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Climate models simulate a large spread in the projected weakening of the Atlantic meridional over-
turning circulation (AMOC) over the 21st century. Here, we demonstrate that this uncertainty can
be substantially reduced by using a thermal-wind expression that relates the AMOC strength to the
meridional density difference and the overturning depth in the Atlantic basin. This expression cap-
tures the intermodel spread in AMOC weakening across climate models, with the majority of the
intermodel spread arising from overturning depth changes. The overturning depth also establishes
a crucial link between the present-day and future AMOC strength. Climate models with a deeper
present-day overturning tend to predict greater shoaling under warming. This occurs because their
present-day North Atlantic is less stratified, allowing for a deeper penetration of surface buoyancy
flux changes, greater density changes at depth, and, consequently, greater AMOC weakening. By in-
tegrating observational constraints, we conclude that, regardless of the emission scenario, the AMOC
will only experience modest weakening of about 4 Sv by the end of this century. These results indicate
that the uncertainty in 21st-century AMOC weakening, and a propensity to predict strong AMOC
weakening, can be primarily attributed to climate model biases in accurately simulating the present-

day ocean stratification.
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State-of-the-art global climate models (GCMs) consistently predict that the Atlantic meridional overturn-
ing circulation (AMOC) will weaken in response to rising greenhouse gas concentrations over the 21st
century' . This weakening is important because the AMOC plays a crucial role in ventilating the up-

6

per 2000 m of the ocean® and transporting heat northward throughout the Atlantic Ocean®. These pro-

cesses regulate Atlantic sea-surface temperatures, which in turn have wide-ranging impacts on regional

9,10

climates over North America and Western Europe’-8, Arctic sea-ice variability® !, and the location of tropi-

cal precipitation!'~13. Moreover, changes in the AMOC strength are expected to strongly influence regional

14-16 17-19

sea level rise and regional climate change over the 21st century.

While GCMs consistently predict 21st-century AMOC weakening, there is significant intermodel spread in
the rate and magnitude of this weakening, adding considerable uncertainty to future climate projections.
For instance, GCMs participating in Phase 6 of the Coupled Model Intercomparison Project (CMIP6)*° on
average predict that, by the end of the century, the AMOC will weaken by about 8 Sv (1 Sv = 106 m? s~ 1;
black line, Fig. 1). However, some GCMs predict that the AMOC will weaken by as little as 2 Sv, while
others predict that it will weaken by as much as 15 Sv (Fig. 1). Interestingly, the magnitude of AMOC

weakening depends more on the individual GCM considered than on the emission scenario (Fig. 1).

How does the intermodel spread in AMOC projections arise? Over the past few decades, a series of studies
have identified a strong correlation between the present-day AMOC strength and AMOC weakening under
warming®21=2%, In particular, GCMs with a stronger present-day AMOC exhibit greater AMOC weaken-
ing. Indeed, the CMIP6 GCMs with the strongest present-day (1981-2010) AMOC tend to exhibit the most
AMOC weakening, predicting a decrease of 10—15 Sv by the end of the 21st century (red lines and bars,
Fig. 1d). Similarly, the CMIP6 GCMs with the weakest present-day AMOC tend to exhibit the least AMOC

weakening, predicting a decrease of 3—6 Sv by the end of the 21st century (blue lines and bars, Fig. 1d).



46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

This implies that the observed AMOC strength can be used to estimate the magnitude of AMOC weakening
expected in the 21st century via a so-called ‘emergent constraint, which describes a statistical relation-
ship between aspects of the present-day climate and future changes across GCMs. When combined with

observations, emergent constraints can be used to reduce uncertainty in future climate projections.

Leveraging any emergent constraint to reduce uncertainty in future climate projections, however, requires a
solid understanding of the underlying mechanisms on which the constraint depends?’. In this case, the mech-
anisms underpinning the correlation between the present-day AMOC strength and future AMOC weakening
remain unclear. It has been suggested that the present-day AMOC relates to AMOC weakening under warm-
ing through subsurface stratification in the Labrador Sea, as GCMs with weaker present-day Labrador Sea
stratification tend to show greater AMOC weakening®®. Yet, this explanation for AMOC weakening remains
unclear as the Labrador Sea makes a limited contribution to dense water formation in most GCMs?®. A bet-
ter understanding of the relationship between the present-day AMOC and its projected changes is necessary

to constrain 21st-century AMOC projections.

