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ARTICLE ABSTRACT

The Atlantic Meridional Overturning Circulation has a major impact on climate, not just in the northern Atlantic
but globally. Paleoclimatic data show it has been unstable in the past, leading to some of the most dramatic and
abrupt climate shifts known. These instabilities are due to two different types of tipping points, one linked to
amplifying feedbacks in the large-scale salt transport and the other in the convective mixing that drives the flow.
These tipping points present a major risk of abrupt ocean circulation and climate shifts as we push our planet
further out of the stable Holocene climate into uncharted waters.

https://tos.org/oceanography/article/is-the-atlantic-overturning-circulation-approaching-a-tipping-point 1/26


https://tos.org/oceanography/change-of-address
https://tos.org/oceanography/change-of-address
https://tos.org/oceanography/contact-us
https://tos.org/oceanography/contact-us
https://tosmc.memberclicks.net/
https://tosmc.memberclicks.net/
https://tos.org/
https://tos.org/
https://tos.org/oceanography/
https://tos.org/oceanography/
https://tos.org/oceanography/
https://tos.org/oceanography/
https://tos.org/oceanography/about
https://tos.org/oceanography/volume
https://tos.org/oceanography/subscribe
https://tos.org/oceanography/order-issues
https://tos.org/oceanography/guidelines
https://tos.org/oceanography/permissions
https://tos.org/oceanography/advertise
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.5670/oceanog.2024.501
https://doi.org/10.5670/oceanog.2024.501
https://tos.org/oceanography/assets/docs/37-rahmstorf.pdf
https://tos.org/oceanography/assets/docs/37-rahmstorf.pdf

8/5/24, 12:49 11.. Is the Atlantic Overturning Circulation Approaching a Tipping Point? | Oceanography

(https://tos.org/oceanography/assets/images/content/37-rahmstorf-title.jpg)

Sea surface temperatures from a simulation with the CM2.6 global climate model of the Geophysical Fluid Dynamics Lab in Princeton,
USA. Warm Gulf Stream waters are seen in red. > High res figure (https://tos.org/oceanography/assets/images/content/37-rahmstorf-

title.jpg)

FULL TEXT

INTRODUCTION

In 1751, the captain of an English slave-trading ship made a historic discovery. While sailing at 25°N in the
subtropical North Atlantic Ocean, Captain Henry Ellis lowered a “bucket sea-gauge,” devised and provided to him
by the British clergyman Reverend Stephen Hales, through the warm surface waters into the deep. By means of
a long rope and a system of valves, water from various depths could be brought up to the deck where its
temperature was read from a built-in thermometer. To his surprise, Captain Ellis found that the deep water was
icy cold.

He reported his findings to Reverend Hales in a letter: “The cold increased regularly, in proportion to the depths,
till it descended to 3900 feet: from whence the mercury in the thermometer came up at 53 degrees (Fahrenheit);
and tho' | afterwards sunk it to the depth of 5346 feet, that is a mile and 66 feet, it came up no lower.”

These were the first ever recorded temperature measurements of the deep ocean. They revealed what is now
known to be a fundamental and striking physical feature of the world ocean: deep water is always cold. The
warm waters of the tropics and subtropics are confined to a thin layer at the surface; the heat of the sun does
not slowly warm the depths during centuries or millennia as might be expected.

H eTLoTOAr ToU EALG TIPOG TOV XEAG UTTOSNAWVEL OTL Sev i€ Kapla L&€a yla tn PeyaAn onpacia tg
avakaung tou. Eypae: «AuTO To TElpapa, TIOU OTNV apxr] YavoTav anmAwe TPOY| yLd TIEPLEPYELT, EYLVE ot
evELAPETO TIOAU XprIOLUO yLa ePdAG. Me Ta pEoa ToU TIApPEXAPE TO KPUO UTTIAVLO Jag Kal PUYape Ta KpaoLd r) To
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VEPO Pag Pe euxaplotnon. Tou elval TIOAU euXAPLOTO OE EPAG OE AUTO TO PAEYOUEVO KALPa» (Ellis, 1751).

TNV TPAYPATKOTNTA, 0 EALG ELXE XTUTINOEL TNV TIPWTN EVSELEN TNG AVATPOTING TNG KUKAOYOPLag ToU WKeavou,
TO OUOTNHA TWV BABLWV WKEAVLWY PEVPATWY TIOU KUKAOPOPEL KpUa VEPA TIOALKNG TIPOEAEUCNG OE OAO TOV
TAavrTn.

AMA POALG pEPLKEG SekaeTieg apydTtepa, To 1797, évag aMog AyyAog, o KOung Papgopvt, SnUocieuce pla owotn
€€Aynon yLa tn «xpriolun» avakaAuyn tou EALG: «Paivetal otL elval eEalpeTkd SUOKOAO, Qv OXL EVIEAWC
aduvaro, va €nynBel autdg o Babuodg Yuyoug. otov ubuéva tng Bdhacoag otn Aucoahéa {wvn, PE
OTIOLASATIOTE AAAN UTIOBEDN €KTOC Ao aUTr TwV PUXPWY PEUPATWY aTIO TOUG TTOAOUG: KAl N XpNoLuoTnTa
AUTWVY TWV PEVPATWY YLa TOV PETPLACHO TWV UTIEPBOALKWY BEPPOKPACLWY AUTWVY TwV KALHATWY glval TToAU
Tpoavrig yLa va anattnBel omotadrmote anetkovion» (Thompson, 1797).

Twpa, avw ard 200 xpovia apyoTePA, EXOUHE PLa AOYLKI} KATAVONGoN TOU TIOAUTTAOKOU CUCTHHATOG TG Badlag
wkeavLag kukAowoplag kat, autd Ttou o Rumford Bprike Tdoo TipoWaveg, Tou podAou Ttou Ttallel oto KAlpa.
Q0T000, TTAPAPEVOUV KATTOLOL onUAvTLKoL yplpol Ttou pmopel va €xouv BepeAlwsdn onuactia yla to péAov pag.

NMEN'HNTA ®OPEZ H ANOPQITINH XPHZH ENEPTEIAZ

Y& autod To apBpo, Ba culNTow Tov KAAS0 Tou ATAQVTIKOU TNG TIAYKOOULAG QVATPOTIAG KUKAoWoplag, évav
ONMAVTIKO TIapAyovTa oTNV TPONYoUHEVN Kal TIOAU TiiBavr] JeAAOVTLKN aAAayr| Tou KAtpatog. Ovopddetal
AMOC (ouvtopoypagia tou Atlantic Meridional Overturning Circulation). H BopeLa porj Beppwv emupavelakwy
uSdatwv Kat n Babd kpua por eMLOTPOPHG KAVEL TOV NOTLO ATAOVTLKO pLa TIEPLEPYELA: PETAWEPEL BepuoTNTA
aTIo TA VOTLA PEYAAA YEWYPAPLKA TIAGTN TIPOG TOV LONUEPLVO, aTIO TO KPUO 0TOo (e0TO ( ELkova 1 ). OAEC oL AANEG
AEKAVEG TWV WKEAVWY CUUTIEPLPEPOVTAL «KAVOVLKA», ATTOPAKPUVOVTAG TNV UTIEPBOALKN BeppodTNTA AT TLG
TPOTILKEG TIEPLOXEG TIOU EVAL EUTIOTIOPEVEC ATtO TOV MALO.
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ZXHMA 1. Autd To ypagpnpa Selxvel pLa e§aLpETIKA amAOTIOLNPEV OXNHATLKY TTapdotaon tng MeonpBpuvrig AvatpoTtrig tou ATAavtikol
(AMOC) e povto tnv tdon tng Beppokpaciag Tng empavelag tng BaAacoag amd to 1993 amd tnv Yiinpeoia KALPATIKARG AAAAyRG
Copernicus ( https://climate.copernicus.eu/ (https://climate.copernicus.eu/) ). Mliotwon etkovag: Ruijian Gou. > dLyolpa uhnAng.avaiuong
(https://tos.org/oceanography/assets/images/content/37-rahmstorf-f1.jpg)

Ytov Bopelo ATAQVTLKY, N QVATPEMOUEVN KUKAOQOpia PeTakLvel tn Beppdtnta pe pubpd éva metdBat (10 12
Watt, Trenberth et al., 2019), tepimou 50 QopEG TN XPprion EVEPYELAG aTto OAn TV avBpwmdtnta f 3,5 popég Tov
puBpS TG TTaykoopLag TIPOcANYNG BeppdTnTag amd Toug WKeavoUg TG TEAeUTAlEG SeKaETEG AOYW TNG
uTIEPBEPPAVONG TOU TIAQVI|TN TtoU TipokaAeital amd tov avBpwrto (Z. Li et al., 2023). Mapexel OeppotnTa pEXPL
NV eployn votLa tng Mpothavsdiag kat tng lohavsiag, Kat HEPLKEG akoun Tio Bopela petd tnv lohavsia otig
TkavSwapikeg Odhaooed. Ekel, Slvel yevwalddwpa tn Beppdtntd Tou otoug PuxpoUlc avéPoUg ato TIAvw PEXPL
10 vePd va elval Tdoo KpUo Kal Tukvo Tou Bubiletal otnv dBuooo, os BdBog peta&u 2.000 kat 3.000 pétpwv.
Ekel «pgeL wg peydhog motapdg, o OAO TO PNKOC TOU ATAQVTIKOU» (Broecker, 1987). H Bepudtnta ou
ameAEUBEPWVETAL OTNV ATHOCPALPA KAVEL TNV TIEPLOXT) TOU BOpelou ATAavTLkoU TIOAU {€0TH YLA TO YEWYPAPLKO
NG TAATOog, LSlattepa katd tov dvepo tou wkeavol ( Etkéva 2 ). Elval emiong o kUpLog AGyog yLa Tov oTiolo To
BdpeLo nuLoaiplo lvat katd peco 6po ~1,4°C Bepudtepo amd To VOTLO NULoPaiplo Kat ylatl o BepULKOG
LONPEPWVAC, TO YEWYPAPLKO TIAATOC OTToU N I'n elvat n Bepudtepn, Bploketal og ~10° BdpeLa TOU YEWYPAPLKOU
Lonpepwvou (Feulner et al., 2013).
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EIKONA 2. «To KALHATIKO cUoTNHaA TNG MG AsLtoupyel €L TOU TTAPOVTOG PE TPOTIO EVEPYETLIKO yLa Tn Bopeta Eupwmny, éypae o
aglpvnotog Wally Broecker (Broecker, 1987). AUTOG 0 XxAptng SeixveL Twe Ba NTav o KOoHog Xwplc to AMOC. £xe56V 0AOKANPO TO BOPELO
nuogaipto Ba Atav o kplo, eLSkd n loAavsia, n ZkavsivaBia kal n Bpetavia. Etkdva tou R. van Westen, mpooappoouévo amd toug van

H Beppokpactia Sev elvat to povo Baoiko cuotatiko tou AMOC — o Seutepog Ttapdyovtag elvatl N aAatotnTa:
000 TILo aApUPO glval To VeEPO, TOCO TILO TIUKVO elval. H ahatotnta slval emopevwe évag onuavikog
Tapdyovtag yLa tn BuBLon Tou TEpLYpAPnKe tapandvw. Qg ek ToUTou, autr] n avatpemdpevn KUkKAopopla
ovopddetal eniong Bepuoalovikr) KuKAopopla, TTou onuaivel Pla Kukhowopia Tou kaBodnyeital amod StapopEg
Beppokpaciag kal aAatoTnTag, o€ avtiBeon pe TNV KUKAowopia Tou odnyeltal amd Avepo Kat TIaALppoLaKdA
pelpata. Evw n Beppokpactia £xeL otabepotontikn emtidpacn oto AMOC, n ahatdtnta £xeL Tt SUVAUN va To
amooTabepoTIOL|OEL.

