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Abstract In most coupled climate models, effective climate sensitivity increases for a few decades
following an abrupt CO, increase. The change in the climate feedback parameter between the first 20
years and the subsequent 130 years is highly model dependent. In this study, we suggest that the intermodel
spread of changes in climate feedback can be partially traced to the evolution of the Atlantic Meridional
Overturning Circulation. Models with stronger Atlantic Meridional Overturning Circulation recovery tend
to project more amplified warming in the Northern Hemisphere a few decades after a quadrupling of CO,.
Tropospheric stability then decreases as the Northern Hemisphere gets warmer, which leads to an increase
in both the lapse-rate and shortwave cloud feedbacks. Our results suggest that constraining future ocean
circulation changes will be necessary for accurate climate sensitivity projections.

Plain Language Summary How much the Earth’s climate will warm in response to increasing
carbon dioxide concentration, a number known as climate sensitivity, is an essential metric of the impacts
of anthropogenic climate change. Most current global climate models agree that the climate will become
more sensitive as time passes, indicating an underestimation of future warming inferred from historical
records. In this study, we report that the slow response of oceanic circulation has an influence on this time
evolution of climate sensitivity. In the 15 state-of-the-art global climate models we investigate, the models
projecting restrengthening of Atlantic Meridional Overturning Circulation after a few decades of weakening
tend to simulate a more significant increase in climate sensitivity. We propose a mechanism as follows:
Atlantic Meridional Overturning Circulation strengthening causes more enhanced surface warming in

the Northern Hemisphere, altering the vertical stability of the global atmosphere. The changes in
atmospheric vertical stability then strengthen the radiative feedbacks that amplify greenhouse gas forcing,
accounting for the larger increase in climate sensitivity in these models. Our findings emphasize the
important contribution of ocean circulation to the intermodel spread in climate change projections.

1. Introduction

Equilibrium climate sensitivity (ECS) refers to the globally averaged equilibrium surface air temperature
response to an abrupt doubling of CO, concentration, and it has spanned a range of 1.5-4.5 K for decades
(Charney et al., 1979; Flato et al., 2013). Since it takes thousands of years for coupled models to reach steady
state, ECS is usually estimated by assuming the net climate feedback (A) is time invariant (Gregory
et al., 2004):

ECS = — 1)

F

T
F is radiative forcing of 2xCO,. The “constant A” approximation has been applied to some atmospheric gen-
eral circulation models coupled to slab ocean models, pointing out that the uncertainty in cloud feedback is
the main cause of the intermodel spread of ECS (Bony et al., 2006). Many studies, however, have reported a
time dependence of A in atmosphere-ocean coupled general circulation models (AOGCMs), which adds
another uncertainty in determining ECS (Armour, 2017; Block & Mauritsen, 2013; Geoffroy et al., 2013).
The time dependence of A has been related to the evolution of the surface warming pattern (Armour et al.,
2013; Rose et al., 2014; Zhou et al., 2016).
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Figure 1. (a) The time evolution of Atlantic Meridional Overturning Circulation (AMOC) strength in abrupt4xCO, simulations. The strength at Year 0 is the
150-year mean in corresponding parallel piControl simulations. The black line indicates the multimodel mean, while the thick red (blue) line indicates the high
(low) AMOC index composite mean, and the thin red (blue/gray) lines are from individual models with high (low/medium) AMOC index. (b) A versus the AMOC
index. Each dot is one model, labeled in the box and colored according to the AMOC index.

How the surface warming pattern evolves under CO, forcing and how it varies among models are further
issues to be confronted in narrowing the uncertainty of ECS. Many have argued for the importance of the
ocean in controlling the surface warming pattern (Marshall et al., 2015; Winton et al., 2010, 2013). For
example, Marshall et al. (2015) observed a broad correspondence in SST anomaly between the ocean-only
model and multiple AOGCMs, especially the delayed warming in the North Atlantic and the Southern
Ocean, suggesting that mechanisms controlling the SST response in coupled models are influenced by
ocean processes.