Here, we present a physical mechanism that explains the relationship between the present-day and future
AMOC strength. The mechanism is rooted in thermal-wind balance, which relates the AMOC strength to the
meridional density difference and overturning depth in the Atlantic basin. We show that the primary source
of intermodel spread in AMOC weakening arises from changes in the overturning depth. The overturning
depth also links the present-day and future AMOC strength. In GCMs with a deeper present-day overturning,
the AMOC tends to shoal more under warming because the present-day North Atlantic is less stratified. This
allows for greater density changes at depth, which leads to greater AMOC weakening. We use this relation
and observations to constrain future AMOC projections and demonstrate that, irrespective of the emission

scenario, the AMOC will likely experience only modest weakening over the 21st century.
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Controls on Atlantic meridional overturning circulation weakening

The depth-varying transport of the Atlantic basin overturning circulation can be related to the vertical struc-
ture of the meridional density gradient through thermal-wind balance?, which has been shown to provide a
good approximation of the AMOC strength in comprehensive GCMs3%34. The vertical structure of the den-
sity gradient can be decomposed into two factors, representing a characteristic magnitude of the meridional
density difference between the high- and low-latitude Atlantic A,p and a characteristic overturning depth

H (see Methods). The AMOC strength v from thermal-wind balance can then be expressed as

g 2
=g g Bu)H, (1)

where ¢ = 9.81 ms~2 is the gravitational acceleration, pg = 1027.5 kg m~3 is a reference density of
seawater, and fy = 10~ s~! is the Coriolis parameter near 40°N. The two key factors, Ayp and H, can be
diagnosed directly from CMIP6 output (see Methods). Eq. (1) has previously been shown to provide a good
approximation of the present-day AMOC strength in GCMs**. By linearizing Eq. (1), the change in AMOC

strength d1) can be decomposed as

= H2%(Ayp) +2(Ayp)HOH + € |, )
2p0 fo ~ —
(A) (B) (©)

where (A) represents the AMOC strength change due to a change in A p; (B) represents the AMOC strength
change due to a change in H; and (C) represents the residual AMOC strength change due to higher-order

terms.

The thermal-wind expression (Eq. 2) captures the AMOC weakening simulated by CMIP6 GCMs at the
end of the 21st century. It accounts for approximately 75% of the intermodel variance in AMOC strength

changes and exhibits a root-mean-square error of approximately 1 Sv for each emission scenario (Fig. 2a-c).
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Furthermore, GCMs that simulate small or large AMOC weakening tend to exhibit small or large AMOC

weakening based on thermal-wind balance (Fig. 2).

The ability of the thermal-wind expression to emulate the AMOC weakening in GCMs implies that H
and A, p can explain why the present-day AMOC is related to the magnitude of AMOC weakening under
warming. Both Term A and Term B can link the present-day AMOC to future AMOC weakening due to
their dependence on present-day H and A,p (see Eq. 2). Term B, which represents the AMOC strength
change due to 0 H, is responsible for the majority of the intermodel spread in AMOC weakening, accounting
for 74%, 63%, and 61% of the intermodel variance for the SSP1-2.6, SSP2-4.5, and SSP5-8.5 emission
scenarios, respectively (hatched bars, Fig. 2a-c). Term B also shows that GCMs with a greater present-day
AMOC exhibit greater AMOC weakening. Term A, which represents the AMOC strength change due to
1) (Ayp), accounts for a smaller fraction of intermodel variance: 33%, 25%, and 16% for the SSP1-2.6,
SSP2-4.5, and SSP5-8.5 emission scenarios, respectively (open bars, Fig. 2a-c). Term A contributes little to

the relationship between the present-day and future AMOC strength.

Term B in each individual GCM is similar across the different emission scenarios, indicating that the reason
the AMOC weakens similarly across different emission scenarios is due to  H (hatched bars, Fig. 2a-c).
Changes in A, p are indeed greater in SSP5-8.5 than in SSP1-2.6, but overall §(A,p) does not contribute
much to the intermodel spread (open bars, Fig. 2a-c). Given that GCMs with a stronger present-day AMOC
tend to exhibit a greater H>4, these results indicate that GCMs with a greater H also have a greater 6

under warming.