MIA IZTOPIA AYO AZTAOEIAZ

To 1961, o apepkavdg wkeavoypdwog Henry Stommel (Stommel, 1961) avayvwplog Twg N aAatdtnta Twv
VEPWVY TOU ATAQVTLKOU 08nyel 0€ €va oplako onuelo Tou AMOC, éva (paLVOPEVO TIOU €YLVE TIPWTOOEALSO
EQNUEPLSWY yLa GAAN La Yopd TIEPUGL KAl PETOC. To vepd Bubiletal otov Bopelo ATAAVTLKO €TELSH lvatl
apKeTA aApUPO (o€ avtiBeon pe tov Bopelo Etpnuiko, Warren, 1983). To vepd elval aApupo emeldn to AMOC
(PEPVEL AAPUPO VEPO ATIO TLG UTTIOTPOTILKEG TIEPLOXEG, LA TIEPLOXN KaBapng eEatulong, ota upnAdtepa
YEWYPaPLKA TIAATN, pla TiEpLoxr) kaBapng Bpoxomtwong. Me aAa AdyLa, to AMOC péeet eTeldr| o BOpeLog
ATAQVTLKOG glval aApupdg, kal elvat aApupog emeldn) péel to AMOC. KotdTouAo Kat auyo, 1y HE TILo TEXVLIKOUG
OPOUC, VA AUTOCUVTNPOUHEVO ATIOTEAECHA AVATPOYOSOTNONG.

Auto Asttoupyel kal avtiotpopa: EGv o Bopelog ATAQVTLKOG yivel AlydTepo aAPUPOG AOYW ELOPONG YAUKOU
vepoU (Bpoxng r AlwpEvou vepou), To Vepd yivetal Alyotepo TIUkvo Kat to AMOC smiBpadivetal. Etal, pépvel
ALyoTEPO OAATL OTNV TIEPLOYN, YEYOVOG TToU eTLBpaduveL Tepaltépw to AMOC. Auth n Sltadikacia ovopaldetat
avadpaon peta@opdg ahatiou. Meépa anod eva kplolpo 6pLo, ylveTal évag aUTOEVLIOXUOHEVOC PAUAOG KUKAOG Kal
To AMOC otapatdet. Autd to éplo sival To onpeio kaumrg tou AMOC (rtou ovopdaletat Ayaopdg Stommel oto
Zxnpa 3). Onwg eypade o Stommel to 1961: «To cloTNUA Elval EyyEVWE YEUATO HE TILBAVOTNTEC YLA ELKACLEC
OXETLKA PE TNV KALPATIKA aAhayr)».

To povtélo tou Stommel amAwg artoteAouvtay amod €va KLBWTLo uPnAol YEwypa@LlkoU TIAATOUG Kal éva
UTIOTPOTILKO KOUTL TIOU OUVE£0VTAV PE JLa por| avatpoTirg avaioyn pe tn Slapopd Tukvotntag Jetagl toug. To
povtélo TipogPRAee autr Tn pon Kat tn Beppokpaactia, TV ahatdtnta Kat TNV TTUKVOTNTA Kat ota SUo KouTLd. To
ZxAHa 3 Seiyvel TNV LoxL Looppotiiag AMOC oTwg uttoAoy(letal amd To JovtéAo Koutlou tou Stommel kat o
onuelo kautrg TTou BPrKe. A
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ZXHMA 3. (a) Atdypappa otabepodtntag tou AMOC oTo HoVTEAO KouTloU tou Stommel, kaBwg e€aptdtal amd tnv moocdTnTa YAUKoU vepoU
TIOU ELOEPXETAL OTOV BOPEL0 ATAQVTIKO. OL cUPTIAYELC TIPACLVEG YPAUUESG SElXVOUV OTABEPECG KATAOTATELG LOOPPOTILAC, N SLAKEKOPHEVN
TPACLVN ypApHn pla actadry. H PTAE KapTuAn Seixvel pia Stadpopr) Tou QeUYEL Ao TLG YPAHHEG LOOPPOTILAG KATA T SlapKela taxetag
KALMATLKAG aA\ayn . Metd tov Rahmstorf (2002) (B) ESw, n TIOPTOKAAL ypappr avixveUeL TLg LooppoTttieg AMOC o€ éva TpLodLaotato
HOVTEAO TIAYKOOHLAG WKEAVLAG KUKAOWOopiag. H pavpn ypapun lvat to {8lo melpapa avixveuong Tou €yLve pe To JovtéAo koutlou. Ot
€MAVW TTIOPTOKAAL Kal oL HaUpeG ypappég evtotiiovtal amd aplotepd mpog ta Se&Ld Eekvwvtag amod to AMOC "on", To KATw amo ta SeELla
TIPOG Ta apLoTePd Eeklvwvtag amnd to AMOC "off". Metd tov Rahmstorf (1996). > diyoupa uhnAng.avaluong

(https://tos.org/oceanography/assets/images/content/37-rahmstorf-f3.jpg)

Ma HOVTEAQ KOUTLWVY OTIWG auTtod Tou Stommel, oL KaPTIUAEG LooppoTiiag PTtopoUV va UTIOAOYLOTOUV QVAAUTLKA -
n AUon yla tnv Tpdoctvn KAPTUAnN elvat am\wg pia tapaBoAr). M'a Tov VIOTILoHO TwV KATACTACEWVY LooPPOTILag
€VOG TTIOAUTIAOKOU POVTEAOU, TTpooTiBetal yAuko vepd otov Bopelo ATAQVTLKO PE TTIOAU apyd augavopevo pubuo
(L. auEdvetal katd 0,1 Sv og 2.000 xpdvia, 1 Sv=10°m 3s 1) yia va mapapeivel Kovtd otnv LooppoTttia kat va
Soupe ToU apxifouv va KuplLapyoUV oL ECWTEPLKEG AVATPOYOSOTHOELG OTNV ATToSUVAUWON, N ottola cupBatvel
TIEPA aro to onpelo KauTAG. Mia oANavSLKr EpeuVNTLKY opada otnv Outpextn avemtuée pebodoucg yla tov
APECO UTTOAOYLOHO TWV KATAOTACEWVY LooppoTiiag o€ TpLodldotata pJovtéAa wkeavwy (Dijkstra et al., 1995), aA\&
8€V AELTOUPYOUV O TIOAUTIAOKA CUVSUACHEVA OVTEAD WKEAVOU-ATPOOWPALPAG, ETIOUEVWE N TIPOCEYYLON
EVTOTILOPOU TNG apyrg ipoodrkng yAukoU vepoU TIPETIEL VA EQAPUOOTEL

210 povootabepo kKabeotwc (ota aplotepd Tou pndevikoL eEavaykaopoU YAUKOU VEpOU 0To EXAHA 3 ), N
Slakottr) Asttoupytag tou AMOC pmopet akopa va eavaykaotel pe pgla peydin ipoowpLvn poacBrkn yAukou
vepoU, aA\d to AMOC Ba avakapeLl HETA TNV 0OAOKARpwon TG eTLBOANG. 10 Slotabepod kKaBeoTwg, To cuoTnua
uTopel va Bploketal pdvipa o€ oTIoLaSATIOTE aTto TLG SU0 0TABEPEG KATAOTATELG, HE To AMOC «evepyo» N
«OTIEVEPYOTIOLNHUEVO», AVANOYQA PIE TLG apXLKEG oUVBNKeG. EToL, N pory AMOC Tou teppatidetal Ye TIpoowpLvo
eEavaykaopd Ssv Ba avakdupel aA\d Ba tapapeivel oe otabepn kataotaon "off". Melpdpata pe pla tétola

A
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TIPOCWPLVH TIPOCBrikn YAUKOU vepoU Selxvouv OTL TIOAAG, av OXL Ta TIEPLOCOTEP, KALUATLKA JOVTEAQ
Bplokovtal oto povootabepd KABEOTWG Kal EMOPEVWG OUYKPLTLKA PakpLd amod To onuelo kapTng. Autd dev
onuaivel 0TL Sev £X0UV AUTO TO 0PLAKO onuelo 1 OTL Sev €xouv éva SLotabepo KaBeotw . Selyvel amAwg OTL Sev
elval og autod yLa to onuePLVo Ttoug KAlpa (Bavwe AavBacpéva, Selte Tnv evotnta «MmopoUv va aflomotnBolv
TA KALPATLKA JOVTEAQ» TIAPAKATW).

H KALpatikr aA\ayn pmopel va amopakpuvel to AMOC amod tn ypauur) LlooppoTtiag, akoAouBwvTag KATL oav To
MTIAE JOVOTIATL 0TO ZXAMA 3a, eTELSH N oUyXPOoVN UTIEPBEPIAVON TOU TIAQVI TN TIPOoXWPA TIOAU ypriyopa yia va
Tipooappootel TAAPWE 0 WKEAVOG. Aol Staoyloet T Stakekoppévn ypapur, To AMOC Ba é\ketal Ttpog tnv
kataotaon «offs akopn kat xwplc mepattepw wOnon. Znuewwote 6tL 1o AMOC elvat 6Ao Kal TiLo EVAAWTO O€ TILO
tayela e§avaykaopo (Stocker and Schmittner, 1997). Auto onuaivel 6Tt ta oAU apyd Tetpdpata aviyveuong
LooppoTiiag ou gaivovtal oto IXAHa 3B utoSNAWVOULV TIOCO Kovtd slval To onpelo kaumng tou AMOC o€ yLa
Kataotaon taxelag KALWATIKAG aAAayng, OTwe BPLOKOPACTE orpepa.

To OTL auTO To onUElo KAPTING KAt To SLotabég kabeotw g lval TTpaypatikd, kal oyt amiwg éva Texvoupynua Tou
amAoU povtélou Tou Stommel, éxel emBeRalwbel og TIOAA PHOVTEAQ ATIO OAGKANPO TO PACHA HOVTEAWV aTIO
NV epyaocia tou Stommel to 1961, cupmepA\apBavopevwy eEEALYUEVWY TPLOSLACTATWY POVTEAWY WKEAVLAG
KUKAOOPLAG, HEONG TIOAUTIAOKOTNTAG [N JOVTEAQ CUOTNUATWY KAl TIAPWE QVETTTUYHEVA OUVEESEEVA
KALUOTLKA JOVTEAQ, yia TTApAdeLypa, To Kowotikd Movtélo Zuotrpatog 'ng (CESM) (van Westen et al., 2024).
Mta Ttpwipn oUykpLon HovtéAwy Bprke to Stotabepd kabeotwg kat ota 11 cuppetéyovta povtéAa (Rahmstorf
et al., 2005) kat 5gv yvwp({w Kavéva POVTEAO TIOU £XEL SOKLUAOTEL KAl Sev €lxe AUTAV TNV LSLOTNTA. AV KAl AUTO
TO €(80¢ TtelpApaTOC Sev UTIOPEL VA EKTEAEOTEL e JOVTEAQ TIOU TIPOCOMOLWVOUV pNTd TLG S{Veg HEONG KALPOKAG
oToV wkeavod, Sev avapévw OTL autd Ba ékave onuavtikn Slagopd, dedopgvou OTL N oXETKA avddpaon
METAPOPAG AAATLOU AELTOUPYEL O TIOAU PEYAAN KALUOKAL.