To identify the mechanisms driving the distinct time evolution of climate feedbacks across AOGCMs, we
diagnose the time-varying ocean processes, surface warming patterns, and climate feedbacks in fully coupled
models (section 2). We show that part of the intermodel spread in climate feedback evolution can be traced to
the evolution of the Atlantic Meridional Overturning Circulation (AMOC), via changes in the surface warm-
ing pattern and atmospheric stability (section 3). In section 4, we summarize our results and compare them
with the previous studies focusing on the multimodel mean.

2. Materials and Methods

2.1. Model Data

We analyze the output from 15 climate models participating in the Coupled Model Intercomparison Project
Phase 5 (CMIP5) that provide the required variables for our study (supporting information Table S1). The 150-
year simulations with preindustrial conditions (piControl) and forced with an abrupt quadrupling of atmo-
spheric CO, concentration (abrupt4xCO,) are assessed. To remove any model drift, we calculate the anoma-
lies by subtracting the piControl integration from the corresponding parallel abrupt4xCO, integration.

2.2. The Evolution of the Climate System per 1 K Global Warming

To represent the evolution of the climate system, we define an operator “5” as follows:

dx
d(GMT)

dX

0X =
va1-150 d(GMT)

2

Y1-20

X can be any of the target fields. Ordinary least-squares regression of annual-mean anomalies in X against
annual- and global-mean surface air temperature anomaly (GMT) is separately done for the early (Years
1-20) and late (Years 21-150) periods. The separation at Year 20 approximately divides climate responses
into fast and slow components (Geoffroy et al., 2013; Held et al., 2010). When X is surface air temperature
(TAS), equation (2) gives the “surface warming pattern evolution” (8TAS; Figure 2a). When X is the
global-mean net radiation at the top of atmosphere, the terms in equation (2) are the net climate feedback
(A) for the two time periods, and the difference gives the “net climate feedback evolution” (814). Different
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Figure 2. (a) Multimodel-mean pattern evolution of surface air temperature (§TAS). Hatching denotes an absolute multimodel mean <1 standard deviation across
models. (b) The first empirical orthogonal function (EOF) pattern of 8TAS across models. Statistical significance is assessed by regressing STAS onto the
principal component (PC) according to the first EOF. (c) The regression slopes of 6TAS against the Atlantic Meridional Overturning Circulation (AMOC) index. (d)
Zonally averaged 8TAS. The meaning of colored lines is the same as in Figure 1a. The gray shading represents the multimodel mean + 1 standard deviation
(K/K) across models. Meshing in (b) and (c) denotes the significance at 95% confidence level. (e) The PC corresponding to the first EOF of 8TAS versus the AMOC

index.

choices of separation year have little influence on the magnitudes of A (Andrews et al., 2015). SA can be
further decomposed into various components using the radiative kernel method (Held & Shell, 2012;
Pendergrass et al., 2018; Soden et al., 2008; see Text S1).

The terms in equation (2) are chosen to be derivatives with respect to GMT for two reasons (see Figure S1 for
GMT evolution). First, the patterns of surface temperature and top-of-atmosphere radiation, expressed per
unit of GMT increase, are generally assumed to be constant in a given model. This is an application of the
common “pattern scaling” assumption. If pattern scaling holds exactly for X, equation (2) gives 8X = 0; other-
wise, 8X measures the deviation from pattern scaling. Second, the change in any X tends to be larger for mod-
els which have greater ECS and hence greater GMT at all time. The use of the derivatives thus in effect
normalizes §X with respect to ECS, removing that factor from the consideration of the spread among models
in the projected changes.

2.3. AMOC index (51)

For each model, we first identify the AMOC strength (¥) as the maximum of the ocean overturning mass
stream function (variable name msftmyz or msftyyz) over the North Atlantic (north of 30°N), excluding the
overturning shallower than 500 m (Gregory et al., 2005). We then define the “AMOC index (8y)” as per equa-
tion (2) with X as the AMOC strength (). The AMOC index quantifies the AMOC evolution from early to
late periods in each model and is insensitive to the choice of separation year discussed in section 2.2
(Table S2). Variations in AMOC strength arising from natural variability tend to be substantially smaller
than AMOC index values and are unlikely to explain the intermodel spread (see Text S2). With regard to
our motivation for taking derivatives with respect to GMT (cf. the previous paragraph), there is no significant
correlation of AMOC changes with ECS across models, so the second reason does not apply. The first reason
is valid because it makes the early and late terms comparable, by normalizing responses with respect to the
magnitude of climate change in the two periods.
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3. Results

