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Table S1. List of the 49 CMIP6 models used in this study (i.e., the historical simulations that provide
the overturning streamfunction). Models with a ‘*’ superscript are used in our ssp585 experiment
analysis.



Observation-based estimates

Inverse model

ssp585 forcing)

ECCOv4 Robust diagnostic )
GloRanV14 . . ) estimate at 32°S
(density space) | simulation (Lee et )
(2000-2021) (Lumpkin &
(1992-2015) al., 2019)
Speer, 2007)
AMOCax (SV) 18.9 18 25 18
AMOC_34.5°S
15.6 14 16.9 (30°S) 12.4
(Sv)
NADW_W' n dtotal
7.6 14 - 11
(Sv)
NADW._IPgifry (SV) 8.1 0 ~6.5 14
AMOC weakening
based on emergent 6.0 (32%) 3.0 (17%) 5.4 (22%) 3.5 (19%)
constraint (36% relative to | (18% relativeto | (32% relativeto | (21% relative to
(Sv) (2080-2100, | RAPID AMOC) | RAPID AMOC) | RAPID AMOC) | RAPID AMOC)
ssp126 forcing)
AMOC weakening
based on emergent 11.6 (61%) 5.2 (29%) 10.3 (41%) 6.3 (35%)
constraint (67% relative to | (31% relativeto | (61% relativeto | (37% relative to
(Sv) (2080-2100, | RAPID AMOC) | RAPID AMOC) | RAPID AMOC) | RAPID AMOC)

Table S2. Observation-based estimates of the AMOC strength, the overturning pathways and the
AMOC weakening by 2080-2100 based on the CMIP6 Indo-Pacific diffusive pathway emergent
constraint relationship under ssp126 and ssp585 forcing. The % weakening is shown relative to
AMOCax in the observation-based estimate and relative to the time-mean RAPID/MOCHA (Rapid
Climate Change-Meridional Overturning Circulation and Heatflux Array) AMOC estimate at 26.5°N
of 16.9 Sv, averaged from April 2004 to September 2018 (Moat et al., 2022).




No P;\f@v iy Abbreviation Definition
Atlantic NADW pathway that upwells diffusively (or via eddy-
1) diffusive “NADW _ Atgirr” induced circulations) in the Atlantic basin and returns
athwa to the North Atlantic at shallower depths without
P y entering the Southern Ocean (SO).
S(;I;J?[E:elrn “NADW _windwa” | Total volume of the AMOC upwelled by the SO upper
(2) Ocean wind wind-driven cell that is approximately equal to the
pathway @+ 5 strength of the SO upper cell at 34.5°S.
Total Indo- NADW_IProc NADW pathway that flows into the Indo-Pacific basin
3) Pacific (5) + (6) via the SO, upwells diffusively and returns at shallower
pathway depths to the Atlantic basin.
NADW pathway that flows out of the Atlantic basin
Atlantic wind into the global-integrated SO wind-driven upper cell
~_ Alwing 1.e., flows 1nto the apbove “Z (SO _upper ce n
4 athwa “NADW_Atwin” | (i.e., fl into the SO above “Z (SO 1) i
P y Figure 1) where it upwells and returns directly to the
Atlantic basin at shallower depths.
Component of the Indo-Pacific pathway that upwells
Indo-Pacific « o diffusively in the Indo-Pacific basin and is then
®) wind pathway NADW_IPuing upwelled further by the SO wind-driven upper cell,
before returning to the Atlantic basin.
Indo-Pacific Component of the Indo-Pacific pathway that upwells
() diffusive “NADW [Py diffusively in the Indo-Pacific basin and then returns
athwa — a1 directly to the Atlantic basin via zonal flows in the SO
P y (i.e., it is not upwelled by the SO upper cell).
Lower Indo- NADW pathway that flows out of the Atlantic basin
0 Pacific “NADW IPr” into the global-integrated SO lower cell (i.e., below
athwa — - lower “Z (SO _upper _cell)” in Figure 1), and then into the
P y Indo-Pacific basin.
Upoer Indo- NADW pathway that flows southward into the global-
®) plgaci fic “NADW IP..” integrated SO upper cell (i.e., above
pathway — - upeer “Z (SO _upper_cell)”), and then into the Indo-Pacific
basin.