‘Evag SeUtepog TUTIOG onpelou avatpoTrg Pmopet emntong va ennpedcel to AMOC. Eva onpavtikod HEPog Tng
Sladikaolag Bublong otov BdpeLo ATAQVTLKO (TToU ovopddeTal «oxNUATLopoG Babéwy usdtwy») elval n Babla
KABetn avdpel&n (cuvaywyn) 6tav n otiAn Tou vepou ylvetal Katakdpua actabng, AOyw Tou TTUKVOTEPOU
vepoU Tou PBploketal avw amo Alydtepo Tukvo vepd. O Zounddg wkeavoypayog Pierre Welander £6¢L&e to
1982 0tTL N petayopd, emiong, umopoUoe va amevepyottolnBel oav SLAaKOTTNG, KAl TIAAL Adyw TNG
amooTtaBepOTIOLNTIKNAG MiSpaong tng ahatdtntag (Welander, 1982). Ze TiEPLOXEG EYAAOU YEWYPAPLKOU
TIAATOUG, 0 WKEAVOG ouVNBwWC keEPSLZEL YAUKO VEPO aTtO TN BPOoXI OTNV ETILPAVELQ, OTIOTE PHOALG OTANATHOEL N
METAWOPA yLa APKETO KaLPd, TO YAUKO vEPS PTIOPEL VA CUCOWPEUTEL KaL va oXNUATIOEL éva ETILPAVELAKO OTPWHA
XOAHNARG TTUKVOTNTAC. AUTO KABLOTA 0AOEVa KAL TILO SUCKOAN TNV EMAVEKKIVNON TNG HETAPOPAC KAl KATToLd
OTLYMI| OTIEVEPYOTIOLELTAL OPLOTLKA. Z€ PETAYEVEDTEPN Epyaocia, Sel§ape WG AELToUpyEL AUTO akopn Kat av n
HETaopA elval Slakomtopevn Ttapoucsia tuyaiag petapAntotntag katpou (Kuhlbrodt et al., 2001; Rahmstorf,
2001).

YTapyouv SU0 KUPLEG TIEPLOXEG HETAPOPAG EVTOC TOU onuePLVol AMOC: pla otnv UTTOTIOALKN) TIEPLOXT] TOU
BopeLou ATAavTIKoU (CUpTIEpAaUBavoPEVWY Twy Balacowv Aautipavtop Kat Ipuivykep) kal pla Bopelotepa
OTLG ZKaVSLVaPBLKEG OANAOOEC. Z€ TIOAA TIELPAPATA HOVTEAWY, N HETAYOPA TNG OdAaooag Tou AauTpavtop
rTav MLPPETING 0To KAslolo (Weijer et al., 2019), emBpaduvovtag oxL Povo to AMOC alAd Kat TNV UTIOTIOALKN)
yUpO, ULl TEPACTLA APLOTEPOTTPOYPN TIEPLOTPEPOUEVN pon vOTLa tnG Mpothavsiag kat tng loAavsdiag ( Etkéva 4 ).
MOALG N petapopd (n omota ocuvrnBwg e§ayel BeppdTnTa Ao T OTHAN TOoU VEPOU avaplyvuovtag Bepuotepo
VEPO OTNV ETILYPAVELQ, OTIOU N BEPUOTNTA XAVETAL TNV ATHOCPALPA) EXEL TIEPLOPLOTEL UE AUTOV TOV TPOTIO,
Alydtepn BepudTnTa XAVETAL HECW TNG ETILPAVELAG TNG BANaCOAG KAl 0OAGKANPN N OTAAN Tou vepoU Ttaipvel
ALyOTEPO TTUKVO. AUTO emBpaduvel to AMOC, to omolo TeAlkd odnyeital amnd ta kpua, UPNARG TTukvoTnTag vepd
TIOU OTIPWYVOULV VOTLA aTIO TA PEYAAA YEWYPAPLKA TIAATH. ETOL, pla SLaKOTIR AELToupylag HETAPOPAg PTtopel va
BonbrjoeL otnv evepyoTtolnon evog TepuatiopoU Asttoupylag AMOC. Kal emeLdn n petagopa ivat pua
Sladikaoia pkpng KALHakag, Sev amoTumwveTal KaAd ota TEPLOTOTEPA TpEXovTa pHoviéAa (Jackson et al., 2023),
TIPOooBETOVTAC Eva oTpWHA aBeBatdTnTag yla to HEAoV.
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Institution. > ®LyoUpa uNArg.avaluang (https://tos.org/oceanography/assets/images/content/37-rahmstorf-f4.jpg)

APAZTIKEZ AANATEZ ZTO NMAPEAOGON 2TO AMOC

Me Baon autr] Tnv katavonon Twv Pnxaviopwy actdadelag tou AMOC, prtopoUpE va eEETACOUE PEPLKEG
SPAPATIKEG KALLATIKEG AAAAYEC TTIOU €XOUV CUPBEl 0TO TIPOCYPATO TIAPEABOV — «TIPOCPATEG», SNAASH aTo pLa
TIOAQLOKALJATLKY) TIPOOTITLKI, CUYKEKPLUEVA Ta TeAeutala 100.000 xpovia.

In 1987, Wally Broecker published a now famous article in the journal Nature titled “Unpleasant surprises in the
greenhouse?” (Broecker, 1987). In it, he discusses data from deep-sea sediment cores and holes drilled into the
Greenland ice cap, noting that these data reveal that “climate changed frequently and in great leaps” rather than
smoothly and gradually. Given the regional patterns of these changes, he identified the AMOC (at the time
referred to as the “Atlantic conveyor belt") as the culprit. He warned that by releasing greenhouse gases, “we
play Russian roulette with climate [and] no one knows what lies in the active chamber of the gun.”

In the decades since then, we have come to distinguish two types of abrupt climate events that repeatedly
occurred during the last Ice Age, centered around the northern Atlantic but with global repercussions
(Rahmstorf, 2002).

The first type is Dansgaard-Oeschger (DO) events, named for Danish ice core researcher Willy Dansgaard and
his Swiss colleague Hans Oeschger. More than 20 events prominently show as abrupt warming spikes of 10°-
15°C within a decade or two in Greenland ice core data (Dansgaard et al., 1982). They can be explained as
sudden start-ups of ocean convection in the Nordic Seas when Ice Age convection was mostly only occurring im\
the open Atlantic to the south of Iceland (Figure 5). The warm ocean circulation configuration that reached far
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north was apparently not stable under Ice Age conditions: it gradually weakened, until after some hundreds of
years, the convection and warm event ended again. It is thus an example of a convective flip-flop as discussed
above, with the Nordic Seas convection turning on and off.

(https://tos.org/oceanography/assets/images/content/37-rahmstorf-f5.jpg)

FIGURE 5. The AMOC during the last Ice Age. (a) The prevalent cold (stadial) state. (b) The warmer (interstadial) state during Dansgaard-
Oeschger events, showing the modeled temperature change from Ganopolski and Rahmstorf (2002). The very coarse resolution of that
model underestimates the warming effect of Dansgaard-Oeschger events. > High res figure
(https://tos.org/oceanography/assets/images/content/37-rahmstorf-f5.jpg)

The second type is Heinrich events, named for the German scientist Hartmut Heinrich (Heinrich, 1988). It
involves huge masses of ice that episodically slid into the sea from the thousands of meters thick Laurentide Ice
Sheet that covered northern America at that time. These iceberg armadas drifted out across the Atlantic, leaving
behind telltale layers of ice-rafted debris on the ocean floor and adding fresh meltwater to the ocean surface.
This led to even more dramatic climate changes, linked to a complete breakdown of the AMOC. So much ice
entered the ocean that sea levels rose by several meters (Hemming, 2004). Evidence that this amount of
freshwater entering the northern Atlantic shut down the AMOC is found in the fact that Antarctica warmed while
the Northern Hemisphere cooled (Blunier et al., 1998), indicating that the AMOC's huge heat transport from the
far south across the equator to the high north had essentially stopped.

Both the Dansgaard-Oeschger events and the Heinrich events, although strongest around the northern Atlantic,
had major global climate repercussions even far from the Atlantic as they affected the tropical rainfall belts that
result from the rising motion of warm air above the “thermal equator.” During the warm Dansgaard-Oeschger
events, these rainfall belts shifted north, leading to warm and humid conditions in the northern tropics as far as
Asia. But during Heinrich events, the rainfall belts shifted south, leading to catastrophic drought in the Afro-
Asian monsoon region (Stager, 2011). Could similar shifts in tropical rainfall belts be in store for us in future?

THE “COLD BLOB"”: AN OMINOUS SIGN OF A SLOWING
AMOC?
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Let us look how the AMOC is already responding to ongoing global warming, which has already pushed Earth’s
climate outside the envelope of the stable Holocene (Osman et al., 2021) in which Homo sapiens developed
agriculture and started to build cities.

Unfortunately, AMOC data only go back a few decades, drawn from just a handful of cross-Atlantic cruises since
the 1950s and the RAPID-AMOC array of stations that has collected continuous measurements of salinity and
current velocities from the near surface to the seafloor across the Atlantic at 26°N since 2004 (Smeed et al.,
2020). Therefore, we must turn to indirect evidence. Exhibit No. 1 is the “warming hole” or “cold blob” found on
maps of observed global temperature change (Figure 6). While the entire globe has warmed, the subpolar
North Atlantic has resisted and even cooled. This is exactly the region where the AMOC delivers much of its
heat, and exactly the region where climate models have long predicted cooling as a result of the AMOC slowing
down.

Warming Between 1850-1900 and 2011-2021

“C

(https://tos.org/oceanography/assets/images/content/37-rahmstorf-f6.jpg)

FIGURE 6. Map of observed near-surface air temperature changes since the late nineteenth century. Gray areas indicate lack of data.
Image credit: Zeke Hausfather, Berkeley Earth. > High res figure (https://tos.org/oceanography/assets/images/content/37-rahmstorf-f6.jpg)

A seminal study by Dima and Lohmann (2010) analyzed global patterns of sea surface temperature changes
since the nineteenth century and concluded “that the global conveyor has been weakening since the late 1930s
and that the North Atlantic overturning cell suffered an abrupt shift around 1970.” Two years later, a Dutch
group, analyzing an ensemble of model results, confirmed that an AMOC slowdown causes the northern Atlantic
cooling and dubbed the feature the “warming hole” (Drijfhout et al., 2012). In 2015, | joined forces with US
climate scientist Michael Mann and other colleagues in using Mann's paleoclimatic proxy reconstruction of
surface temperatures to suggest that the modern AMOC slowdown is probably unique in at least the last
millennium (Rahmstorf et al., 2015). The term “cold blob” originated in a quote from Mann in a Washington Post
article on our study (Mooney, 2015), and it has since stuck.

Theoretically, the cold blob could have also arisen from an increase in net heat loss at the ocean surface (He

et al., 2022). For short-term variability from year to year, weather conditions are expected to play a dominant
role in changing the sea surface temperature—particularly in summer when the surface mixed layer is thin and
its thermal inertia is small (thus, in later studies, we focus on the period November-May). The observations-
based reanalysis data show, however, that since the mid-twentieth century, net heat loss through the ocean
surface in the cold blob region has decreased, not increased—exactly what would be expected when the ocean is
bringing less heat into that region, so less is passed on to the atmosphere (Figure 7). Also, analysis of climate
models, in which AMOC changes are known, shows that the AMOC strength correlates closely with the cold blob

A
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temperature change (Caesar et al., 2018). This result confirms that on longer timescales, the AMOC is the
dominant factor, allowing the conclusion that the cold blob so far corresponds to about 15% weakening of the
AMOC.
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FIGURE 7. The AMOC slowdown fingerprint in the observations-based reanalysis data from 1940 to 2022. (a) Sea surface temperature
(SST) trends. (b) Trend of net heat loss from the ocean surface (sensible, latent, and radiative). The heat flux trends go in the opposite
direction of being a cause of the SST trends. From Jendrkowiak (2024). > High res figure
(https://tos.org/oceanography/assets/images/content/37-rahmstorf-f7.jpg)

The cold blob is not just a surface phenomenon; it is also clearly visible (Figure 8) in the trend of ocean heat
content of the upper 2,000 m (Cheng et al., 2022).