On average, in the 15 CMIP5 coupled climate models analyzed in this study, the climate system becomes
more sensitive as it approaches equilibrium, with the multimodel-mean net climate feedback (1) evolving
from —1.37 Wm™ K" during the first 20 years of abrupt4xCO, simulations to —0.87 Wm™> K~' during
the following 130 years. The difference in multimodel-mean A (0.50 Wm ™ K™') between the periods is con-
sistent with previous studies (Andrews et al., 2015; Ceppi & Gregory, 2017). At the same time, this time evo-
lution of climate feedback (52) is highly model dependent, ranging from —0.18 to 1.05 Wm™> K™ ' across
models, a range 2.5 times as large as the magnitude of their multimodel mean.

To identify the root cause of the intermodel spread of climate feedback evolution, we investigate the evo-
lution of global meridional overturning circulation, quantified as the meridional mass stream function for
the global ocean (Manabe & Stouffer, 1993; Talley et al., 2003). An empirical orthogonal function (EOF)
analysis (also known as principal component analysis) of global meridional overturning circulation evolu-
tion, applied across models, shows that the AMOC evolution is the main uncertainty of the global ocean
circulation response (see Text S3). This is consistent with previous studies highlighting the uncertainty in
AMOC projections in CMIP5 models (Cheng et al., 2013; Heuzé et al., 2015; Wang et al., 2014). Based on
the AMOC evolution, the 15 CMIP5 models can be classified into three groups, with high, medium, and
low AMOC indices (6¢; see Figure S2 for the list of models in each composite). In the high AMOC index
composite, the AMOC slows down significantly in the initial stage of warming but recovers in strength in
the later stage; by contrast, in the low AMOC index composite, the AMOC slows down moderately in the
initial warming but continues slowing down as warming proceeds (Figure 1a). It is possible that models in
the low index group would eventually project AMOC restrengthening if the lengths of the simulations
were extended. The timing of the restrengthening could be more than a thousand years after quadrupling
CO, (Li et al., 2013; Stouffer & Manabe, 2003). The weakening of the AMOC in response to greenhouse
gas forcing is predominantly due to the buoyancy effect of changes in surface heat flux, with the effect
of changes in surface water flux being relatively minor (Gregory et al., 2005; Gregory et al., 2016).
However, substantially increased meltwater from the Greenland ice sheet, not included in CMIP5 experi-
ments, could further weaken the AMOC (Saenko et al., 2017; Sgubin et al., 2015; Stouffer et al., 2006;
Swingedouw et al., 2009, 2015).

The cause of the intermodel spread in AMOC evolution is beyond the scope of this study. Instead, we report
that the spread in the AMOC evolution can partly contribute to the intermodel spread in net climate feed-
back evolution (8A). 81 is positively correlated with the AMOC index (&y; r = 0.55; Figure 1b). In the rest
of the paper, we will explain why models with higher AMOC index tend to project a larger increase in A
through changes in surface warming pattern and tropospheric stability.

3.1. The Uncertainty in the Surface Warming Pattern Evolution (STAS)

As the climate system approaches equilibrium, the multimodel-mean surface warming pattern becomes less
pronounced over the Arctic region and the western North Pacific and more pronounced over the tropical
East Pacific and the Southern Ocean (Figure 2a), consistent with Andrews et al. (2015) and Ceppi and
Gregory (2017). In most regions over the globe, we note that the evolution of the surface warming pattern
(8TAS) is quite model dependent, since the magnitudes of 1 standard deviation of STAS across models are
larger than the multimodel-mean STAS. In addition, the first EOF of 6TAS across models, explaining 48%
of the total variance, exhibits a difference between the Northern and Southern Hemispheres (NH and SH;
Figure 2b), suggesting that the degree of hemispheric asymmetry is the main uncertainty in the evolution
of the surface warming pattern.

