~hu\!L ~t,tl...: . Third. gre,tter ~lJI l <':.11 bUll lo~s lIIlder O\e l·~!tllot "I:enariw. ~Llh wnLi,dl~ , aller the h~ drologil.al dlld 5CL.l"It\"'(\Q 

thcrmul pl(lpcrtle~ of ~()il. aflecl!llg til...: pHlce~,,;:- thaL go\cm carbon C) ding (lhu t:l al. . 20 II) . ,\\ i,. 2U 12. Lawrence ,IIlJ 

'I.lt..:, ::!OOR). \\llIth in tum alT...'l:1 thc rcc~l\cf') I,f pClIllJln)s( Jrca . \l llrCtHcr. Irre\er -Ihle shin.. in \egetatlon composillon 01 

high-I"l iluJe tel re~trra l ~e() -~ :.Lemo., also C( IllribuL(' to the inc( mplele reC(l\ ef') nr permafrust M<:!a 1IlH.Jer 1\ler"hoot ' -:el1ario~ 

f- or Illstanl:C. among thl: twu domm<lnL \ egt:l~lllllll t) pC:>. nccdlclcaf lrel!:> continUe to e\pand \\hik l3 grasses declinc elCIl 

605 aftcr glohuJ t..:mpl:!ralUres !"durn to the I -; l w;lI'ming le\ d 1 hese irrl:!\·ers lb l.: changes 11I~1~ sl~lbd i zc tlte carboll . \\ akl . and 

t!11t!rg) C) 'I~s 0\ er the p.:rl1ltlfl'llSl rcgillil al differenL equilibria, Iier o~er,l\(lOl. through the II1Lerat:lilll1s bet\\ccil ph) ~ical 
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and hwph:~i~a l pr\ll:es~t's (J.: Vl'ese ,md Br )\klll 2021 ). lh I·.;h\ con Ir;lInlllg the 'lbilll) 01 p<:lll1afro"llo full: rt'':l'~er un del 

the m er,hoot scenarlll, S c ibl\\," ~ ~'t\. ~e.~ 
All ho llg ll p<:rllwtrost carbOT\ loss b esseT\ll~d l) j ITe~erslh l e. 0 1 ersho()t S(;elllrtu~ e,hib ll a Ct:rt~lIT\ de!! ree 0 1 re':lI l cr~ 

610 rdalll'i! Itllhe WI - I " tabd i/atll))1 eCIlOliu (r ig. 4n. Fig S::!h ) It IS thl.'rett1l"e e S 10 kllll\\ whethe r permu lrO"t carholl 

undel ()\ ers h(lol SCCl1ar i (l~ II il l el el1lLlall: u)m erg.: II ilh Ih.1l LInUer ~WL-I - Our rt:~ll l l;, ~hn\\ Ih.1I pemhlrro~1 1:,lrlWI1 inputs 

Jrc cons l stcntl~ higher undcr ovcrshool sccl1Jrios than undcr WL-1.5. II·hile perll1afru:>1 ci.lrbon decOlllposltil)(l dilT..:r o\1l~ 

sllght l) b..:lweell the t\\ () (hg 5a. l.: . I lg . ~ iii, c) I hi tend to "Ugge",1 that the "ma iler perll1ui"nbl carbon "lOcks undel 

1)II.'ISIH1(IL ~et'l1,tr i ll~ b\ 2.3()() w\luld I.'It:ntua lh Ulll"ll ttp III till.' k,eb 1I11lil.'r WL-15 Tn ,,~~t's~ t l ll~ PlllclIll,tI c,lIlvcrgelll:e. 