(https://tos.org/oceanography/assets/images/content/37-rahmstorf-f8.jpg)

FIGURE 8. Trend in ocean heat content of the upper 2,000 m, 1958-2023. IAP data. Image credit: Lijing Cheng. > High res figure
(https://tos.org/oceanography/assets/images/content/37-rahmstorf-f8.jpg)

But apart from the cold blob, AMOC slowing has another telltale effect.
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A SHIFTING GULF STREAM

Fluid dynamics on a rotating globe like Earth has some peculiar effects that are not intuitive. They result from
the fact that the Coriolis force changes with latitude. In 2007 and 2008, two studies conducted by AMOC
researcher Rong Zhang demonstrated how a basic law of physics, angular momentum conservation, acting at
the point where the deep southward AMOC flow crosses under the Gulf Stream, makes the Stream shift closer
to shore when the AMOC weakens (Zhang and Vallis, 2007; Zhang, 2008). Her studies describe a “fingerprint” of
a weakening AMOC that not only includes the cold blob but also a sea surface temperature anomaly of opposite
sign off the American Atlantic coast north of Cape Hatteras.

Caesar et al. (2018) compared this fingerprint to observed sea surface temperature changes since the late
nineteenth century and found strong agreement (see Figure 9). The observational data are much less detailed
because they rely on relatively sparse ship measurements, but more detail is in the satellite data. Although the
time periods for the observed and the satellite data are different, the trends are divided by the global mean
temperature change to make them roughly comparable in magnitude. Thus, for the relatively short satellite
period there is much stronger random variability relative to the signal (“noise”), and the signal-to-noise ratio
declines from top to bottom in the three images. Despite the differences in other variability, the fingerprint of
AMOC decline is very clear in all three Figure 9 plots.

CM2.6 Model HadISST Data Satellite Data

-3 -2 -1 0 1 2 3 4 5
Local SST Trend/Global SST Trend
(https://tos.org/oceanography/assets/images/content/37-rahmstorf-f9.jpg)

FIGURE 9. In these maps of sea surface temperature (SST) trends divided by their global mean trend, white signifies the same trend as the
global mean. (a) Result of a CO, doubling experiment with the CM2.6 climate model also shown on the title page of this article, (b) shows
the observed trend over 1870-2016, and (c) plots data from the Copernicus satellite collected during 1993-2021. (a) and (b) from Caesar

et al. (2018). (c) Courtesy of Ruijian Gou. > High res figure (https://tos.org/oceanography/assets/images/content/37-rahmstorf-f9.jpg)

As a side note, all three diagrams show a warming patch in the Arctic off Norway; in the model, this is due to
increasing ocean heat transport from the Atlantic into the Arctic Ocean (Fiedler, 2020). This flow may be
unrelated to the AMOC, or possibly anti-correlated to the AMOC and thus a third part of its fingerprint.

The strong warming off the North American Atlantic coast is again not caused by surface heat fluxes, as the
reanalysis data show the surface heat flux has changed in the opposite direction, toward increasing heat loss
(Figure 7). Also, the current generation of climate models (CMIP6) indicate a clear correlation of AMOC strength
with this fingerprint pattern of sea surface temperatures, including both the cold blob and the warming part A
(Latif et al., 2022).
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Furthermore, a recent study using the three-dimensional observational ocean data collected by Argo profiling
floats (https://argo.ucsd.edu/ (https://argo.ucsd.edu/)) shows that the Gulf Stream has shifted about 10 km
closer to shore since the beginning of this century (Todd and Ren, 2023). From the RAPID array we know that the
AMOC has indeed weakened during this time span. In addition, there has been a “robust weakening of the Gulf
Stream during the past four decades observed in the Florida Straits” (Piecuch and Beal, 2023), which, although
not necessarily linked to an AMOC weakening, is at least consistent with it.

Additional evidence consistent with AMOC slowing also comes from salinity changes. The northeastern subpolar
Atlantic is freshening (Figure 10), likely through a combination of increased freshwater input from rainfall and
rivers as well as the melting of sea ice and the Greenland ice sheet, plus the effect of ocean circulation changes
bringing less salty subtropical waters to the north. The Iceland Basin registers the lowest salinity in 120 years of
measurements (Holliday et al., 2020).
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FIGURE 10. The “fresh blob” in the northeastern North Atlantic, with a corresponding salty anomaly along the North American coast and
the associated time evolution. Blue indicates anomalously low salinity and brown high salinity. Compare the sea surface temperature
fingerprint in Figure 9. Image credit: N. Penny Holliday, © National Oceanography Centre, 2020, CC-BY 4.0, https://creativecommons.org/
licenses/by/4.0/ (https://creativecommons.org/licenses/by/4.0/). > High res figure (https://tos.org/oceanography/assets/images/content/37-

rahmstorf-f10.jpg)

At the same time, salinity is increasing in the subtropical South Atlantic, which is considered an AMOC
fingerprint less affected by short-term variations than the northern Atlantic temperature fingerprint; this
suggests an acceleration of AMOC slowdown since the 1980s (Zhu et al., 2023).

Yet more evidence comes from analysis of seawater density in the upper 1,000 m in the subpolar gyre region,
which correlates closely with the AMOC and shows a decline over the past 70 years. This decline implies an
AMOC weakening of ~13% over this period (Chafik et al., 2022), consistent with the 15% weakening suggested by
the cold blob data.

MORE LESSONS FROM PALEOCLIMATE

To understand conditions before regular temperature measurements began, we must turn to proxy data: the
traces of past climate change left behind in slowly accumulating archives such as ice sheets or seafloor
sediments. These proxies allow us to reconstruct past sea surface temperatures and other parameters. For
example, the ratio of oxygen isotopes found in the microscopic skeletons that make up much of deep seaflooA\
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sediment provide a record of past surface water temperatures, and the sizes of sediment grains on the ocean

floor reveal current speeds above it. Caesar et al. (2021) compiled a number of published reconstructions of
past AMOC flow and concluded that the AMOC is currently at its weakest in the last millennium (Figure 11).
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FIGURE 11. AMOC strength for the past 1,600 years as reconstructed from different paleoclimatic data sets. After Caesar et al. (2021) The
vertical axis shows the temperature anomaly in the “cold blob” region from Caesar et al. (2018); other data are scaled to that. > High res
figure (https://tos.org/oceanography/assets/images/content/37-rahmstorf-f11.jpg)

Though the validity of proxy data can always be questioned, there is general agreement in data collected from
different regions analyzed by different research teams using very different methods. For those proxy data series
that extend to recent decades, the agreement between observation- and model-based AMOC reconstructions is
good (Caesar et al., 2022).

Given the many independent lines of evidence, there is overwhelming evidence for a long-term weakening of
the AMOC since the early or mid-twentieth century. Note that there is substantial decadal variability in the
AMOC in addition to its long-term decline, which makes it essential to be clear about the exact time period when
discussing AMOC changes.

Is the long-term AMOC weakening human-caused? Multiple lines of evidence point to its being a result of fossil-
fuel-caused global warming. First, climate models have long predicted its decline in response to global warming,
and the physics behind these predictions is understood. At least two studies analyzing state-of-the-art climate
models and observations have shown “that the recent North Atlantic warming hole is of anthropogenic origin”
and is caused by reduced northward oceanic heat transport related to greenhouse gas emissions (Chemke

et al., 2020; Qasmi, 2023). In addition, the paleoclimatic data shown in Figure 11 also strongly point to human
activities as the cause, in that AMOC weakening coincides with the period of unprecedented modern global
warming.

CAN CLIMATE MODELS BE TRUSTED?

Climate models have long predicted a significant AMOC slowdown in response to global warming, including a
corresponding cold blob (see Figure 12 for a recent version). In fact, | wrote two commentary pieces for Nature
on that topic in the 1990s (Rahmstorf, 1997, 1999), and then as now, the amount of predicted weakening N
differed greatly among different models. The latest, sixth IPCC report found that, even for a low emissions
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scenario, the AMOC will weaken between 4% and 46% by the year 2100, depending on the model. In the high
emissions scenario, the reduction ranges between 17% and 55% (IPCC, 2021). The IPCC report also concluded:
“While there is medium confidence that the projected decline in the AMOC will not involve an abrupt collapse
before 2100, such a collapse might be triggered by an unexpected meltwater influx from the Greenland Ice
Sheet.”
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-20
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FIGURE 12. This Intergovernmental Panel on Climate Change (IPCC) figure illustrates global temperature changes by the year 2100 for a
low emissions scenario (SSP1-2.6) in high-warming models (IPCC, 2021, Figure 1 of Box TS.3). > High res figure
(https://tos.org/oceanography/assets/images/content/37-rahmstorf-f12.jpg)

This brings us to an important question: Can we trust climate models on this? Generally, climate models have
done a great job in predicting global mean temperatures. Even rather simple models from the 1980s predicted
global warming quantitatively correctly—including the models run by Exxon (Supran et al., 2023). But that's
relatively easy, as it just depends on Earth's energy balance.

Changes in thermohaline ocean circulation are far more difficult to predict, as they depend on subtle
temperature and salinity differences across the ocean, in three dimensions. The models haven't done well at
reproducing past AMOC changes (McCarthy and Caesar, 2023). The last IPCC report shows that current climate
models on average don't even generate the observed cold blob (though many earlier models did; see Figure 13).
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FIGURE 13. Comparison of observed and simulated annual mean surface temperature change for 1°C global warming (IPCC, 2021,
Figure SPM.5). The models on average do not reproduce the observed cold blob. > High res figure
(https://tos.org/oceanography/assets/images/content/37-rahmstorf-f13.jpg)

There is in fact a substantial body of research suggesting that the AMOC is generally too stable in climate
models. One reason might be what the IPCC has called “tuning towards stability.” If a model has a too unstable
AMOC that already collapses for the present climate, as has happened in a number of models (e.g., Manabe and
Stouffer, 1988), the model will be “repaired” (i.e., improved to better reflect reality). But if the AMOC is too stable,
that model will not look wrong because the present-day climate is correctly reproduced.

Another problem is even featured in the 2004 Hollywood blockbuster The Day After Tomorrow, where the
scientist Jack Hall (Dennis Quaid) says: “No one has taken into account how much freshwater is being dumped
into the ocean because of melting polar ice! | think we've hit a critical desalinization point.” Until now, most
climate models have not incorporated an interactive Greenland Ice Sheet (which has its own tipping point;
e.g., Robinson et al., 2012) and neglect its growing meltwater input.

This “critical desalinization point” is, of course, Stommel's tipping point discussed earlier, and finding out how far
we are from that point is a very hard problem indeed.

WHERE IS THAT TIPPING POINT?

One way to find the tipping point is to perform an experiment like the one shown in Figure 3. But this is very
computationally expensive, and in models where it has been tried, the distance to the tipping point differs a lot.
In 1996 | proposed that whether the AMOC transports freshwater out of or into the Atlantic at the latitude of
South Africa determines whether it is in the bistable regime marked in Figure 3, or further away from the
tipping point toward the left (Rahmstorf, 1996). Other studies have supported this idea, and observational data
suggest the real AMOC is in the bistable regime, meaning relatively close to the critical point. In contrast, in most
models, the AMOC is in the monostable regime, far away from the tipping point (see the review by Weijer et al.,
2019). The reason is apparently subtle biases in the Atlantic salinity distribution in the models. This salinity
distribution can be nudged toward more realistic, observed salinity values, rather than letting the salinity evolve
freely under the influence of computed rainfall, evaporation, and ocean currents. When this was done in a
climate model, the AMOC collapsed in a scenario of doubling CO, concentration, while it remained stable in the
original unadjusted model (Liu et al., 2017).