To understand the processes contributing to § H and its relationship to H, we examine changes to the vertical

structure of the Atlantic basin density difference A, p(z), which determines the magnitude of dH (see
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Methods). For example, because H depends on the vertically-integrated A, p(2), a small reduction in A, p
throughout the water column would lead to more shoaling of H. Conversely, a large reduction in A, p that is
confined to the surface ocean would lead to less shoaling of H. Scaling arguments also suggest that H can
be linked to the stratification (N?) of the North Atlantic’*. A strong present-day North Atlantic N2 would
limit 0 H by inhibiting the vertical penetration of surface buoyancy flux anomalies that can alter Atlantic
basin density. Indeed, we find that GCMs with a weaker present-day AMOC exhibit stronger present-day
N? in the North Atlantic (40°N—65°N, 50-1000 m; Fig. 3a). The impact of present-day North Atlantic
N?% on Ayp(z) change can be seen in vertical profiles of North Atlantic (40°N-65°N) density change,
which contributes more to A,p(z) changes when compared to low-latitude (30°S-30°N) Atlantic density
changes. Grouping together GCMs with a strong present-day AMOC (red) and a weak present-day AMOC
(blue) shows that a strong present-day AMOC and weak present-day North Atlantic N2 correspond to more
vertically uniform North Atlantic density changes. In particular, density changes between 1000 and 2000 m
are similar to density changes between 0 and 200 m, consistent with deeper mixing of surface buoyancy flux
anomalies (red lines, Fig. 3b-d). Conversely, GCMs with a weak present-day AMOC and strong present-
day North Atlantic N2 tend to exhibit weaker North Atlantic density changes at depth and stronger density
changes at the surface, indicating shallower mixing of surface buoyancy flux anomalies (blue lines, Fig.

3b-d).

The results above demonstrate that the present-day North Atlantic N2 strongly controls vertical density
changes in the North Atlantic, which determines the magnitude of AMOC weakening through 6 H. These
results can be summarized by a schematic that depicts GCMs with a weak present-day AMOC (Fig. 4a)
and a strong present-day AMOC (Fig. 4b). In GCMs with a weak present-day AMOC, the AMOC tends to

be shallow (smaller H) and the North Atlantic tends to be strongly stratified (greater N?). Under warming,
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any change to ocean density from surface buoyancy flux anomalies will occur closer to the surface and will
not penetrate deeply into the interior of the North Atlantic, leading to weaker density changes at depth. This
results in smaller 6 H and thus smaller AMOC weakening. Conversely, in GCMs with a strong present-day
AMOC, the AMOC tends to be deeper (greater H) and the North Atlantic tends to be weakly stratified
(smaller N?). Under warming, the same surface buoyancy flux anomalies will penetrate more deeply into
the interior of the North Atlantic, leading to stronger density changes at depth. This results in greater 6 H

and thus greater AMOC weakening.

Constraining Atlantic meridional overturning circulation weakening

We can now leverage this mechanistic understanding of AMOC weakening to constrain AMOC projections
over the 21st century (see Methods). The unconstrained probability density function (PDF) of CMIP6
projections suggest that, regardless of the emission scenario, the AMOC most likely will weaken by about
8 Sv at the end of the 21st century (black PDFs, Fig. 5). However, there is considerable intermodel spread,

with a high likelihood of even greater AMOC weakening (~15 Sv).

The previously identified relationship between the present-day and future AMOC strength can be used
to constrain AMOC projections by using present-day observations. The AMOC strength diagnosed from
the observationally-constrained ECCO state estimate®> and the linear regression of the present-day AMOC
against the future AMOC change (see Methods) suggests that the AMOC will only weaken by about 4 Sv at
the end of the 21st century (blue PDFs, Fig. 5). The likelihood of a strong AMOC weakening is substantially
reduced, with an AMOC decline greater than 9 Sv being extremely unlikely for all emission scenarios (blue

PDFs, Fig. 5).
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Can we trust the linear relationship between the present-day and future AMOC strength? Considering that
thermal-wind balance accounts for a large portion of the intermodel variance in AMOC weakening, we can
examine this assumption by constructing a simple physical expression that links the present-day and future
AMOC strength. The AMOC strength change ¢ based on thermal-wind can be mainly attributed to 6 H
(Term B in Eq. 2), resulting in

9
O ~ —— H6H 3

where the overline indicates the multi-model mean value of A, p, which contributes relatively little to the
intermodel spread of the present-day AMOC>*. Because § H depends on H and Aypis a constant, the above
expression can related solely to the present-day AMOC strength ¢ via regression analysis of H and dH,

which results in

5 ~ —L_(Ayp)H(W) [ + B H(W)), @)

where ay is the intercept and by is the slope of the linear regression of 6 H on H. Furthermore, because we

have assumed that A, p is a constant, v is a function of H only (Eq. 1), enabling us to invert H and make it

2p0 fo
H)) = ) )
W=\ o)

Eq. (4) predicts d¢ solely from ¢ via H and thus provides a physical understanding of the statistical

a function of v, which results in

relationship between the present-day and future AMOC strength in GCMs.