615 	 \\C c,tenJed our simulation ' l\l both. \\ L- I.) and m .:r~huol ~\.:emlflll to lh.: yl!JI 2400 (datil nol ,,110\111) Then W~ cSlimulcd 

tllc cOl1\ .:rgcl1cc lillie b~ ~illclilutillg the ratln belllc('n the u,flerem.:e III perlTlafrosl carboll ,lock and Ihe dlrterenLe III net 

PCrtlwl"rost earnllil inpLils (i c, annual pertlhltro~1 earhol1 Inpuh minus Jc':olll(lo,itilltl) t~'r Ihl! U\Cr..,JlOot sl:l!llar i ll~ rdati\\; III 

lhe \-Iv I -I _- ,cellilrio Hu ... cd 011 '>ll11ulalllll1 r6u lh Ill r the ~ e,lr :: ~(I() the medIan e,tlmaled COIl\ ergcllLe ItllleS lilr ()"-::!. ()'i ­

3 :II1J \):'--1 arc 1076. IOljg und 1·I3J :-eilI~. respcclI\e!j \\hcl1 u... i lH!. reo lil t, tfllm the ~ear 2-1Il(t Ihe correSp~lIldltll! (,S llmales 

620 	 inC!" 'Jse tn 1'77 11 91) unu I"56S ycar, r h i ~ nll.'!:Jns Ihat 1:\lI1\wgem;c \I\)u ld lak~ c\~n longer If ..:~lil11alcJ fro11l Idler 

Sillltll"tillll r':~lIlh. 111<11111) UliC 10 gnlduall} \\CJkCIICU PCIll loli"ro-.l c<trblll1 illPlih Tht' re lulildj hll~el pert11Jlio'ol cmhl)\\ 

lI1pLll ullder O\er~hDOl SCCl1anos result mainl: [rom llllrcased Illlertall durll1g the overshoot phase 1he c\.tm littertall during 

Lhe nvcr IWIlI phil'iC graJuJI1) Ill(l\e~ IhwlIgh tlic ,n;tl\C l<l:er and I~ tr.1l1'ipOI1ed to Ille penn 1Im"t lonc (hc:r lillie 111\\\.:\ cr. 

625 	 1ll:1;' take ''\tr(,lllcl) IUllg tlme~cll i es lor the ovcrshoot ~eellar l OS to lull) \:oll\'c rge With S'A-I .- I 5 11 1 tcrlllS or rC'rll1[\fro~t 

unbull t\)C~' Il1udJillUll. Jue to illt.:ornrld<! rCCmCl) or pert11<1ril) l <lr.:" <llld [lO:lsi,tcnt chang.e III llrl~ICC dlllli.lk' llllUll ti 

rr(lr~l1le". Ih~ !1\t:rhl1nlceI1<lrio~ might ultimutei) rail 1\1 L(IIl\C rge to S\\ L-I ' 'cenarin in lerm~ of perlllafrol carbon 

"Iol:ks 

Dlllerent pcrmalrl)st Carbllil rclea~e unu .h~(lll.lll.'d aJdllilllla l \\ arm ill]; lIndel l)\ Cf~ho(ll ' cellartll cunfirm thl:! path­

630 depcll del1t t:ltc of rCl1llJ Irml rcgioll carhllll (K Icincll <llId Bnl\· ill 211111) all I the Jl<lllt- kpel1dellt red Ill.: II 011 , in C() l'nll~.,inll 
~I"'CA.. hA~ 

hLlJ ill'ls (V1;]I:Ouu.!all et JI .. 2015. Gasser ct ..11 .. 201&). ,Y., thc pemlUllusll:arbun~ llCCulllui ..lted \ ':1\ ~ I Il\\" Ulirill!.! tlie 
~h,' -\eV\, o-f f1,.o~u,~!. of r 	 - . ~ 

la. I 12J.i ll j W , 80+' ) C:1r... its re led'ie \\Ollid be I,l\:ked \llltu Ihc lllllllr1lpllgcll iL CO eI1115~1l\1I'i tind the n.::ulllng JUdl llllllu l 

\1 urlll illg poses a Lilallell!:,c to .lehlt!~ Ing g lohal dllnate go,lIs In ~L1hsw\1! i<tl l) redul: ing the lem.llllil1g e;Ir!WI1 budg..:t 