Given the limitations of current climate models, some researchers have turned to methods borrowed from
nonlinear physics to look for early warning signals of an approaching tipping point in observational data. These
are based on the fact that in a “noisy” system like climate, such parameters as AMOC's strength randomly
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“wiggle around” a bit under the influence of stochastic (random) variations, such as the weather. But when the
system is close to a tipping point, the forces that push it back to its stable equilibrium get progressively weaker
—so the system takes longer to swing back. This is called “critical slowing down."”

Several studies have analyzed AMOC data in that light. Boers (2021) analyzed four temperature and four salinity
data series that have been linked to AMOC strength and concluded there is “strong evidence that the AMOC is
indeed approaching a critical, bifurcation-induced transition.” In another study, Michel et al. (2022) used 312
paleoclimatic proxy data series going back a millennium and found a “robust estimate, as it is based on
sufficiently long observations, that the Atlantic multidecadal variability may now be approaching a tipping point
after which the Atlantic current system might undergo a critical transition.” In 2023, Danish researchers made
news headlines with their “warning of a forthcoming collapse of the AMOC,” starting any time between 2025 and
2095 and most likely around the middle of this century (Ditlevsen and Ditlevsen, 2023). A recent study by the
Dutch group at Utrecht University—one of the world’s leading research groups on AMOC stability—introduced a
“new physics-based early warning signal [which] shows AMOC is on tipping course” (van Westen et al., 2024).

All of these predictions have their limitations—for example, changes in the variability might conceivably have
other reasons than an approaching tipping point. But the fact that all these studies, using different methods,
point in the same direction, toward a risk that is much larger and earlier than we had thought until a few years
ago, is a major concern. My assessment of these early warning signal studies is that by the time they can
provide a reasonably reliable warning of an impending AMOC tipping, it will be too late to prevent it. In this
situation, the only responsible policy reaction is to be guided by the precautionary principle (i.e., the
responsibility to protect the public from harm when scientific investigation has found a plausible risk).

To some extent, tipping may even depend on the vagaries of weather. In NASA's climate model, in 10
simulations using the same “middle-of-the-road” greenhouse warming scenario (SSP2-4.5) with under 3°C global
warming, the AMOC collapses in two but recovers after significant weakening in eight; the difference is merely
stochastic internal variability (Romanou et al., 2023). This is also part of the nature of tipping points.

Apart from a full shutdown of the AMOC, there is still the second type of tipping point to consider, the one
where convection shuts down in one region. That happens in a surprising number of climate models, and so far
hasn't gotten the public attention it deserves. The first documented case, the British Hadley Centre model, was
published in 1999 (Wood et al., 1999). Of the latest model generation (CMIP6), in four out of the 35 models,
subpolar gyre convection breaks down—and all four are in the group of the 11 best models in terms of
reproducing the vertical density profiles in the subpolar gyre (Swingedouw et al., 2021). That's in 36% of those
high-quality models. In the previous model generation (CMIP5), that number was 45%. What's more, it typically
happens as soon as the year 2040 and for moderate emission scenarios—even without properly accounting for
Greenland melt. Thus, a collapse of convection in the subpolar gyre, resulting in rapid AMOC weakening and
abrupt regional cooling, must be considered a high risk urgently requiring attention.

What does this mean for our future? Let's first look at the impacts of an AMOC slowdown or collapse, and then
discuss the implications.

HOW BAD WOULD IT BE?

The current cold blob is already affecting our weather, though not in the way that might be expected: a cold
subpolar North Atlantic correlates with summer heat in Europe (Duchez et al., 2016). The cooling of the sea
surface is enough to influence the air pressure distribution in a way that encourages an influx of warm air from
the south into Europe. For example, in summer 2015, the subpolar Atlantic was the coldest since records began
in the nineteenth century—while Europe suffered a strong heatwave. Subsequent study has shown that
heatwaves are increasing three to four times faster in Europe than in other regions of the Northern
Hemisphere, related to changes in the jet stream that may well be influenced by the cold blob (Rousi et al., N
2022).
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Several studies show that if the AMOC weakens, sea levels on the American northeast coastline will rise more
sharply (e.g., Levermann et al., 2005; Yin et al., 2010). The Coriolis force pushes moving water, in this case, in the
Gulf Stream, to the right, away from the American coast. When the Gulf Stream weakens, less water is moved
northward, causing water levels to rise inshore of the Gulf Stream, with models projecting a 15-20 cm rise by
2100 from this effect alone, in addition to other causes of rising seas. Coastal erosion, the frequency of nuisance
flooding, and extent of storm surge damage will substantially increase.

A collapse of convection in the subpolar gyre would significantly magnify these problems. Figure 14 shows the
expected temperature change in this case. It is not so much the absolute change, but the changes in
temperature contrast between neighboring regions—here, the cold ocean relative to the adjacent warm land
masses—that will greatly change the dynamics of the weather, as temperature gradients drive weather activity
in ways we can't foresee in detail. Even this limited oceanic change will shift tropical rainfall belts, though not by
as much as a full AMOC shutdown.

(https://tos.org/oceanography/assets/images/content/37-rahmstorf-f14.jpg)

FIGURE 14. Temperature changes in the model-mean before and after a collapse of convection in the subpolar gyre region are plotted
here. From Swingedouw et al. (2021). > High res figure (https://tos.org/oceanography/assets/images/content/37-rahmstorf-f14.jpg)

A full shutdown of the AMOC would have truly devastating consequences for humanity and many marine and
land ecosystems. Figure 15 shows the model of Liu et al. (2017) after a doubling of CO,, with an AMOC collapse
caused by this CO; increase. The cold air temperatures then expand to cover Iceland, Britain, and Scandinavia.
The temperature contrast between northern and southern Europe increases by a massive 4°C, likely with major
impact on weather, such as unprecedented storms.
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FIGURE 15. Annual-mean near-surface air temperature change resulting from a CO, doubling and AMOC breakdown. While Earth is much
warmer, the northern Atlantic region has become colder. In winter, the cooling there is much larger still. From Liu et al. (2017). > High res
figure (https://tos.org/oceanography/assets/images/content/37-rahmstorf-f15.jpg).

Figure 16 shows the precipitation changes in this model. As we have seen in the paleoclimate data for Heinrich
events, major precipitation shifts in the tropics would likely cause drought problems in the northern tropics of
America as well as Asia. Seasonal changes will be even larger than these annual mean changes. Other
simulations predict a significant increase in winter storms in Europe and a “strong reduction of crop yield and
pasture” there (Jackson et al., 2015).
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FIGURE 16. Annual-mean precipitation change resulting from a CO; doubling and AMOC breakdown. Most concerning is the southward
shift in tropical rainfall belts and a generally drier Europe. Ffrom Liu et al. (2017). > High res figure
(https://tos.org/oceanography/assets/images/content/37-rahmstorf-f16.jpg)
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The IPCC summarized the impacts: “If an AMOC collapse were to occur, it would very likely cause abrupt shifts in
the regional weather patterns and water cycle, such as a southward shift in the tropical rain belt, and could
result in weakening of the African and Asian monsoons, strengthening of Southern Hemisphere monsoons, and
drying in Europe” (IPCC, 2021, TS p. 73). Some further consequences include major additional sea level rise
especially along the American Atlantic coast, reduced ocean carbon dioxide uptake, greatly reduced oxygen
supply to the deep ocean, and likely ecosystem collapse in the northern Atlantic.

IMPLICATIONS: UNCERTAINTY IS NOT OUR FRIEND

The risk of a critical AMOC transition is real and very serious, even if we cannot confidently predict when and
whether this will happen. We have already left behind the stable Holocene climate in which humanity has
thrived (Osman et al., 2021), and the latest IPCC report warns us that beyond 1.5°C of global warming, we move
into the realm of “high risk” with respect to climate tipping points (IPCC, 2023).

Also at risk is the Southern Hemisphere equivalent of the northern Atlantic deep-water formation: the Antarctic
bottom-water formation. A recent study by Australian researchers concluded that the increasing meltwater
inflow around Antarctica is set to dramatically slow down the Antarctic overturning circulation, with a potential
collapse this century (Q. Li et al., 2023). That will slow the rate at which the ocean takes up CO, (hence, more will
accumulate in the atmosphere), and it will reduce the oxygen supply for the deep sea.

A full AMOC collapse would be a massive, planetary-scale disaster. We really want to prevent this from
happening.

In other words: we are talking about risk analysis and disaster prevention. This is not about being 100% or even
just 50% sure that the AMOC will pass its tipping point this century; the issue is that we'd like to be 100% sure
that it won't. That the IPCC only has “medium confidence” that it will not happen this century is anything but
reassuring, and the studies discussed here, which came after the 2021 IPCC report, point to a much larger risk
than previously thought.

The Global Tipping Points Report 2023 was published in December 2023, a 500-page effort by 200 researchers
from 90 organizations in 26 countries (Lenton et al., 2023). Its summary conclusion reads: “Harmful tipping
points in the natural world pose some of the gravest threats faced by humanity. Their triggering will severely
damage our planet's life-support systems and threaten the stability of our societies.”

For the AMOC and other climate tipping points, the only action we can take to minimize the risk is to phase out
fossil fuel use and stop deforestation as fast as possible. If we can reach zero emissions, further global warming
will stop within years, and the sooner this happens the smaller the risk of passing devastating tipping points. It
would also minimize many other losses, damages, and human suffering from “regular” global warming impacts
(e.g., heatwaves, floods, droughts, harvest failures, wildfires, sea level rise), which are already happening all
around us even without the passing of major climate tipping points.

As another Climate Tipping Points report published in December 2022 by the Organisation for Economic Co-
operation and Development (OECD) concludes: “Yet, the current scientific evidence unequivocally supports
unprecedented, urgent and ambitious climate action to tackle the risks of climate system tipping points” (OECD,
2022).

It would be irresponsible, even foolhardy, if policymakers, business leaders, and indeed the voting public
continue to ignore those risks.

CITATION

https://tos.org/oceanography/article/is-the-atlantic-overturning-circulation-approaching-a-tipping-point 20/26



8/5/24, 12:49 .. Is the Atlantic Overturning Circulation Approaching a Tipping Point? | Oceanography

Rahmstorf, S. 2024. Is the Atlantic overturning circulation approaching a tipping point? Oceanography,
https://doi.org/10.5670/oceanog.2024.501 (https://doi.org/10.5670/0ceanog.2024.501).

REFERENCES

Blunier, T., ). Chappellaz, . Schwander, A. Déllenbach, B. Stauffer, T.F. Stocker, D. Raynaud, J. Jouzel, H.B. Clausen,
C.U. Hammer, and J.S. Johnsen. 1998. Asynchrony of Antarctic and Greenland climate change during the last
glacial period. Nature 394:739-743, https://doi.org/10.1038/29447 (https://doi.org/10.1038/29447).

Boers, N. 2021. Observation-based early-warning signals for a collapse of the Atlantic Meridional Overturning
Circulation. Nature Climate Change 11(8):680-688, https://doi.org/10.1038/s41558-021-01097-4
(https://doi.org/10.1038/s41558-021-01097-4).