We propose that the intermodel spread of the AMOC evolution is a cause of the spread in §TAS. To visualize
the spatial pattern of the AMOC-related 8TAS spread, Figure 2c shows the regression slopes of 8TAS against
the AMOC index. Models with higher AMOC index tend to project increasingly pronounced warming in the
NH extratropics and increasingly weak warming in the tropics and SH as time passes and vice versa for mod-
els with lower AMOC index (Figures 2c and 2d). Note the remarkable similarity between the AMOC-related
spread of 8TAS (Figure 2c) and the first EOF of 8TAS (Figure 2b; area-weighted pattern correlation = 0.94).
Also, the AMOC index is well correlated with the principal component corresponding to the first EOF
(Figure 2e). We therefore suggest that the varying AMOC evolution is the main cause for the uncertainties
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Figure 3. The regression slopes of (a) estimated inversion strength (EIS) evolution (SEIS), (d) zonal-mean potential temperature evolution (86), and (e) 250-hPa
zonal wind evolution (8U,s() against the Atlantic Meridional Overturning Circulation (AMOC) index. Stippling and meshing denote the significance at 95%
confidence level. Contours in (a) denote the anomalous 8TAS relative to the warm pool (black box), with solid red (dashed green) indicating a more positive
(negative) 8TAS. This is done only in the tropics. (b) Zonally averaged SEIS. The meaning of colored lines and shading is the same as in Figure 2d. (c) Global-mean
SEIS versus the AMOC index.

in the warming pattern evolution (§TAS). Previous studies have attributed the surface temperature response
on decadal and longer time scales to the strength of the deep ocean circulation, based on results from a single
model or from the CMIP5 multimodel-mean (Marshall et al., 2015; Trossman et al., 2016). Here we
corroborate that attribution by relating the intermodel spread of the surface warming pattern evolution to
the varying AMOC evolution among models.

3.2. The Uncertainty in the Tropospheric Stability Evolution (SEIS)

Varying hemispheric asymmetry in the surface warming pattern evolution can lead to uncertainty in the tro-
pospheric stability response, shown to be a key mechanism for the time evolution of climate feedbacks
(Andrews & Webb, 2018; Ceppi & Gregory, 2017). Here we quantify tropospheric stability by calculating
the estimated inversion strength (EIS), defined as the difference in potential temperature between 700 hPa
and the surface, corrected to account for the dependence of the moist adiabat on mean temperature (Wood
& Bretherton, 2006). In general, the multimodel-mean EIS evolution (SEIS, defined using equation (2)) has
the opposite sign from the multimodel-mean warming pattern evolution (STAS; Figure S3, consistent with
Figure 1b in Ceppi & Gregory, 2017). Also, similar to 8TAS, SEIS appears to be model dependent. For exam-
ple, in the Arctic, the North Atlantic, and the western North Pacific, the negative regression slopes indicate
that models with stronger AMOC recovery (high AMOC index) tend to project an increasingly unstable tropo-
sphere in these regions and vice versa for the positive regression slopes in the tropical South Atlantic
(Figure 3a). Dominated by the negative correlation in the NH, Figure 3c shows that the global-mean EIS evo-
lution negatively correlates with the AMOC index.

Our interpretation for the link between hemispherically asymmetric warming pattern and global EIS
response is as follows. The pronounced warming in the relatively stable NH extratropics tends to remain
trapped near the surface, resulting in a more unstable troposphere. The warming is increasingly pronounced
if the AMOC index is higher, accounting for the negative regression slopes of 3EIS against the AMOC index.
In the tropics, consistent with the weak temperature gradient approximation (Sobel et al., 2002), the
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Figure 4. (a) The regression slopes of lapse-rate feedback evolution (SLR) against the Atlantic Meridional Overturning Circulation (AMOC) index, with meshing
denoting the significance at 95% confidence level. (b) Zonally averaged SLR. The meaning of colored lines and shading is the same as in Figure 2d. (c) The glo-
bal-mean SLR versus the AMOC index. (d-f) Same as (a)-(c) but for shortwave cloud feedback evolution (8SWcld).