COl11r,1t Ihle \\ Itll the Paris "grt:l!menl (Mad)ollg.lll el al.. 20 I:. "tali ..:( al . 2(21) 111 the ll\ er:.holll :,cenarill~ simulated inI 

635 	 lhls tlld~. rertllalrost Carh'l!l I'e len"e h~ 2,(1) r:1nge<; trllill hO I') III S7 1 Pg( LO 97 [6, to I \ ~ I I'g{. Ihe aNlcl:Jleu 

Judilioll<ll \\<lrl11ing .:aused hy Lhe relt'a~e rallge~ nIHil (l . IIl I!) ()6 11101"1 C III 0. \8 10 I I III n2~1 c. nll~ pc:rtlluf'rosl 

t::lrbllil ICl:u(,dLk C,HltribLlte~ ,I suhsti1ntial adlltlion 1111 {(lp Ilf I .:' C 'limning targt:t ullJt:r O\l.'rhool :>It:l1ano . and the 

111<t!.!ll ilUJ.: or tim. aJJitJOl1ul \1 armin~ IL' t'S \1 Ilh t1w amrillud<: 01 (\\ 1::1"[llh)[ 1 0 cKt:Olllplt~h Ihe' I :; t larget lInd~r the 0 _-2. 

() -], and ()'-,---I ~C'ell;.Irl()S 'Illthropogo.:l1 il Ldri1011 ellli'iS iOI1S \I mdd be reJul:ed h) J.1l1ll11l1b cqul\ alel11 LlI Ihe pertll,li"rllsl 

640 	 l:lrbnn reka~e The prOplHtlOll 01 t:.lrhon rel1w\ilI rO;:I(\llre'J 10 nfhct rern\(lli'~hl cmissions IS e,tim,ll.:d ,II 4 t) I~ 0 til 7 II "0. 
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(d [,I, J tn 9.2 J "", .md 8 1 [5 ..j til I I 61 b~ ~31l0, respcctl wly Our finJings are 1)I1"\. t.:nt II ith pr 'I IOUS research util iling U \I 

ti1~ \IIullle Carlo .:n5':111hlc Il\etltou to c\alu<ll~ the re,pollse 01 p.:rnhllro~t ~arhon anJ Ib IIltlucnee 011 C() , emission hudgds 

unJer oVt!rshool cCllarlos l<Jrg.t'lII1l! ,I I - C warming Iunit (u<Js~er et al.. 211181. p<!clricall~. Illr liver hoot alT\pIltuJe III 

() 5 C (peak I\anl\ill~ of 2 () .lnu t C (pcak \1;)1111ing of 2.5 <.). the reducIlLlllS in llntilropogenie CO, ellli:,!>il1l1~ dut' to 

645 pemlafrost art' .:l.limJted to ht' I JO (\I ith u rllnge or:30--JOO) Pg. (0" anJ 2 t0 (\11th a rangt' ,,1' 50 -130) Pg CO:. rc~pecti, el~ . 

III meet the Itmg-term 1.5 C target (U,bs.:r et al.. 2U I8) 1 hese results arc comparuhle to our eSlimate ,)16013" tll 87 1PgC 

IInder nS-2 and 78 1,0 to II I Il'gl unuci OS-I. Ihe diilercnccs hl.'1\\ cell the 11\0 SLuui~s <3n he partl) attributed tIl difkn:nt 

l\arlllil1g tr"Ject(1rics to ;,H:hiele the Sllillc I " C LMg.el. Olll luJ) rurther "UIl/iIt1I!> tlhll irllcgall\\! l'O~ emi~~i(]l1s ~\t::re to be 

u~.:d III r..:\,cr'ie Ill.: <1nthrnppg~lli( dil11<ltc ~h[1nge . Ihc delayed pcnnuli·ost carboll r~kase \\lluid rcuucc It. d'ti:ctiIClle'iS 

650 (MacDougalL 20 I : lokar ka and Zld,I'cId. ::!(15). uY\G\e."y ",,\....t 1k\" W\U4Y\? 