Broecker, W. 1987. Unpleasant surprises in the greenhouse? Nature 328:123-126, https://doi.org/10.1038/

Caesar, L., S. Rahmstorf, A. Robinson, G. Feulner, and V. Saba. 2018. Observed fingerprint of a weakening
Atlantic Ocean overturning circulation. Nature 556(7700):191-196, https://doi.org/10.1038/s41586-018-0006-5
(https://doi.org/10.1038/541586-018-0006-5).

Caesar, L., G.D. McCarthy, D.J.R. Thornalley, N. Cahill, and S. Rahmstorf. 2021. Current Atlantic Meridional
Overturning Circulation weakest in last millennium. Nature Geoscience 14:118-120, https://doi.org/10.1038/
s41561-021-00699-7 (https://doi.org/10.1038/s41561-021-00699-z).

Caesar, L., G.D. McCarthy, DJ.R. Thornalley, N. Cahill, and S. Rahmstorf. 2022. Reply to: Atlantic circulation
change still uncertain. Nature Geoscience 15:168-170, https://doi.org/10.1038/s41561-022-00897-3
(https://doi.org/10.1038/s41561-022-00897-3).

Chafik, L., N.P. Holliday, S. Bacon, and T. Rossby. 2022. Irminger Sea is the center of action for subpolar AMOC
variability. Geophysical Research Letters 49(17), https://doi.org/10.1029/2022GL099133

Chemke, R., L. Zanna, and L.M. Polvani. 2020. Identifying a human signal in the North Atlantic warming hole.
Nature Communications 11(1), https://doi.org/10.1038/s41467-020-15285-x (https://doi.org/10.1038/s41467-020-
15285-x).

Cheng, L., G. Foster, Z. Hausfather, K.E. Trenberth, and J. Abraham. 2022. Improved quantification of the rate of
ocean warming. Journal of Climate 35(14):4,827-4,840, https://doi.org/10.1175/JCLI-D-21-0895.1
(https://doi.org/10.1175/JCLI-D-21-0895.1).

Dansgaard, W., H.B. Clausen, N. Gundestrup, C.U. Hammer, S.F. Johnsen, P.M. Kristinsdottir, and N. Reeh. 1982.
A new Greenland deep ice core. Science 218:1,273-1,277, https://doi.org/10.1126/science.218.4579.1273
(https://doi.org/10.1126/science.218.4579.1273).

Dijkstra, H.A., MJ. Molemaker, A. Van der Ploeg, and E.F.F. Botta. 1995. An efficient code to compute non-parallel
steady flows and their linear stability. Computers and Fluids 24:415-434, https://doi.org/10.1016/0045-
7930(94)00042-W (https://doi.org/10.1016/0045-7930(94)00042-W).

Dima, M., and G. Lohmann. 2010. Evidence for two distinct modes of large-scale ocean circulation changes over
the last century. Journal of Climate 23(1):5-16, https://doi.org/10.1175/2009)CLI2867.1
(https://doi.org/10.1175/2009JCLI2867.1).

https://tos.org/oceanography/article/is-the-atlantic-overturning-circulation-approaching-a-tipping-point 21/26


https://doi.org/10.5670/oceanog.2024.501
https://doi.org/10.5670/oceanog.2024.501
https://doi.org/10.1038/29447
https://doi.org/10.1038/29447
https://doi.org/10.1038/s41558-021-01097-4
https://doi.org/10.1038/s41558-021-01097-4
https://doi.org/10.1038/328123a0
https://doi.org/10.1038/328123a0
https://doi.org/10.1038/328123a0
https://doi.org/10.1038/s41586-018-0006-5
https://doi.org/10.1038/s41586-018-0006-5
https://doi.org/10.1038/s41561-021-00699-z
https://doi.org/10.1038/s41561-021-00699-z
https://doi.org/10.1038/s41561-021-00699-z
https://doi.org/10.1038/s41561-022-00897-3
https://doi.org/10.1038/s41561-022-00897-3
https://doi.org/10.1029/2022GL099133
https://doi.org/10.1029/2022GL099133
https://doi.org/10.1038/s41467-020-15285-x
https://doi.org/10.1038/s41467-020-15285-x
https://doi.org/10.1038/s41467-020-15285-x
https://doi.org/10.1175/JCLI-D-21-0895.1
https://doi.org/10.1175/JCLI-D-21-0895.1
https://doi.org/10.1126/science.218.4579.1273
https://doi.org/10.1126/science.218.4579.1273
https://doi.org/10.1016/0045-7930(94)00042-W
https://doi.org/10.1016/0045-7930(94)00042-W
https://doi.org/10.1016/0045-7930(94)00042-W
https://doi.org/10.1175/2009JCLI2867.1
https://doi.org/10.1175/2009JCLI2867.1

8/5/24, 12:49 .. Is the Atlantic Overturning Circulation Approaching a Tipping Point? | Oceanography
Ditlevsen, P., and S. Ditlevsen. 2023. Warning of a forthcoming collapse of the Atlantic meridional overturning

circulation. Nature 14:4254, https://doi.org/10.1038/s41467-023-39810-w (https://doi.org/10.1038/s41467-023-
39810-w).

Drijfhout, S., G.J. van Oldenborgh, and A. Cimatoribus. 2012. Is a decline of AMOC causing the warming hole
above the North Atlantic in observed and modeled warming patterns? Journal of Climate 25(24):8,373-8,379,
https://doi.org/10.1175/JCLI-D-12-00490.1 (https://doi.org/10.1175/)CLI-D-12-00490.1).

Duchez, A., E. Frajka-Williams, S.A. Josey, D.G. Evans, J.P. Grist, R. Marsh, G.D. McCarthy, B. Sinha, D.l. Berry, and
J.J.M. Hirschi. 2016. Drivers of exceptionally cold North Atlantic Ocean temperatures and their link to the 2015
European heat wave. Environmental Research Letters 11(7):074004, https://doi.org/10.1088/1748-
9326/11/7/074004 (https://doi.org/10.1088/1748-9326/11/7/074004).

Ellis, H. 1751. A letter to the Rev. Dr. Hales, F.R.S. from Captain Ellis, F.R.S. dated Jan. 7, 1750-51, at Cape Monte
Africa, Ship Earl of Halifax. Philosophical Transactions of the Royal Society of London 47:211-214.

Feulner, G., S. Rahmstorf, A. Levermann, and S. Volkwardt. 2013. On the origin of the surface air temperature
difference between the hemispheres in Earth’s present-day climate. Journal of Climate 26(18):7,136-7,150,
https://doi.org/10.1175/)CLI-D-12-00636.1 (https://doi.org/10.1175/)CLI-D-12-00636.1).

Fiedler, L. 2020. Investigating the North Atlantic Heat Transport in the Global Climate Model CM2.6. Bachelor's thesis,
University of Potsdam.

Ganopolski, A., and S. Rahmstorf. 2002. Abrupt glacial climate changes due to stochastic resonance. Physical
Review Letters 88:038501, https://doi.org/10.1103/PhysRevl ett.88.038501
(https://doi.org/10.1103/PhysRevLett.88.038501).

He, C., A.C. Clement, M.A. Cane, L.N. Murphy, J.M. Klavans, and T.M. Fenske. 2022. A North Atlantic warming hole
without ocean circulation. Geophysical Research Letters 49(19), https://doi.org/10.1029/2022GL100420

Heinrich, H. 1988. Origin and consequences of cyclic ice rafting in the northeast Atlantic Ocean during the past
130,000 years. Quaternary Research 29:143-152, https://doi.org/10.1016/0033-5894(88)90057-9
(https://doi.org/10.1016/0033-5894(88)90057-9).

Hemming, S.R. 2004. Heinrich events: Massive late Pleistocene detritus layers of the North Atlantic and their
global climate imprint. Reviews of Geophysics 42(1), https://doi.org/10.1029/2003RG000128
(https://doi.org/10.1029/2003RG000128).

Holliday, N.P., M. Bersch, B. Berx, L. Chafik, S. Cunningham, C. Florindo-Lopez, H. Hatun, W. Johns, S.A. Josey,
K.M.H. Larsen, and others. 2020. Ocean circulation causes the largest freshening event for 120 years in eastern
subpolar North Atlantic. Nature Communications 11(1):585, https://doi.org/10.1038/s41467-020-14474-y
(https://doi.org/10.1038/s41467-020-14474-y).

IPCC (Intergovernmental Panel on Climate Change). 2021. Climate Change 2021: The Physical Science Basis.
Contribution of Working Group | to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change. V.
Masson-Delmotte, P. Zhai, A. Pirani, S.L. Connors, C. Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb, M.l. Gomis,
M. Huang, K. Leitzell, E. Lonnoy, J.B.R. Matthews, T.K. Maycock, T. Waterfield, O. Yelekgi, R. Yu, and B. Zhou, eds,
Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA, 2,391 pp., https://doi.org/
10.1017/9781009157896 (https://doi.org/10.1017/9781009157896).

IPCC. 2023. Climate Change 2023: Synthesis Report. Contribution of Working Groups I, Il and Ill to the Sixth
Assessment Report of the Intergovernmental Panel on Climate Change. Core Writing Team, H. Lee, and J. Romero,
eds, IPCC, Geneva, Switzerland, 184 pp., https://doi.org/10.59327/IPCC/AR6-9789291691647
(https://doi.org/10.59327/IPCC/AR6-9789291691647).

A

https://tos.org/oceanography/article/is-the-atlantic-overturning-circulation-approaching-a-tipping-point 22/26


https://doi.org/10.1038/s41467-023-39810-w
https://doi.org/10.1038/s41467-023-39810-w
https://doi.org/10.1038/s41467-023-39810-w
https://doi.org/10.1175/JCLI-D-12-00490.1
https://doi.org/10.1175/JCLI-D-12-00490.1
https://doi.org/10.1088/1748-9326/11/7/074004
https://doi.org/10.1088/1748-9326/11/7/074004
https://doi.org/10.1088/1748-9326/11/7/074004
https://doi.org/10.1175/JCLI-D-12-00636.1
https://doi.org/10.1175/JCLI-D-12-00636.1
https://doi.org/10.1103/PhysRevLett.88.038501
https://doi.org/10.1103/PhysRevLett.88.038501
https://doi.org/10.1029/2022GL100420
https://doi.org/10.1029/2022GL100420
https://doi.org/10.1016/0033-5894(88)90057-9
https://doi.org/10.1016/0033-5894(88)90057-9
https://doi.org/10.1029/2003RG000128
https://doi.org/10.1029/2003RG000128
https://doi.org/10.1038/s41467-020-14474-y
https://doi.org/10.1038/s41467-020-14474-y
https://doi.org/10.1017/9781009157896
https://doi.org/10.1017/9781009157896
https://doi.org/10.1017/9781009157896
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.59327/IPCC/AR6-9789291691647

8/5/24, 12:49 .. Is the Atlantic Overturning Circulation Approaching a Tipping Point? | Oceanography
Jackson, L.C,, R. Kahana, T. Graham, M.A. Ringer, T. Woollings, J.V. Mecking, and R.A. Wood. 2015. Global and

European climate impacts of a slowdown of the AMOC in a high resolution GCM. Climate Dynamics 45(11-
12):3,299-3,316, https://doi.org/10.1007/s00382-015-2540-2 (https://doi.org/10.1007/s00382-015-2540-2).

Jackson, L.C,, H.T. Hewitt, D. Bruciaferri, D. Calvert, T. Graham, C. Guiavarc’h, M.B. Menary, A.L. New, M. Roberts,
and D. Storkey. 2023. Challenges simulating the AMOC in climate models. Philosophical Transactions of the Royal
Society A 381(2262):20220187, https://doi.org/10.1098/rsta.2022.0187 (https://doi.org/10.1098/rsta.2022.0187).

Jendrkowiak, J. 2024. Heat Budget Analysis over the North Atlantic. Bachelor's thesis, Potsdam University.