temperature of the free troposphere is uniform and is determined by the SST over the deep convective regions
(e.g., the West Pacific warm pool), where the lapse rate is close to a moist adiabat. The regression slopes of
8TAS against the AMOC index are negative in the West Pacific warm pool (Figure 2c). The approximation
explains a larger decrease in temperature of the free troposphere throughout the entire tropics for models
with higher AMOC index (not shown). Therefore, regions with positive or insignificant regression slopes
of 8TAS against AMOC index exhibit negative regression slopes of SEIS. Consistently, Figure 3a shows
that regions with more positive 8TAS relative to the warm pool (red contours) would project more
negative SEIS and vice versa for the regions with more negative STAS relative to the warm pool (green
contours). An exception to this behavior is in the SH extratropics, where the suppressed warming
response over Antarctica is not trapped near the surface as in the NH extratropics. Instead, it is vertically uni-
form and can be ascribed to a more positive southern hemisphere annular mode. A more positive southern
hemisphere annular mode is characterized by the band of westerly winds contracting toward Antarctica
(Figure 3e) and is associated with equivalent barotropic wind and temperature anomalies (Thompson &
Wallace, 2000).

3.3. The Uncertainty in the Climate Feedback Evolution (SA)

The AMOC-related spread in global EIS evolution affects the lapse-rate feedback. Figure 4a shows the regres-
sion slopes of lapse-rate feedback evolution against the AMOC index, which is strongly anticorrelated with
the regression slopes of the EIS evolution (Figure 3a; area-weighted pattern correlation = —0.92). In the
Arctic, the North Atlantic, and most of the North Pacific, the troposphere becomes more unstable in the
models with higher AMOC index. A more unstable troposphere indicates a reduced cooling ability of the free
troposphere, which then results in a more positive lapse-rate feedback. Since models with a more positive
AMOC index tend to project a larger decrease in global-mean EIS (Figure 3c), those models should also fea-
ture a larger increase in global-mean lapse-rate feedback. Indeed, Figure 4c shows a positive correlation (r =
0.83) between the AMOC index and the global-mean change in lapse-rate feedback. In summary, models
with a higher AMOC index tend to project a stronger decrease in the NH tropospheric stability while
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having little influence on the vertical temperature profile in the SH. This hemispherically asymmetric ampli-
tude of stability response to the varying AMOC evolution results in global-mean changes in EIS and lapse-
rate feedback against the AMOC index.

Meanwhile, the EIS evolution also contributes to the evolution of shortwave cloud feedback in specific
regions. Figure 4d shows that shortwave cloud feedback becomes more positive in the North Atlantic and
the North Pacific midlatitudes, where SEIS is negative. The destabilization of the lower troposphere acts to
reduce low cloud cover, which leads to a more positive shortwave cloud feedback, associated with a higher
AMOC index. In the tropics, the degree of Intertropical Convergence Zone (ITCZ) shift affects the shortwave
cloud feedback. Consistent with the energetic framework (Friedman et al., 2013; Kang et al., 2008, 2009),
models with higher AMOC index, tending to project NH warming, produce a weaker southward ITCZ shift
(Figure S4), which results in a more negative (positive) shortwave cloud feedback in the north (south;
Figures 4d and 4e). With positive and negative values generally cancelling out, the AMOC-related spread
in tropical mean shortwave cloud feedback evolution contributes little to the global-mean change. Instead,
it is the spread in the NH midlatitudes that largely makes up the positive correlation between the AMOC
index and the global-mean change in shortwave cloud feedback (Figure 4f). While some of the spread in
shortwave cloud feedback is compensated by the spread in longwave cloud feedback, we note that this com-
pensation mostly happens in the tropics (Figure S5g). In the extratropics, the change in net cloud feedback is
dominated by the shortwave component (Figure S5j). Thus, the mechanism described above may explain the
positive correlation between the AMOC index and the area-averaged net cloud feedback evolution poleward
of 30° (r = 0.61). Apart from the influence of tropospheric stability mentioned here, we note that the
intermodel spread of cloud feedback could arise from a dependence on parameterization and resolution
(Vial et al., 2013; Webb et al., 2015).