Thi. ~Iuu~ due~ IlIlt ,illililatc the CilJJlgC'i or Jeep Yeth)l)j;J ~"lrb(111 unuer th\! h:llIpcr llIretabliizatioll :lIlU lwerslloot 

\~' 'narith. Yedlllll.1 depo..,ih represenl a <;iglllli..:anll.kcp .."rbon re~ervtllr iJlld arc 1'lde"preaJ acrll S "Iberia \Ia ka . <lnJ Ihe 

YU~OI1 n:gion of (<lnaua IW\lIlg prill1aril~ formed JUring the I,ile Pleistocene. espcclail~ ill tile.: I,lll! gl.H:i.ll period rllc,>\:! 

decp. perenniail) t'rll/I:!n ·cUillH:UI. III'\: p<lrticularl) icc-rldl. alld Ihe frecLc-II,c(.,l'J organic mailer III 511ch J~posits (till he r..:­

655 Il10biliLcJ Ilil ,hOlt tirne-s( ..lIc'i. repn.'l>entilll! 11ue or the lJlIht \ulnerable pt:llllul'msl carbon ptlLlls lInuer Ililure \\<lnnillg. 

,,(cnarills (,)dlllllr et al. _015 . Stmuss cl al ~tlr7), I\ccof(,ltng III Zil1lo\ et <11 (2IH)6). lhe.'\c perCIlIll.1l1 y l"rIven Yedum.. 

setii lncnts co\,er 111l)rC than I IlIIlIioll \..111 '. \\Illh .111 a\l!mgt! depth I1f apprO\illlUtel) 2:' III ReCl:llt .:\tll1wte~ place thl: orgonlc 

('arbon slnc\.. 111 Yeti 1111<1 kpI.hits at ?13 2-1 Pgc. constituling <1 ignifieant portion uf the total p\!rll1atl'\l~t carhlll1 s(o<.k 

(Sln'lliS~ cl at.. ?o f 7l. H\)I~C\ cr. the lIVle I ~Cr-.l 1:2 111 lilt! lIeu 11\ thi ' ... IlIJ~ simll t IIC p~rmarm"l carhon ol1l~ \\ ith in th~ top 

660 3.35 III of sod. limllillg our abiJII~ to tim:cll) a~ c:., the ill1pacts (If telllfl<.:nllure ()\'\:r~hllllt 011 th:cp YCUOIll:1 carbol1. 

eolt ' ilkrlllg their Icc-ril.'h Il;1LUre <Inti pOlelllillt )lIsl'efltibillt~ to r:lptd-lha\\ prole~ses. 'AC unal~ leJ the averagc ,1l1Ull1a\111l1l1ll 

<Il.'ti\e 1.I)cr thi .. knes. (\L r~ 111 Yedlllll<i re!!lons ( lral iSS <:1 ai , 2021. 2()::!2) limier the ,illllll.lled "CCl1arill~ In ,1ppro\iIIHIIC 

pUl 'filial impacts , \\ e lind tlull til' al erage \1 T in \ eUllma region ... relll.lllh belllw I III in <lit ~tahilizmiol1 ,lIld overshu()t 

seen<lrin\. \\hilc tht: nlJ\.lmlllll 1\1 I r.lre!) c\.cccd~ 11~ m in oler h'llil ~een,tri(Js hilt doc" e eeell lhi" leplh III (11111: 

665 Sl~lbili/-"t l llll scellal 'i \l~ . I h)\\e~cr. ill .111 "lcililrios, the Ill.a\lll1l1l11 A 1 unes 1101 c\ceed 11 111. \\ hid, is l·cl.lli\el} sl,dIO\\ I 
.. .,. Ie:. £.0 

cOl1lparcd to Ihe U\crngc Jcplh t 2~ 111) (lj '1 cdnllli.l J':poSlb (Figul'l! <;)6) , <'1l115':llllCI1lI~ the illl(1:tct on 't ~Jol11a i ' 0 ~ll 

to b~ Illinilliul ill all S"~llall~IS . and tho;! dfi:cl III \l\~r IHlnt ~.:t!IlJri(\~ nil the u..:cp YetioJ1lJ carholl i~ rdJlIld~ 111111(11 

\;\\mptlrcJ to .- tahiliulIlm :Ol.:cll.trios a.., wdl. 