Kuhlbrodt, T., S. Titz, U. Feudel, and S. Rahmstorf. 2001. A simple model of seasonal open ocean convection. Part
Il. Labrador Sea stability and stochastic forcing. Ocean Dynamics 52:36-49, https://doi.org/10.1007/s10236-001-
8175-3 (https://doi.org/10.1007/s10236-001-8175-3).

Latif, M., J. Sun, M. Visbeck, and M. Hadi Bordbar. 2022. Natural variability has dominated Atlantic Meridional
Overturning Circulation since 1900. Nature Climate Change 12:455-460, https://doi.org/10.1038/s41558-022-
01342-4 (https://doi.org/10.1038/s41558-022-01342-4).

Lenton, T.M., D.I. Armstrong McKay, S. Loriani, J.F. Abrams, S.J. Lade, J.F. Donges, M. Milkoreit, T. Powell, S.R.
Smith, and others, eds. 2023. The Global Tipping Points Report 2023. University of Exeter, Exeter, UK, 479 pp.

Levermann, A., A. Griesel, M. Hofmann, M. Montoya, and S. Rahmstorf. 2005. Dynamic sea level changes
following changes in the thermohaline circulation. Climate Dynamics 24(4):347-354, https://doi.org/
10.1007/s00382-004-0505-y. (https://doi.org/10.1007/s00382-004-0505-y).

Li, Q., M.H. England, A.M. Hogg, S.R. Rintoul, and A.K. Morrison. 2023. Abyssal ocean overturning slowdown and
warming driven by Antarctic meltwater. Nature 615(7954):841-847, https://doi.org/10.1038/s41586-023-05762-w
(https://doi.org/10.1038/s41586-023-05762-w).

Li, Z., M.H. England, and S. Groeskamp. 2023. Recent acceleration in global ocean heat accumulation by mode
and intermediate waters. Nature Communications 14(1):6888, https://doi.org/10.1038/s41467-023-42468-z
(https://doi.org/10.1038/s41467-023-42468-7).

Liu, W., S.-P. Xie, Z. Liu, and J. Zhu. 2017. Overlooked possibility of a collapsed Atlantic Meridional Overturning
Circulation in warming climate. Science Advances 3(1), https://doi.org/10.1126/sciadv.1601666
(https://doi.org/10.1126/sciadv.1601666).

Manabe, S., and R.J. Stouffer. 1988. Two stable equilibria of a coupled ocean-atmosphere model. journal of
Climate 1:841-866, https://doi.org/10.1175/1520-0442(1988)001<0841:TSEOAC>2.0.CO;2
(https://doi.org/10.1175/1520-0442(1988)001%3C0841:TSEOAC%3E2.0.CO;2).

McCarthy, G.D., and L. Caesar. 2023. Can we trust projections of AMOC weakening based on climate models that
cannot reproduce the past? Philosophical Transactions of the Royal Society A 381(2262):20220193, https://doi.org/
10.1098/rsta.2022.0193 (https://doi.org/10.1098/rsta.2022.0193).

Michel, S.L.L., D. Swingedouw, P. Ortega, G. Gastineau, J. Mignot, G. McCarthy, and M. Khodri. 2022. Early
warning signal for a tipping point suggested by a millennial Atlantic Multidecadal Variability reconstruction.
Nature Communications 13(1):5176, https://doi.org/10.1038/s41467-022-32704-3
(https://doi.org/10.1038/s41467-022-32704-3).

Mooney, C. 2015. “Why Some Scientists Are Worried about a Surprisingly Cold ‘Blob’ in the North Atlantic Ocean.”
Washington Post, September 4, 2015, https://www.washingtonpost.com/news/energy-
environment/wp/2015/09/24/why-some-scientists-are-worried-about-a-cold-blob-in-the-north-atlantic-ocean/
(https://www.washingtonpost.com/news/energy-environment/wp/2015/09/24/why-some-scientists-are-worried-

. . N
about-a-cold-blob-in-the-north-atlantic-ocean/).

https://tos.org/oceanography/article/is-the-atlantic-overturning-circulation-approaching-a-tipping-point 23/26


https://doi.org/10.1007/s00382-015-2540-2
https://doi.org/10.1007/s00382-015-2540-2
https://doi.org/10.1098/rsta.2022.0187
https://doi.org/10.1098/rsta.2022.0187
https://doi.org/10.1007/s10236-001-8175-3
https://doi.org/10.1007/s10236-001-8175-3
https://doi.org/10.1007/s10236-001-8175-3
https://doi.org/10.1038/s41558-022-01342-4
https://doi.org/10.1038/s41558-022-01342-4
https://doi.org/10.1038/s41558-022-01342-4
https://doi.org/10.1007/s00382-004-0505-y
https://doi.org/10.1007/s00382-004-0505-y
https://doi.org/10.1007/s00382-004-0505-y
https://doi.org/10.1038/s41586-023-05762-w
https://doi.org/10.1038/s41586-023-05762-w
https://doi.org/10.1038/s41467-023-42468-z
https://doi.org/10.1038/s41467-023-42468-z
https://doi.org/10.1126/sciadv.1601666
https://doi.org/10.1126/sciadv.1601666
https://doi.org/10.1175/1520-0442(1988)001%3C0841:TSEOAC%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(1988)001%3C0841:TSEOAC%3E2.0.CO;2
https://doi.org/10.1098/rsta.2022.0193
https://doi.org/10.1098/rsta.2022.0193
https://doi.org/10.1098/rsta.2022.0193
https://doi.org/10.1038/s41467-022-32704-3
https://doi.org/10.1038/s41467-022-32704-3
https://www.washingtonpost.com/news/energy-environment/wp/2015/09/24/why-some-scientists-are-worried-about-a-cold-blob-in-the-north-atlantic-ocean/
https://www.washingtonpost.com/news/energy-environment/wp/2015/09/24/why-some-scientists-are-worried-about-a-cold-blob-in-the-north-atlantic-ocean/
https://www.washingtonpost.com/news/energy-environment/wp/2015/09/24/why-some-scientists-are-worried-about-a-cold-blob-in-the-north-atlantic-ocean/
https://www.washingtonpost.com/news/energy-environment/wp/2015/09/24/why-some-scientists-are-worried-about-a-cold-blob-in-the-north-atlantic-ocean/

8/5/24, 12:49 .. Is the Atlantic Overturning Circulation Approaching a Tipping Point? | Oceanography

OECD (Organisation for Economic Co-operation and Development). 2022. Climate Tipping Points: Insights for
Effective Policy Action. Paris, 89 pp, https://doi.org/10.1787/abc5a69e-en (https://doi.org/10.1787/abc5a69e-en).

Osman, M.B., J.E. Tierney, J. Zhu, R. Tardif, G.J. Hakim, J. King, and C.J. Poulsen. 2021. Globally resolved surface
temperatures since the Last Glacial Maximum. Nature 599(7884):239-244, https://doi.org/10.1038/s41586-021-
03984-4 (https://doi.org/10.1038/s41586-021-03984-4).

Piecuch, C.G., and L.M. Beal. 2023. Robust weakening of the Gulf Stream during the past four decades observed
in the Florida Straits. Geophysical Research Letters 50(18), https://doi.org/10.1029/2023GL105170
(https://doi.org/10.1029/2023GL105170).

Qasmi, S. 2023. Past and future response of the North Atlantic warming hole to anthropogenic forcing. Earth
System Dynamics 14(3):685-695, https://doi.org/10.5194/esd-14-685-2023 (https://doi.org/10.5194/esd-14-685-
2023).

Rahmstorf, S. 1996. On the freshwater forcing and transport of the Atlantic thermohaline circulation. Climate
Dynamics 12(12):799-811, https://doi.org/10.1007/s003820050144 (https://doi.org/10.1007/s003820050144).

Rahmstorf, S. 1997. Risk of sea-change in the Atlantic. Nature 388(6645):825-826, https://doi.org/10.1038/42127

Rahmstorf, S. 1999. Shifting seas in the greenhouse? Nature 399(6736):523-524, https://doi.org/10.1038/21066
(https://doi.org/10.1038/21066).

Rahmstorf, S. 2001. A simple analytical model of seasonal open-ocean convection: Part |. Theory. Ocean
Dynamics 52:26-35, https://doi.org/10.1007/510236-001-8174-4 (https://doi.org/10.1007/510236-001-8174-4).

Rahmstorf, S. 2002. Ocean circulation and climate during the past 120,000 years. Nature 419(6903):207-214,
https://doi.org/10.1038/nature01090 (https://doi.org/10.1038/nature01090).

Rahmstorf, S., M. Crucifix, A. Ganopolski, H. Goosse, I.V. Kamenkovich, R. Knutti, G. Lohmann, R. Marsh, L.A.
Mysak, Z. Wang, and AJ. Weaver. 2005. Thermohaline circulation hysteresis: A model intercomparison.
Geophysical Research Letters 32(23), https://doi.org/10.1029/2005GL023655
(https://doi.org/10.1029/2005GL023655).

Rahmstorf, S., J.E. Box, G. Feulner, M.E. Mann, A. Robinson, S. Rutherford, and E.J. Schaffernicht. 2015.
Exceptional twentieth-century slowdown in Atlantic Ocean overturning circulation. Nature Climate Change
5(5):475-480, https://doi.org/10.1038/nclimate2554 (https://doi.org/10.1038/nclimate2554).

Robinson, A., R. Calov, and A. Ganopolski. 2012. Multistability and critical thresholds of the Greenland ice sheet.
Nature Climate Change 2(6):429-432, https://doi.org/10.1038/nclimate1449
(https://doi.org/10.1038/nclimate1449).

Romanou, A., D. Rind, J. Jonas, R. Miller, M. Kelley, G. Russell, C. Orbe, L. Nazarenko, R. Latto, and G.A. Schmidt.
2023. Stochastic bifurcation of the North Atlantic circulation under a midrange future climate scenario with the
NASA-GISS ModelE. Journal of Climate 36(18):6,141-6,161, https://doi.org/10.1175/JCLI-D-22-0536.1
(https://doi.org/10.1175/JCLI-D-22-0536.1).

Rousi, E., K. Kornhuber, G. Beobide-Arsuaga, F. Luo, and D. Coumou. 2022. Accelerated western European
heatwave trends linked to more-persistent double jets over Eurasia. Nature Communications 13(1):3851,
https://doi.org/10.1038/s41467-022-31432-y (https://doi.org/10.1038/541467-022-31432-y).

