Atlantic Meridional Overturning Circulation

Why its collapse would be dangerous to the climate of Europe and
why | do not believe it will happen in our lifetime.
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A critical system of Atlantic Ocean
currents could collapse as early as the
2030s, new research suggests
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Probability Estimates of a 21st Century AMOC Collapse
Emma J.V. Smolders, René M. van Westen, Henk A. Dijkstra

There is increasing concern that the Atlantic Meridional Overturning Circulation (AMOC) may collapse this century with a disrupting societal impact on
large parts of the world. Preliminary estimates of the probability of such an AMOC collapse have so far been based on conceptual models and statistical
analyses of proxy data. Here, we provide observationally based estimates of such probabilities from reanalysis data. We first identify optimal observation

=8 = regions of an AMOC collapse from a recent global climate model simulation. Salinity data near the southern boundary of the Atlantic turn out to be
optimal to provide estimates of the time of the AMOC collapse in this model. Based on the reanalysis products, we next determine probability density
functions of the AMOC collapse time. The collapse time is estimated between 2037-2064 (10-90% CI) with a mean of 2050 and the probability of an
AMOC collapse before the year 2050 is estimated to be 59 +/- 17%.



THE DAY AFTER
TOMORROW

FROM THE DIRECTOR OF INDEPENDENCE DAY

There was even a Hollywood
moyvie. about the AMOC collapse,
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Thermohaline circulation

—deep water lormation
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The.thermohaline circulation (THC) is an
'\ effectivesmechanism for transporting heat
fromithe tropicsitoe the North Atlantic.
It is also a source of deep sea waters that
ventilate the World Ocean. THC is the
maiRmechanisn e ‘
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A popular picture of THC
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Source: Science (alas!)

What'siwiong? The Gulii Stream (Golistrom) flowsalong Alrica here; currents
liewenrtep threugh New: Guineaiand New: Zealand; weprehably have anice age
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Where are the deep waters getting formed?

Surface layer
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Where do deep sea waters aetually form’? '
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Why deep waters are not formed in the Pacific?
Surface salinity
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Why is Atlantic so salty?
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 Meridional transport of heat: the Atlantic exception
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A classic picture of the THC
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In the classic THC model (Stommell & Arons; 1960), circulation is caused
selely by differences, in temperature and salinity.

HOWEVERENE IS alprehlem: alreadyaniiC0ESanesiioniishioWed il
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Why does dense water surface at all”?
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Dense (salt and cold) water canonly rise te the surface when mixed with
lighter water. One mechanism (in addition to wind-related! mixing) is the
generation ofi internal waves, ( ) on bottom, irregularities (continental

idges) and slopes) by, tidall movements. Internal waves: lead to; turbulent
anlldsie) (red).

Garreit 20039 (Science)



Moderm picture of the overturning circulation
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==  Surface flow ® Wind-driven upwelling L Labrador Sea

=== Deep flow (& Mixing-driven upwelling G Greenland Sea

=== Bottom flow m  Salinity > 36 %o W  Weddell Sea
< Deep Water Formation Salinity < 34 %o R Ross Sea

[Deepisea waters return to the surface due to; turbulent mixing (particulanly,
atistibmanne ndees) andiupwelingifiuxstewandsiherstiace) asseeiaied
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The newest picture of overturning circulation
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Simplified global overturning circulation
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Some boring stuff

Termonzaline circulatiorn (THIC) is not forced only oy
differznces in temosraidre arnd salinity. |tis difficult
to seozraia frorn wind driven circulaition. Part of it
energy corrles frorrn niernal ocesn miding caused gy
winel arid tides (out not zogolarikiorn ).

Wiinsch'(2002) proposed that THC should' be used’ &
only for the mechanism, budgets of fresh waterand. §
heat and the part of ocean circulation related tor
,production” of deep water masses to be named
Meridional Overturning Circulation (MOC). This
name.dominates the modern literature ofi the
ubject (infPolishiitinas ne;counterpart, yet).
Rahmstorf (2006) defined THC as ,that part of the
ocean circulation which isi driven by fluxes ofi heat
and freshwater acress the sea surface and
S subseguentintenior mixing oftheat and salt:*

Sir: Benjamin Lhompson, who
discoyered. in 1798 that surface
Walers ansporiiedr iowards e
Foles wnile cold yarer refrns
fowdrds the eqiiaior in ine deegp
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Freshwater forcing and the THC
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THC in the ice age

‘Warm’
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Three onases of TrlC

orizise: TrIC signilealr ic
current; NABWSeHIIRG N Nerdic
Seas, Antarclic IDEEpNValersipusied
far south.