I hi 	 Iud) Ii\...: pre\ iou, ont:s. Ilnt·O\ .:r' eon"lCl~rahte Lll1ccl1ajnl~ ill prlljecllllih 01 pennarrn I curhnl1 unJer g:lnbal 

670 	 \\ alll1lng. rile 1I1lCCl1aillt: r.:pr~sellteu h~ pel1urbcu l110uel parameter, for c.:adl "cenL1rili 1.:<111 he interpr.:tcd a'i Illodd 

un.:el1,linL) We lIote Lhut I11tlJd uneel1allll> III pCl1llufro t c,lrbull I·el.:asc gradllutl) IIlcrease~ Idth the pea\.. I\Tlrl11illg Ic\el 

alld the Juration Or,)\er 1m It for each scenario (fig., k. hg " !l:). I(owewl" th.: ulleert:'lIlll) rJIlg6 in pellll.ilillsl c<.trhllil 

release SLlhst:'lI1tiall~ o\crlap for .crsh()ot ,1110 sttlhiliilltiol1 'icclwrios \lilh .Iujalel1l \I:.lnnill!;! le.el~. such as ()"-2. S\\ I-I 5 

and. \\ L-:2 Thl~ i\ c'i[ll!ci<111} CI iJcnt ill Il\\-k\d \\(lnning s~·cllal·ills. where the Llncel1aml~ In prolectcd p':n1I.1l'm I curhnn 
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675 	 re1~ase IS mall\l~ Jri \ .::n b) moJelum:erta l l1l~ Jue to rJr~llll 'Ier p.::rlurb;Jt i nll~ . rather thun ~cclI<lri()--re l ateti Lll1et'rtJil1l~ Ciivcn 

the "ignilicant nIle, (II Ihe pennafllht p;lv,iv..: e<lrhllil pool Inll1~lorm<lli11l1 rate unJ IhL millHl qLlantil~ \1! pcml;}frosl reg ioll 

~od carhUIl in Jdermining Ih..: Ll m;erLl1l ll t~ or pCllllafrust rt!gillil ~~lil carboll rdease. It i~ C\j1edeJ Ih~ll Ihe~e t\\ll raranlt'ter~ 

' ol1ln b ut~ slgnllicuml) to Ihe Il\crlapplIlg 1I Ile~rtaitl~ rallge~ 01' pemla!"r,) I carhon am] permufm'it regi'lll soil carbon losse~ 

ileros~ dill'erellt \\JrmiI1g k\c l ~ . Due to Ihe illtcrm:lillil \\ ilh ~llt1 earn III inpUls. the O\t'rI<lpping 1IIlccrt.lint) In permafrostk 

680 region soi l carboll relea c tend. tu JitTer lrom that of e;:.mlufrost C;lrbUll release For e\ull1plc. the 1IIlct!I'LJint) ranges in J ~ 
pcnllolrost c;}rnon release untlel ()\-1 am.! ~<'; I )~-& ~ \ccnarills ~h(l\\ e( n~llkrahlc o\\;rlar. bul Ihe '<Jllle dl)e:-, not Jprlj to ~D~e.~ 
-	 ~i, wi\! 
r(!rma f l'll~ l reUllllI suil carbon relea,~. "hidl r~~u l h i'WIII . i!.!ll ilic'lIlL Jifrerell\.:e~ 111 llil carbun inputs unJel Ji~tll l ci CO" I 
... - Dt.~ 

ferti lizution hud,gnllllld~ The large o\criupplllg ullC'el1[]illt~ I II projcetlllg pcrmulro. 1 carbon rcleae under Im\-!evel ~~ 

\\armlllg scell arlO';. as shlm II in th i... ~1lIt1) alld ill prey HIli ' re e;}ldl (1I.laeDoLlg,rll. 20 I~ : MalDoligu ll Jilt! Kiluili . 20 16. ~~f1\A.,. 