The physical expression (Eq. 4) describes the AMOC weakening in GCMs slightly more accurately than
the linear regression of future AMOC change based on the present-day AMOC strength (compare orange
and blue lines, Fig. 5). Eq. (4) better captures the greater AMOC weakening simulated by GCMs with a
stronger present-day AMOC because ¢ depends non-linearly on H. Using the PDF of observed AMOC

strength from ECCO with the prediction of §¢ from Eq. (4) (see Methods) gives a further refined estimate
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of future AMOC weakening (orange PDFs, Fig. 5). The constrained estimate also suggests that the AMOC
will weaken by about 4 Sv by 2071-2100 under all emission scenarios. Importantly, for SSP5-8.5, greater
AMOC weakening is even less likely with this constraint than based on the linear relationship (compare blue

and orange PDFs, Fig. 5c).

These results show that because GCMs simulate a stronger present-day AMOC relative to observations,
GCMs also simulate excessive AMOC weakening over the 21st century. This emergent constraint, which
we predict from a simple physical expression, corrects these biases and implies that we can expect modest

AMOC weakening over the 21st century.

Implications for 21st-century climate projections

In recent years, several studies have raised concerns about a potential collapse of the AMOC in the 21st
century’6-38, These studies argue that independent proxies for the AMOC strength indicate either bi-stable
AMOC states or early warnings of AMOC instability in the present climate. However, it has also been argued
that some of these studies, particularly those employing statistical models®’, may produce false alarms of

AMOC collapse due to artificial increases in variance’

. While our study does not directly investigate
indicators of AMOC collapse, our findings suggest an AMOC collapse during the 21st century is unlikely.

In fact, our approach, which uses a physically based relation instead of a statistical model, suggests that

AMOC weakening over the 21st century, as simulated by contemporary GCMs, will be modest.

One reason why our conclusions imply modest AMOC weakening could be that contemporary GCMs suf-
fer from a freshwater transport bias that favors a stable AMOC in the present-day climate®®4%4!, This

model bias also affects the stratification of the Atlantic basin and thus H. Ref. 36 corrected this freshwater
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transport bias in a comprehensive GCM and showed that the AMOC would eventually collapse, although
this occurred a few centuries after the abrupt forcing, suggesting no imminent collapse in the 21st century.
Furthermore, it has been argued that the freshwater transport criteria does not accurately describe ocean
circulation behavior in GCMs*2, casting doubt on the usefulness of freshwater transport as an indicator of
a possible AMOC collapse. While recent work has found evidence of AMOC bi-stability in comprehen-
sive GCMs*# | these results depend on large freshwater forcing, which is not expected to occur during
the 21st century. Additionally, 21st-century AMOC weakening has been mainly attributed to surface heat

21,46

flux changes , calling into question the usefulness of examining the potential for a 21st-century AMOC

collapse through freshwater hosing experiments.

The key takeaway of this work is that a physically based constraint implies the AMOC will undergo modest
weakening over the 21st century. This constraint is relatively independent of the magnitude of greenhouse
gas forcing, and explains why AMOC projections over the 21st century are similar for GCMs across different
emission scenarios: the present-day Atlantic basin stratification largely determines the degree of AMOC
weakening in the 21st century. This indicates that uncertainty in 21st-century AMOC projections is primarily
related to intermodel differences in the present-day ocean state rather than the emission scenario. This study
adds to a growing body of work that indicates the behavior of the ocean under transient climate change is
closely tied to the background ocean state’>*7-43_ Therefore, improving the representation of processes that

determine the present-day ocean state will also likely improve future climate projections.

Methods

CMIP6 output This analysis includes all CMIP6 models?® from the rlilplfl variant label that provide

monthly output of ocean potential temperature (thetao), ocean absolute salinity (so), and the meridional

10



209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

overturning streamfunction (msftmz or msftmy) for historical, SSP1-2.6, SSP2-4.5, and SSP5-8.5 emission
scenarios. Model names are provided in Figures 1-3. The present-day climatological time period is 1981—
2010, and the SSP climatological time period is 2071-2100. The AMOC strength is defined as the maximum
value of the meridional overturning streamfunction in the Atlantic basin northward of 30°S and below 500 m.
The choice of 500 m avoids volume flux contributions associated with the subtropical ocean gyres. Ocean
potential density is calculated from ocean potential temperature and ocean absolute salinity and referenced to
2000 dbar using the Gibbs SeaWater Oceanographic Toolbox of TEOS-10*°. The Brunt-Viisili frequency

N2 is calculated from ocean potential density p as

N2 =90 ©6)

po 0z’

and used to indicate stratification of the North Atlantic (40°N-65°N, 50-1000 m).