Smeed, D.A., B.l. Moat, E.L. McDonagh, G. McCarthy, B.A. King, W.E. Johns, and H.L. Bryden. 2020. Reduction in
ocean heat transport at 26°N since 2008 cools the eastern Subpolar Gyre of the North Atlantic Ocean. Journal of
Climate 33(5):1,677-1,689, https://doi.org/10.1175/JCLI-D-19-0323.1 (https://doi.org/10.1 175/ICLI-D-19-0323.1)./\

https://tos.org/oceanography/article/is-the-atlantic-overturning-circulation-approaching-a-tipping-point 24/26


https://doi.org/10.1787/abc5a69e-en
https://doi.org/10.1787/abc5a69e-en
https://doi.org/10.1038/s41586-021-03984-4
https://doi.org/10.1038/s41586-021-03984-4
https://doi.org/10.1038/s41586-021-03984-4
https://doi.org/10.1029/2023GL105170
https://doi.org/10.1029/2023GL105170
https://doi.org/10.5194/esd-14-685-2023
https://doi.org/10.5194/esd-14-685-2023
https://doi.org/10.5194/esd-14-685-2023
https://doi.org/10.1007/s003820050144
https://doi.org/10.1007/s003820050144
https://doi.org/10.1038/42127
https://doi.org/10.1038/42127
https://doi.org/10.1038/21066
https://doi.org/10.1038/21066
https://doi.org/10.1007/s10236-001-8174-4
https://doi.org/10.1007/s10236-001-8174-4
https://doi.org/10.1038/nature01090
https://doi.org/10.1038/nature01090
https://doi.org/10.1029/2005GL023655
https://doi.org/10.1029/2005GL023655
https://doi.org/10.1038/nclimate2554
https://doi.org/10.1038/nclimate2554
https://doi.org/10.1038/nclimate1449
https://doi.org/10.1038/nclimate1449
https://doi.org/10.1175/JCLI-D-22-0536.1
https://doi.org/10.1175/JCLI-D-22-0536.1
https://doi.org/10.1038/s41467-022-31432-y
https://doi.org/10.1038/s41467-022-31432-y
https://doi.org/10.1175/JCLI-D-19-0323.1
https://doi.org/10.1175/JCLI-D-19-0323.1

8/5/24, 12:49 .. Is the Atlantic Overturning Circulation Approaching a Tipping Point? | Oceanography

Stager, J.C., D.B. Ryves, B.M. Chase, and F.S. Pausata. 2011. Catastrophic drought in the Afro-Asian monsoon
region during Heinrich Event 1. Science 331(6022):1,299-1,302, https://doi.org/10.1126/science.1198322

Stocker, T., and A. Schmittner. 1997. Influence of CO; emission rates on the stability of the thermohaline
circulation. Nature 388:862-865, https://doi.org/10.1038/42224 (https://doi.org/10.1038/42224).

Stommel, H. 1961. Thermohaline convection with two stable regimes of flow. Tellus 13:224-230, https://doi.org/
10.3402/tellusa.v13i2.9491 (https://doi.org/10.3402/tellusa.v13i2.9491).

Supran, G., S. Rahmstorf, and N. Oreskes. 2023. Assessing ExxonMobil's global warming projections. Science
379(6628):eabk0063, https://doi.org/10.1126/science.abk0063 (https://doi.org/10.1126/science.abk0063).

Swingedouw, D., A. Bily, C. Esquerdo, L.F. Borchert, G. Sgubin, J. Mignot, and M. Menary. 2021. On the risk of
abrupt changes in the North Atlantic subpolar gyre in CMIP6 models. Annals of the New York Academy of Sciences
1504(1):187-201, https://doi.org/10.1111/nyas.14659 (https://doi.org/10.1111/nyas.14659).

Thompson, B. 1797. The complete works of Count Rumford (1870). Boston, American Academy of Sciences 1:237-
400.

Todd, R.E., and A.S. Ren. 2023. Warming and lateral shift of the Gulf Stream from in situ observations since 2001.
Nature Climate Change 13:1,348-1,352, https://doi.org/10.1038/s41558-023-01835-w
(https://doi.org/10.1038/541558-023-01835-w).

Trenberth, K.E., Y. Zhang, J.T. Fasullo, and L. Cheng. 2019. Observation-based estimates of global and basin
ocean meridional heat transport time series. Journal of Climate 32(14):4,567-4,583, https://doi.org/10.1175/)CLI-
D-18-0872.1 (https://doi.org/10.1175/JCLI-D-18-0872.1).

van Westen, R., M.A. Kliphuis, and H.A. Dijkstra. 2024. Physics-based early warning signal shows AMOC is on
tipping course. Science Advances 10(6), https://doi.org/10.1126/sciadv.adk1189
(https://doi.org/10.1126/sciadv.adk11809).

Warren, B.A. 1983. Why is no deep water formed in the North Pacific? Journal of Marine Research 41:327-347.

Weijer, W., W. Cheng, S.S. Drijfhout, A.V. Fedorov, A. Hu, L.C. Jackson, W. Liu, E.L. McDonagh, J.V. Mecking, and J.
Zhang. 2019. Stability of the Atlantic Meridional Overturning Circulation: A review and synthesis. Journal of
Geophysical Research: Oceans 124(8):5,336-5,375, https://doi.org/10.1029/2019JC015083
(https://doi.org/10.1029/2019JC015083).

Welander, P. 1982. A simple heat-salt oscillator. Dynamics of Atmospheres and Oceans 6:233-242,
https://doi.org/10.1016/0377-0265(82)90030-6 (https://doi.org/10.1016/0377-0265(82)90030-6).

Wood, R.A., A.B. Keen, J.F.B. Mitchell, and J.M. Gregory. 1999. Changing spatial structure of the thermohaline
circulation in response to atmospheric CO; forcing in a climate model. Nature 399:572-575,
https://doi.org/10.1038/21170 (https://doi.org/10.1038/21170).

Yin, J., S.M. Griffies, and RJ. Stouffer. 2010. Spatial variability of sea level rise in twenty-first century projections.
Journal of Climate 23(17):4,585-4,607, https://doi.org/10.1175/2010JCLI3533.1
(https://doi.org/10.1175/2010JCLI3533.1).

Zhang, R., and G.K. Vallis. 2007. The role of bottom vortex stretching on the path of the North Atlantic western
boundary current and on the northern recirculation gyre. Journal of Physical Oceanography 37(8):2,053-2,080,

https://tos.org/oceanography/article/is-the-atlantic-overturning-circulation-approaching-a-tipping-point 25/26


https://doi.org/10.1126/science.1198322
https://doi.org/10.1126/science.1198322
https://doi.org/10.1038/42224
https://doi.org/10.1038/42224
https://doi.org/10.3402/tellusa.v13i2.9491
https://doi.org/10.3402/tellusa.v13i2.9491
https://doi.org/10.3402/tellusa.v13i2.9491
https://doi.org/10.1126/science.abk0063
https://doi.org/10.1126/science.abk0063
https://doi.org/10.1111/nyas.14659
https://doi.org/10.1111/nyas.14659
https://doi.org/10.1038/s41558-023-01835-w
https://doi.org/10.1038/s41558-023-01835-w
https://doi.org/10.1175/JCLI-D-18-0872.1
https://doi.org/10.1175/JCLI-D-18-0872.1
https://doi.org/10.1175/JCLI-D-18-0872.1
https://doi.org/10.1126/sciadv.adk1189
https://doi.org/10.1126/sciadv.adk1189
https://doi.org/10.1029/2019JC015083
https://doi.org/10.1029/2019JC015083
https://doi.org/10.1016/0377-0265(82)90030-6
https://doi.org/10.1016/0377-0265(82)90030-6
https://doi.org/10.1038/21170
https://doi.org/10.1038/21170
https://doi.org/10.1175/2010JCLI3533.1
https://doi.org/10.1175/2010JCLI3533.1
https://doi.org/10.1175/JPO3102.1
https://doi.org/10.1175/JPO3102.1

8/5/24, 12:49 .. Is the Atlantic Overturning Circulation Approaching a Tipping Point? | Oceanography

Zhang, R. 2008. Coherent surface-subsurface fingerprint of the Atlantic meridional overturning circulation.
Geophysical Research Letters 35(20), https://doi.org/10.1029/2008GL035463

Zhu, C,, Z. Liu, S. Zhang, and L. Wu. 2023. Likely accelerated weakening of Atlantic overturning circulation
emerges in optimal salinity fingerprint. Nature Communications 14(1):1245, https://doi.org/10.1038/s41467-023-
36288-4 (https://doi.org/10.1038/s41467-023-36288-4).

COPYRIGHT & USAGE

This is an open access article made available under the terms of the Creative Commons Attribution 4.0
International License (https://creativecommons.org/licenses/by/4.0/
(https://creativecommons.org/licenses/by/4.0/)), which permits use, sharing, adaptation, distribution, and
reproduction in any medium or format as long as users cite the materials appropriately, provide a link to the
Creative Commons license, and indicate the changes that were made to the original content. Images,
animations, videos, or other third-party material used in articles are included in the Creative Commons license
unless indicated otherwise in a credit line to the material. If the material is not included in the article's Creative

Commons license, users will need to obtain permission directly from the license holder to reproduce the
material.

Home View Issues Subscribe Permissions Contact Us

(https://tos.org/oceanographytps://tos.org/oceanographytpsititos)org/oceanographytpsisoibe)g/oceanographytpeviisstmggpceanography/c

About Order Issues Advertising us)

® Current Issue

(https://tos.org/oceanography/(ﬂlg%t}/tos'Org/oceanog%tis%j//stﬁ?e?rg/oceanogra phytpsdées.org/oceanograjoliy/EdSgertise)

® About Us ® Upcoming Issues issues) Change of Address (https://tosmc.memberclicks.net
(https://tos.org/oceanograghylpkxmtjs.org/oceano@?gﬂﬂglﬂﬁ@oerm‘?é- (https://tos.org/oceanograpOg/ el
o Special Issues issues) (https://tos.org/oceanograpbfyaglaceies) (https://tos.org)

(https://tos.org/oceano@r apimjysReldates

issues) (https://tos.org/oceanography/early-
® Editors releases)

(https://tos.org/oceano@rapttydieditatsive

(https://tos.org/oceanography/volume)

Oceanography Magazine, The Oceanography Society, 1 Research Court, Suite 450-117, Rockville, MD, 20850-6252, USA
Tel: (1) 301-251-7708, E-mail: magazine@tos.org (mailto:magazine@tos.org)

Send comments about this site to webmaster1@tos.org (mailto:webmaster1@tos.org)

https://tos.org/oceanography/article/is-the-atlantic-overturning-circulation-approaching-a-tipping-point 26/26


mailto:magazine@tos.org
mailto:magazine@tos.org
mailto:webmaster1@tos.org
mailto:webmaster1@tos.org
https://doi.org/10.1029/2008GL035463
https://doi.org/10.1029/2008GL035463
https://doi.org/10.1038/s41467-023-36288-4
https://doi.org/10.1038/s41467-023-36288-4
https://doi.org/10.1038/s41467-023-36288-4
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://tos.org/oceanography/
https://tos.org/oceanography/
https://tos.org/oceanography/about
https://tos.org/oceanography/about
https://tos.org/oceanography/about
https://tos.org/oceanography/about
https://tos.org/oceanography/special-issues
https://tos.org/oceanography/special-issues
https://tos.org/oceanography/special-issues
https://tos.org/oceanography/editors
https://tos.org/oceanography/editors
https://tos.org/oceanography/volume
https://tos.org/oceanography/volume
https://tos.org/oceanography/issue
https://tos.org/oceanography/issue
https://tos.org/oceanography/upcoming-issues
https://tos.org/oceanography/upcoming-issues
https://tos.org/oceanography/upcoming-issues
https://tos.org/oceanography/early-releases
https://tos.org/oceanography/early-releases
https://tos.org/oceanography/early-releases
https://tos.org/oceanography/volume
https://tos.org/oceanography/volume
https://tos.org/oceanography/subscribe
https://tos.org/oceanography/subscribe
https://tos.org/oceanography/order-issues
https://tos.org/oceanography/order-issues
https://tos.org/oceanography/order-issues
https://tos.org/oceanography/guidelines
https://tos.org/oceanography/guidelines
https://tos.org/oceanography/permissions
https://tos.org/oceanography/permissions
https://tos.org/oceanography/advertise
https://tos.org/oceanography/advertise
https://tos.org/oceanography/change-of-address
https://tos.org/oceanography/change-of-address
https://tos.org/oceanography/change-of-address
https://tos.org/oceanography/contact-us
https://tos.org/oceanography/contact-us
https://tos.org/oceanography/contact-us
https://tosmc.memberclicks.net/
https://tosmc.memberclicks.net/
https://tos.org/
https://tos.org/