685 (,asser ct 31.. 20 IR). c\lllsllllllc~ a sil!nilicUIll chaliel1gt! in a~~'uratel\ c-;tilllatinl.! the rCllhllllill!! carbon bulil!ets consistelll \I illl (Ai ~ 
- J -- - - di.ffey~ 

1 ~ lI lpCf(l(Ure l!o.tL ,Iflh' P'\ri~ grceJllcnl + i! 
-	 U'W\ ~~, 

This study aims to serve as a meaningful supplement to the limited existing research on permafrost response and 


feedback under temperature stabilization and overshoot scenarios. For example, CMlP6 includes only one overshoot 


scenario (SSP5-3.4-0S), which is insufficient for comprehensively analyzing the potential contribution of permafrost 


690 	 feedback under different global warming levels (Melnikova et aI., 2021). The upcoming CMlP7 is planned to encompass a 

broader range of overshoot scenarios, from very low to medium and high overshoot scenarios. This expansion aims to delve 

into the potential for climate restoration. the feasibility of achieving Paris Agreement targets, and the risks of irreversibility 

and hysteresis in the slower components of the Earth system from beyond 2125 to 2300 (WRCP, 2024). Our study 

investigated the perm a frost response and feedback under overshoot scenarios with varying levels of warming, which can be 

695 	 used for comparative analysis of the upcoming CMIP7 multi-model results. Additionally, research on permafrost changes 

under different climate stabilization scenarios is also limited. Some of existing studies are based on equilibrium permafrost 

models (e.g. Liu et aI., 2021). which do not consider transient effects and cannot predict the timing of permafrost loss based 

on imposed warming scenarios (Smith et aI., 2022). Ow stuJ, I l ltil/e~ a proet!Ss-lw;cd mooe l .J1ll1 prnvide - 1Il\lghh into the 

li,lellF dnd nn li ll~lIr r":"llioll~lrir/ het\~~cn remml'rvst J~gnt(btlon alld glllh'll \\armlllg 
~)'\d 

700 This study demonstrates a method to q::ntify the permafrost carbon feedback under specifie~ g~~il~Y:ding levels? 

warming trajectories with "lin~Qt~ "ar\;lQR "y"l~ fully coupled Earth system model driven by PF8~8B9igR8<i C02 emission 

pathways. As permafrost carbon feedback is highly sensitive to permafrost states and processes, controllin{temperat~r ~/ 
warming trajectory is beneficial to isolate individual contributions frol climate condition nd permafrost carbon processes. ~ 0 I.C. 

l't\ tAw\. 

Due to tight link between terrestrial carbon feedback and physical climate feedb k, Goodwin (2019) found around half the ~r~.Jl,­
705 	 uncertainty in derived terrestrial carbon feedback originates, from uncertainty III the physical climate feedback. Therefore, ~~ 

controlling global warming level or warming trajectory ~ig~('be helpful to ccurately assess a specific aspect of terrestrial 

carbon feedback by isolating the uncertainty from the physical climate feed ack. We encourage the exploration of potential 

application for this method in quantifying other aspects of carbon-climate fGl ilitidt! intc!r [,I~ll'an t n 
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\~. Of eeHF8;rhe findings of this study are based on a single Ealth system model. and it motivates further studies aimed 

710 at comprehensively understanding of permafrost response and feedback aUQ tl~i!iF iA'!!3BSt6 Qr:! ArClic CQrr:lr:lHIr:likeS, 

infrastructure and climate poj,jcies. 

Data availability 
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