Cold Phase D/O: Atlantic
Intermediate \Waters form south of

leeland;; Antarctic Deep Seas fill the
depths ofithe Atlantic.

Heinrich event: thermohaline
circulation stops; completely..

LRahmstorf 2002 (Naiipe
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THC during the deglaciation

Trie coriiernt of rworl/mlllm [SIOIGIELS

AESHLS OGN tIER
lowest In the LLakradeiRSEaRE
highest in therRaeiic) st parametes
( ), Irom cores;fiom the South
Atlantic, indicates a systematic
iIncrease in the influence of North
Atlantic Deep Water at the expense of
Antarctic Deep Water, I.e. a

systematic strengthening of THC.
Younger Dryas Is a local minimum on
the chart.

Piotrowsiki ei al. 2004
Barih and Planeiary Sciepnce Leiiers



The impact of thermohaline circulation on

Temperature change (°C)

Viedeling resulisi (IHadCVISr moedel) shewithat the pessiklerhalting of
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What if we stopped THC in 20497
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Viedeling results: (HadCVIS: medel) show: that, ar pessible sioppage
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Wood Velline Thorpe 2005 (Phil. Trans, . Soc. Lopd, A)




Effect of THC stopping on sea level change
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llhe efiect ol stopping the thermohaline circulation en sea level (rnolte the non-
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THC weakening? A false alarm
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Tthe measurement ot Atlantic currents at the 25° Niprofile in 2004 seemed
torindicate that'the flew acress thisiparallel had weakened by 30%.
However, measurements from 19 RAPID moorings (26.5° N) seem to deny
the existence of such a trend - although they do confirm high interannual

variability (Nature, Nevember 117, 2006). Also, continuous; measurements
eirthenniensity efithe GulirStream) at 27 ¥ INisince 1962 (BBaingen saltarsen
2001 Usisle) trie elaeife gotsiizll differerics ol storiEfrie telaariore
CablESIdeGISHeWIaNEECTEASINGRERENRNISHI G

Bryden, Longworih <& Cunningham 20035 (Naiire)




How do we measure THC / AMOC?

Three arrays are monitoring a conveyor belt of powerful currents

in the Atlantic, in which shallow warm waters move north (red),
while deep, cold water moves south (blue). Sl J—
Mooring Glider OSNAP o
if Installed: 2014 —-
- 500 | Moorings: 53 Gulf Stream
L 1500 :é.:
g :
- 2500 B -<-—26.5°N array
a RAPID/
S ~ 3500 MOCHA/WBTS
OSNAP WEST OSNAP EAST Installed: 2004

Moaorings: 18

——

34.5°S array
SAMOC/SAMBA . @

 Installed: 2013
‘ Moorings: 21 .

Wi b/

Currently, in additionterthe
RAPID/RAPID program buoy (26.5° N),
Wwe have twoe other measurement lines:
the subpoelar OSNAP and the first inithe
seUthemhemisphene;, SANMOEC/SAMIBA

(6455 SHE Hewevertwilltake severnal
VEanSie CEEHMINENERYAPOSSI ENENESE

Flapd 2016 (Sciznce)



AMOC weakened? So far (2022) not
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AMOC in the 21st century in CMIP6 models
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- o Was AMOC slowing down
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Linear temperature trend (°C per century) m OSt Of th e 2 Oth Ce ntu ry?

Ralmstoretal 2015 usedia
iIndex: oiAVI@CHasEd CrNihE
differenceroiftemperatine
petween the Subarctic Gyre
and North Hemisphere. They
claim to observe a weakening
of AMOC between 1930 and
1990/ using climate proxies

O
Bl (blue), GISTEMP (red) and a
sl coral based proxy (green with
BN Uncertainty band). They also

Temperature anomaly (K)

compare it te, 29 N ANMOC
Measuemenisiied dots)
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| y | T T y 1 X 1
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Year AD

Rahmstorf et al 2015 (Nature Climaie Chanoe)
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TS Aot And maybe AMOC was weakening
o | already since the 19th century?
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The story goes on. Another “decreasing AMOC” paper

203
O 1.5
Pty
*E 1.0 -
Q
Q.
E 05 &
= Rahmstorf et al.
(8]
© 0 —
£ b -4
2
< -3
— 2

Thornalley et al.®, Monte Carlo Y
Thornalley et al.® , Binning

I
eluyozisimod pod Aunjesadway
Axoid Auemozijew.iouz

T T T T 1 1 T
500 750 1000 1250 1500 1750 2000
Rok

dihiststudy uses several proxies; mostiy ltabiaderSeamel atedorshiewithal
AVI@EHESIEERCECTEeaSINEISINCENIGSONTHEN O] ISHNEXRCOIIESHTOINUSIIENIIS

1) 2l gogtllzir bt o) Netilczl o Klirzicie).