Observations Observational estimates of the AMOC strength are obtained from the ECCOV4r3 (ECCO)
state estimate®. ECCO is based on the MITgcm ocean model®® at 1° resolution with 50 vertical levels.
The state estimate is iteratively improved by modifying ocean model initial conditions, parameters, and
atmospheric boundary conditions to minimize model-observation disagreement. ECCO output is used to
calculate the maximum value of the meridional overturning streamfunction in the Atlantic basin, which is
consistent with the definition of the AMOC strength in CMIP6 models. The observed AMOC strength can
also be estimated from the Rapid Meridional Overturning Circulation (RAPID) mooring array>', which was
deployed in 2004 to continuously monitor the meridional overturning circulation in the Atlantic basin at
26.5°N. However, this estimate of the AMOC strength is inconsistent with our definition of the AMOC
strength from CMIP6 GCMs. A previous study showed that the AMOC strength from ECCO at 26.5°N
is in good agreement with the RAPID array>2, which indicates that ECCO provides a suitable estimate of

the observed AMOC strength. The annual-mean AMOC strength from ECCO is calculated over the period

11
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1992-2015 and has a mean and standard deviation of 15.3 Sv and 1.2 Sv, respectively.

Thermal-wind expression The thermal-wind expression (Eq. 1) approximates the AMOC strength as a
function of the Atlantic basin meridional density difference (A,p) and overturning depth () under an
assumption of mass conservation between zonal and meridional volume transport?®. The two terms, Ayp
and H, are diagnosed from CMIP6 ouput. Building on efforts by Ref. 30 and Ref. 34, we estimate A, p and
H from the ocean potential density in the Atlantic basin. The term A, p is calculated as the vertical average
of the difference in potential density between the North Atlantic (area-averaged from 40°N to 65°N) and
the low-latitude Atlantic (area-averaged from 30°S to 30°N) over the upper 2000 m of the Atlantic basin.
This estimate of A, p represents the magnitude of the meridional density gradient in the upper cell. The
depth H is calculated as the depth where the depth-integrated A, p (for the same regional domains) equals
the vertical mean of the depth-integrated A, p. This estimate of H is approximately the depth of maximum

t30

zonal volume transport®”, and assuming weak eastern boundary currents, can be thought of as the depth of

maximum meridional volume transport.

Emergent constraint analysis To obtain a constrained PDF of the change in the AMOC strength ) for the
years 2071-2100, we first calculate a PDF of the observed AMOC strength ) using ECCO (see subsection

above). We assume the PDF of v is Gaussian,

-\ 2
P) = exp{—(w_w)}, )

2
1/ 271'01% 2%

where 1) is the mean and oy 1s the standard deviation of the observed AMOC strength. We then create a

constrained PDF of §1) by combining the PDF of the observed AMOC strength P() and the PDF of the

emergent constraint relationship, which estimates d1) given . The emergent constraint PDF is

2
exp{_ww—w}, ®)

2
20f

P{oyly} =

1
/ 2
2ro ¥

12
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where oy is the prediction error of the regression and f(v) estimates 1) based on ) (which is described in
more detail below). Given these two PDFs, P(1)) and P{|}, the PDF for §1) is calculated by numerically

integrating
Pv)= [ P{SUI0}P () dv. ©)

In Eq. (8), f(v) is estimated in two separate ways. The first estimate of f (1)) comes from a linear regression

of 1 and d7) based directly on CMIP6 output. This results in

[ (@) = ay + by, (10)

where a,; is the intercept and by, is the slope of the linear regression of 1 on v. The second estimate of