In addition to lapse-rate and cloud feedbacks, the AMOC evolution also has an impact on other feedback
components. In models with stronger AMOC recovery, for example, albedo feedback becomes more positive
in the NH polar region due to more melting ice, where the enhanced warming occurs, and vice versa for the
SH polar region with smaller magnitudes (Figure S5a). Similar to longwave cloud feedback, the relative
humidity feedback evolves toward more positive (negative) values in the NH (SH) tropics, indicating a north-
ward shift of the ITCZ (Figure S5d). While the varying AMOC evolution influences the pattern evolution of
these two feedbacks, the correlations between the AMOC index and the global-mean changes in relative
humidity and surface albedo feedbacks are not significant (Figures S5c and S5f). Also, we note that the rela-
tionship between the AMOC index and the changes in most of the climate feedback components cannot be
explained if assuming time-invariant local feedbacks (Armour et al., 2013). Instead, the evolution of tropo-
spheric stability introduces nonlinearity in local climate feedbacks (Zhou et al., 2016; Ceppi & Gregory,
2017; see Text S4).

4. Summary and Discussion

In this study, we suggest that the intermodel spread in net climate feedback evolution (5A) can be partially
traced to the evolution of the AMOC strength. Models with stronger AMOC recovery tend to project a larger
increase in net climate feedback, indicating more sensitive climate over longer time scales. The interpreta-
tion for the link between the AMOC evolution and the feedback change is as follows: The strengthening
of AMOC over long time scales shifts the location of warming to NH extratropical regions, leading to a global
destabilization of the troposphere and resulting in more positive lapse rate and shortwave cloud feedbacks.
Similar relationships between AMOC strength and radiative anomalies are also found in decadal-scale
unforced variability in the piControl simulations (see Text S5).

Interestingly, our interpretation that warmer NH leads to more sensitive climate cannot be applied to under-
standing the evolution of the multimodel-mean climate feedback. For the multimodel mean, the increase in
Ais accompanied by enhanced warming mostly in the SH, especially in the tropical Southeast Pacific and the
Southern Ocean (Figure 2a). In our analysis of the intermodel spread, the warming pattern evolution among
models includes varying degrees of the north-south contrast (Figure 2b), which contributes to the intermodel
spread of the global EIS response and the climate feedback evolution.

The dependence of climate feedbacks on the surface warming pattern has been an active research area. Some
studies have focused on the east-west contrast of the surface warming pattern (Andrews & Webb, 2018;
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Ceppi & Gregory, 2017; Zhou et al., 2017); for example, Zhou et al. (2017) suggest that the cloud feedback is
more negative in response to western Pacific warming and more positive in response to warming in the east-
ern Pacific. On the other hand, others emphasize the tropics-extratropics contrast, suggesting that the cli-
mate will become more sensitive as the ocean heat uptake pattern evolves (Liu, Lu, Garuba, Huang, et al.,
2018; Liu, Lu, Garuba, Leung, et al., 2018; Rose et al., 2014; Rugenstein et al., 2016). By investigating the
cause of intermodel spread in the time dependence of climate feedbacks, we identify an additional geogra-
phical structure for controlling global-mean climate feedbacks: The variation of SST in the more stable
NH high latitudes tends to be more confined in the lower troposphere than the variation of SST in the SH
counterparts and is more likely to trigger positive radiative feedbacks. In future work, idealized experiments
will be needed to provide a full understanding of the influence of SST patterns on climate feedbacks.
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Text S1. Climate feedback decomposition

As mentioned in Section 2.2, the evolution of climate feedback, §A, can be further
decomposed into various components. We use radiative kernels to decompose changes
in TOA radiation into the contributions of changes in temperature, water vapor, surface
albedo, and clouds in each month (Soden et al., 2008). Radiative kernels are calculated
with the Community Atmospheric Model version 5 (CAM5) (Pendergrass et al., 2018).
Changes in water vapor can be further divided into two components; (1) changes
assuming constant relative humidity, and (2) changes in relative humidity. Here we
include the first component in the temperature feedbacks (Held & Shell, 2012). Changes
in cloud-radiative effects, which are known to contain non-cloud effects, can also be
adjusted using radiative kernels to estimate cloud feedback (Soden et al., 2008).