Caesayr ef al, 2021 (Naiure Geosciepce)



A whiff of observation data
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This study correlates measured AMOC values with densities at four depth
layers andi createsian AMOC index from|measurements, efisalinity,and
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Worihingion ef al, 2021 (Ocean Sciepce)



ility has dominated AMOC since 1900”
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Atlantic Multidecadal Oscillation
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Continued Atlantic overturning circulation
even under climate extremes

a ”s ACCESS-ESM1-5 in 4xCO2 b ”s MIROCS in 4xCO2
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The authors used CMIP6 modellensemble result to;show: that not enly AMOC
istunlikely te collapse in experiments where CO2 s quadrupledin 140years
puRaiseithateniyAthemedelsawhere Rl @ErdeVelopsishioWasIgRiiican
Wetzli<aplisle) af AMICE Frigfzleior Seivige) AMCIC [Sinle Sirenie)in of Satfiriern

C)eeizlg) Lowellile) sistelinieel oY sirarinienine) Winles ziratigel Apteireiiez]
Baker ef al 2029 (Naire)



Again, no AMOC decrease
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iglSllzitiitie/s (nlere 269
and Arstoricall seres e SSH
temperatures, shows no
decreasing trend in the
studied period (1960-2017).
RAPID: s the measurement
series at that latituude. ERAS
and JRA-55 are two
reanalyses.
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Jens Terhaar receiving a medal for young scientists at the
EGU 2025 in Vienna conference for the very paper.
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Multiple drivers of the North Atlantic warming hole

Paul Keil @23, Thorsten Mauritsen©'?, Johann Jungclaus’, Christopher Hedemann',
. Dirk Olonscheck®'and Rohit Ghosh®'3

“Consequently, the long-term evolution of
the WH [Warming Hole] in a forced
seenario, In contrast to internal

vaniability; isrdriven by a multitude of

NS -,

U —

G

i

factors: OHT [Ocean Heat Transport]
changes at low and high latitudes
associated with both the overturning and
gyre cinculation aleng withiatmespheric
processesi(kFig. 9)

Fig. 5 | Schematic illustration of the drivers of the WH. The AMOC is
indicated by red arrows, the gyre circulation by blue arrows and cloud
feedback in the form of reflected shortwave radiation by yellow arrows.
Shading represents the surface temperature trend of the 1pctCO, increase
per year ensemble.

Keil ef al 2020 (Nature Climate Change)



North Atlantic Oscillation (NAQO)

. more sea
ice

MNAO Negative Mode MNAO Positive Mode

dihe:NA@index; identified by Walker (1924 histerically:defined asithe
pressunediiierence etweenitistyen anciReykeVik(pPosiuVENN A@SILUALGIINIG

inle flejuirer). Foils Inlelend ecalzlinis &1 % of tale alrletion Ir Winter i gt fes
plogif) eif 20\, fram



Why winter NAO?
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Month
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(CoehicieEneirdetermination (Sguanedicormel ation) eiemperatiiesin
RolandanditheINAGSInCENCSONGRREIVICNAINTH RIS

Opracowapic wiasne na podsiawie dapyeh NOAZA i serii Poliemnp
(hiips:/meicomodel pl/klimeai/voliemp/)




corr Dec—Mar NAQ
with Dec—Mar ERAS T2m 1950:2022 p<5%

dihe conelatonimapieiwinteRDEEVINAG@EREN e CAIREMPERUINESS
1950-2022 saievyinie) Walere gosiive NAC) teli<es gleizlt frong) to) Welf =lreos




Winter (DJFM) NAO since 1950
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Atmospheric CO, cross-correlated with NAO

log_co2 & winter.nao

0.4

WinterINAGNS signiiicantly comelated with  oganthmieiRalieSpPHENCACO2
(rotiejslly ©OZ rielfzitive farcinle)) for czitel seeigiieie) 1) 1920, wWiinl 2l orozlel reinle)e