Table S3. Overturning pathway definitions

Name Definition
Maximum strength of the AMOC in the North
AMOCrax Atlantic
Z_AMOC Depth of AMOC in the South Atlantic at 34.5°S

Depth of globally-integrated Southern Ocean (SO)
upper cell at 34.5°S
Depth of the overlap between the AMOC and the
globally-integrated Southern Ocean lower cell at
34.5°Si.e., “Z_AMOC” —“Z (SO upper cell)”
Table S4. Definitions of key terms and abbreviations

Z_ (SO upper cell)

Cell overlap
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Figure S1. Difference between the AMOC strength and overturning pathways calculated in depth and
density space in (a) the historical simulation (185-2014), (b) 2080-2100 of the ssp585 experiment and
(c) the change between the historical simulation and 2080-2100 of ssp585.
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Figure S2. Overturning streamfunction (Sverdrups (Sv); 2 Sv contour interval) in depth space
averaged over the 1850-2014 historical simulation in each model that has a ssp585 experiment. The
zero-streamline contour is defined by the thick black line.
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Figure S3. Changes in the overturning streamfunction (Sverdrups (Sv); 1 Sv contour interval) in
depth space for the Atlantic, Indo-Pacific and global-average, calculated as the difference between the
ssp585 experiment averaged over 2080-2100 and the historical experiment averaged over 1850-2014.
The zero-streamline contour averaged over the historical simulation (green line) and from the 2080-
2100 period of ssp585 (red line) are overlayed, so the location of the overturning cells and thus

changes in the “cell overlap” can be inferred.
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Equations used to separate the MOC pathways
We now define the equations linking the MOC pathways:

AMOCmax = NADW_Atitty + AMOC | = 345° (eq. S1)
NADW_Atgittu = AMOCmax - AMOC | 4 =345°5 (eq. S2)

AMOC | y=345s = NADW_Atwind+ NADW_IPotal

= NADW_windiotar + NADW_IPgitu (eq. S3)
NADW._IPwind = NADW_windiotal - NADW_Atwind (eq. S4)
NADW._IPgitty = NADW_IPiotal - NADW._IPying (eq. S5)

Modifications to the method of Baker et al. (2020,2021) (BWV)

We make several modifications to the BWV method to calculate the overturning pathways
since we must account for overturning structures that were not present in the idealised model
simulations of BWV. For example, a few of the CMIP6 models (e.g., CasESM) have localised
clockwise meridional overturning cells at the southern boundary of the Indo-Pacific basin
(see Figure S1). These cells export water southwards out of the Indo-Pacific basin, where,
depending on their depth, they may upwell via the Southern Ocean (SO) upper cell. The
magnitude of the Atlantic wind pathway or the Indo-Pacific wind pathway (and thus the total
SO wind pathway) is therefore lower than that calculated using the original method due to
upwelling of the NADW pathways by the SO upper cell decreasing (i.e., a reduced “total SO
wind pathway”).

In some models, the upper overturning streamfunction in the South Atlantic is not entirely
connected to the NADW formation and subduction region in the North Atlantic. Instead,
there is a “localised” circulation in both the North and South Atlantic, with no connection
between these cells. Thus, when calculating the pathways of NADW, we reduce the pathway
into the SO if a “localised” circulation is present in the South Atlantic. We determine the
magnitude of this modified pathway by setting the pathway of NADW into the SO equal to
the minimum AMOC strength located between 34.5°S and the latitude of the AMOC
maximum in the North Atlantic. The remaining pathways are calculated as described
previously, but using the modified pathway into the SO, AMOC | ¢ =345°s. The Atlantic

diffusive pathway calculated using the original method is increased by a magnitude equal to
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the reduction in the pathway into the SO. Further modifications to the pathways are required
if the “localised” South Atlantic MOC is upwelled by the SO upper cell as opposed to
upwelling in the Indo-Pacific basin. We must then reduce the total SO wind pathway and
increase the Indo-Pacific diffusive pathway by an equal magnitude. The proportion of the
“localised” South Atlantic MOC that is upwelled in the Indo-Pacific basin is calculated from
the change in the Indo-Pacific streamfunction at 34.5°S over the depth (or density range) of
the “localised” cell. We note that while important, the differences when using this modified
method do not change the qualitative results with similar correlations between the pathways
and AMOC weakening.

Differences between depth and density space

We compare the overturning pathways calculated in depth and density space in five models,
averaged over the historical simulation and over 2080-2100 in ssp585. Differences in the total
SO wind and Indo-Pacific diffusive pathways are small relative to their absolute magnitudes
(Figure S3a,b). In contrast, the Atlantic diffusive pathway has larger differences between
these coordinate spaces in some models (Figure S3a,b), resulting in differences in AMOC
strength and AMOC weakening (Figure S3c). Thus, the quantitative dependence of the
AMOC weakening on both the historical AMOC strength and historical overturning
pathways would change in density space. However, we expect our qualitative findings to be
applicable in density space because the Indo-Pacific diffusive pathway is not significantly
affected. The historical magnitude of this pathway is only slightly smaller in density space in
most models. Thus, while the correlation between the Indo-Pacific diffusive pathway and

AMOC weakening may differ in density space, it is likely be similar.
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