f (%) comes from the physical expression introduced in this study, which approximates d1) through Eq. (4).
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Figure 1: Relationship between the present-day and future AMOC strength. Timeseries of the change
in AMOC strength for GCMs participating in CMIP6 under (a) SSP1-2.6, (b) SSP2-4.5, and (c) SSP5-
8.5 emission scenarios. The thick lines denote the average of the four GCMs with the strongest present-day
AMOC (red), the four GCMs with the weakest present-day AMOC (blue), and all other GCMs (black). Each
thin line denotes an individual GCM. (d) The change in AMOC strength for GCMs under SSP1-2.6 (open
bar), SSP2-4.5 (hatched bar), and SSP5-8.5 (dotted bar) emission scenarios. The present-day time period is
1981-2010 and the SSP time period is 2071-2100, as indicated by the grey hatches in (a-c). GCMs in (d)

are ordered from weak to strong present-day AMOC.
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Figure 2: Controls on AMOC weakening at the end of the 21st century. Change in the AMOC strength
for (a) SSP1-2.6, (b) SSP2-4.5, and (c) SSP5-8.5 emission scenarios. The scatter plots on the left show a
comparison of the AMOC strength change predicted by the thermal-wind expression (x-axis) and the AMOC
strength change in GCMs (y-axis). The proportion of variance accounted for and root-mean-square error
are shown in the top left part of each panel. The bar plots on the right show the AMOC strength change
predicted by Term A (white bar), Term B (hatched bar), and the higher-order residual terms (dotted bar) in
the thermal-wind expression (Eq. 2). Term A represents changes in the Atlantic basin meridional density
difference A,p, and Term B represents changes in the overturning depth H. The proportion of variance
accounted for by each term is shown in the legend of each panel. The present-day time period is 1981-2010,

and the SSP time period is 2070-2100. GCMs are ordered from weak to strong present-day AMOC.
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Figure 3: Relationship between present-day and future North Atlantic stratification. (a) The present-
day stratification (N 2) of the North Atlantic (40°N-65°N, 50—1000 m) from CMIP6 historical simulations.
GCMs are ordered from weak to strong present-day AMOC. Change in the North Atlantic density (dpna)
as a function of depth for (b) SSP1-2.6, (c) SSP2-4.5, and (d) SSP5-8.5 emission scenarios. The present-day
time period is 1981-2010 and the SSP time period is 2071-2100. The thick lines denote the average of

the four GCMs with the strongest present-day AMOC (red), the four GCMs with the weakest present-day
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Figure 4: Schematic depicting controls on the AMOC weakening under warming. Processes that con-
trol the AMOC weakening under warming for GCMs with a (a) weak present-day AMOC and (b) strong
present-day AMOC. The dashed line denotes the overturning depth (/7). The streamline denotes the meri-
donal overturning streamfunction or AMOC strength (¢/). The blue arrows denote surface buoyancy loss in
the North Atlantic (F3). The grey arrows denote the magnitude of North Atlantic stratification (N2), which
limits mixing deep into the Atlantic basin interior. The black double sided arrows and colors of each isopy-
cnal layer denote the meridional density difference (A, p). GCMs with a deeper present-day H tend to have
a stronger present-day AMOC and weaker present-day N2, which enables H to shoal more under warming
(as indicated by the red dashed line), resulting in greater AMOC weakening. In other words, a stronger
present-day AMOC and weaker present-day N2 allows for deeper mixing of surface buoyancy flux anoma-
lies into the North Atlantic water column (as indicated by the red shading) and results in greater shoaling

and weakening of the AMOC through greater density changes at depth.
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Figure 5: Constraints on AMOC weakening at the end of the 21st century. Scatter plot of the present-
day (1981-2010) AMOC strength (x-axis) versus the change in AMOC strength (y-axis) under (a) SSP1-
2.6, (b) SSP2-4.5, and (c) SSP5-8.5 emission scenarios for years 2071-2100. Each dot denotes a GCM
(see Figure 1-3 for model number and model name). The blue line and shading in each panel denotes the
linear regression and two standard deviations of the linear regressions, respectively. The orange line in each
panel denotes Eq. (4), which predicts the AMOC strength change based on present-day f{. The orange
shading in each panel denotes the two standard deviations of the linear regressions between H and 0 H. The
grey probability distributions denote observational estimates of the AMOC strength from ECCO. The black
probability distributions denote the change in AMOC strength for years 2071-2100 using unconstrained
CMIP6 GCMs. The blue probability distributions denote the change in AMOC strength for years 2071—
2100 using CMIP6 GCMs constrained by Eq. (4) and observational estimates of the AMOC strength from
ECCO. The orange probability distributions denote the change in AMOC strength for years 2071-2100 using

CMIP6 GCMs constrained by Eq. (4) and observational estimates of the AMOC strength from ECCO.
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