OiflagssalinereNstarmaximuma N atiancr i e e e GHESTCONE EliGHSNIG);
shpnadsieiiN@AWESUSHE® 2 Piskozub 2015




The cold blob is mostly caused by more positive NAO

(b) JFM

(a) Annual

3
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-1.2 -0.8 -04 0.0 0.4 0.8 1.2
[K/century]

Tfhe analysis in this study shows
that the observer cold trend in
Subpolar Gyre (top, both annual
andiJEM)is caused in 67% by
increase in NAO. The bottom
graph shows SSTI trends caused
by NAO variability: (frem their
regression);

[ | | I [ I I | |
S A ey, = e 2 93 Fan et al 2023 (Climaie Dynamics)




The models are unable to repoduce NAO variability

7.5

ACC =0.48 (P = 0.03), RPC = 4.2, ACC persistence = 0.1

T 50

<

> 25 m

©

& 0

2

© —-2.5-

@)

% —5.01 = (QObservations

- & Raw ensemble — Model

1960 1970 1980 1990 2000

Obsenved (black) and moedel-forecast (yearns:2—9;red) 6-yr running means for the
boreal winter (DecemberteVianch) NAO. index.. The redicurve shows the ensemble
mean of the' 169 members; theredishadingrshiews the 5%—95% confidence interval

diagnosed from the individual members.

From| the paper abstract:
- “current models underestlmate the predlctable SIgn (therpredictaleNiracion o
:_.:__‘frﬂ., izl elrteloiliny) of trig Norinl Atlzigitic SscillEitor) ( IENEZEINENIBEEND);
?iif:vélrleumr/ 19 Negig] r\rl inte zligglgsgnieric cireilzitan) oY el arelar of srlelefgittiels.

Swmith ef al 2020 (Neaiurz)
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Article
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https://doi.org/10.1038/s41467-024-54903-w

A pause in the weakening of the Atlantic

meridional overturning circulation since
~ the early 2010s

(a) NAO and Resiudal AMOC at 26.5°N
| | ] | | | |

| EEEEE NAO

0 Residual AMOC at 26.5°N
B Time Integral of NAO
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Sane-iKi Lee ei al 2024 (Nature Communications)

-4.0

IS Paper compares
changes in AMOC in
observations and models
and calls the difference a
“residual”. It shows that the
residuals can be explained
by time integrated NAO.
This. means that NAO is the
factor that saves AMOC
IemMICdECTEASE!




Reality check: models vs.

a AMOC strength at 26° N

measurements

T
2090-2100

Volume transport (Sv)

— Historical
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2000

CMIP6 model projections
show. on average about
30% AMOC drop to the
wend of the century.
However, observation do
not see so far the decline
Which sheuldhave started
gafora ezl 2000, Fole el
rlofizonizl lige s tne
ogsarvationzll garioel.

Dijlestra & van Wesien 2026 (Annual Reviews)



Conclusions

AMOC iransoorts -2 PYY rigzii frorn e Souiriern mlermis

j
Horthwards along the Atlantic. This is thermait ’¢5JFJWWS

warmer than other land masses of similar Iatltude

"D
=
(>
P
(>

The release of this heat into the atmosphererequires warm and salt
waters to reach Nordic Seas still on the seaisurface. This may be
hindered by fresh meltwater from the Greenland ice sheet.

Viodelsiproject ardecrease. of about-30% (but not a collapse) of AMOC
in this century.

e i e, .

However observations do not confirm'a decline off AMOC beyond the
historical range of natural variability.

» A possible reason of the cold spot used for reconstructing past AMOC
valles s strengtheninglofiwestennicinculation(INAG)alseiessibliia
fesult g ziriinlragacSrlie Jraannolpe JESIEINISSIDSHENIOEESSNIOL
VISIBIENRNMOEERICCHI AU BRNINOUEIS)



Awardees of these prices always appear to be great, but...

When defending my PhD, | had nNot published a single paper

During my PhD, | was not working for months because of mental health problems

Other more senior scientist have accused me of a lack of critical thinking

Balancing a family (3 children) and academia has been really tough at times and takes
opportunities away from you — it can make you feel guilty at work and at home

During my relatively few years of academia in my different functions, | have;mtnestsje:
f f sexual harassment, plagiarism, and discrimination with positive and negati
orms o :

responses by the different institutions
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