Text S2. The potential impact of natural variability on AMOC evolution

In the CMIP5 archive, only the first abrupt4xCO; ensemble member is long enough
to perform our analyses. To examine the robustness of the AMOC index defined in
abrupt4xCO; experiments using just one ensemble member per model, we quantify the
natural variability of the AMOC evolution in longer piControl simulations. For each model,
we define “piControl AMOC indices” as follows. First, we calculate the trends of AMOC in
each 20-year chunk in a 500-yr piControl simulation, which gives us 25 independent
AMOC trends. Then, we take the difference between any 2 AMOC trends from the 25
AMOC trends, which gives us 600 possible changes in AMOC trend (the permutation of
choosing 2 from 25 equals 600). These 600 possible changes are piControl AMOC indices,
representing changes in AMOC trend resulting from natural variability. The probability
distribution of the piControl AMOC indices is close to the normal distribution in all models.
Hence, we plot 1 standard deviation of the piControl AMOC indices from each model to
compare with the corresponding abrupt4xCO, AMOC index (Figure S6). The 1 standard
deviation values of the piControl AMOC indices (red bars) are smaller than the
abrupt4xCO; AMOC indices in most models (black bars) and are unlikely to influence the
intermodel spread of abrupt4xC0O, AMOC indices significantly. The comparison between
piControl AMOC indices and abrupt4xCO; AMOC indices is a conservative test since the
piControl indices are based on the difference between 20-year AMOC trends, while the
abrupt4xCO; indices are the changes in AMOC trend between the early (Y1-20) and late
(Y21-150) periods, which should be less affected by natural variability. Despite potentially
overestimating the impact of natural variability, we still find that the abrupt4xC0O, AMOC
index is robust. We conclude that natural variability is unlikely to affect the model spread
of AMOC evolution discussed in our manuscript.

Text S3. The dominant mode of inter-model spread of the evolution in global
overturning circulation

As discussed in the Results section, we suggest that about half of the uncertainty
of ocean circulation evolution across models can be attributed to the AMOC. The
following text describes the method and provides additional details.



First, we apply equation (2) with X as the meridional mass streamfunction for the
global ocean, which gives us the evolution of the global meridional overturning circulation
(GMOC). The GMOC represents the global-scale ocean conveyor belt that connects the
Arctic, Atlantic, Indian, and Pacific Ocean via the Southern Ocean (Schmitz Jr, 1995; Talley
et al., 2003; Lee et al., 2019), and the GMOC evolution quantifies its slow adjustments to
greenhouse gas forcings. Figure S7 shows the multimodel-mean GMOC evolution, which
features the strengthening of the AMOC and the weakening of the Southern Ocean
circulation. Also, the AMOC strengthening is highly model-dependent (the dots label
regions where 1 standard deviation of the GMOC evolution across models exceeds its
multimodel-mean magnitude). To investigate the intermodel spread of the global ocean
circulation evolution, we apply EOF analysis onto the GMOC evolution across models. The
first EOF pattern resembles the structure of the AMOC (Figure S8), suggesting the AMOC
evolution dominates the intermodel spread of ocean circulation evolution. Also, the
principal component corresponding to the first EOF is well correlated with our AMOC
index used in the manuscript (Figure S9), which supports the conclusion that the first EOF
mode is related to the AMOC.

Text S4. The contribution of local climate feedback

As discussed in section 3.3, we attribute the intermodel spread of climate
feedback evolution to the spread of tropospheric stability evolution. There is an
alternative hypothesis, proposed by Armour et al. (2013), suggesting that when assuming
time-invariant local feedbacks, the changes in global-mean feedbacks are merely the
result of the surface warming pattern evolution accompanied by constant local
feedbacks, termed “effective climate feedbacks”. Here we evaluate whether the
intermodel spread of climate feedback evolution can be explained by the local feedback
perspective. Following the method of Ceppi and Gregory (2017), we define the evolution
of effective climate feedbacks as follows:

8Aetf = AlocatOTAS.

OAefr means the change in effective climate feedback between Yr 1-20 and Yr 21-150 of
the abrupt4xCO; simulations. Aj,.4 is the local climate feedback, defined as the radiative
anomalies at each grid point divided by the local surface air temperature anomaly. Ajyca
is assumed to be constant with time. To exclude the rapid adjustments from the
calculations, the anomalies are calculated by subtracting the mean of the first 10 years
from the mean of the last 20 years of abrupt4XCQO,, as in Ceppi and Gregory (2017). 6TAS
is the pattern evolution of surface air temperature, using equation (2) in section 2.2.

Comparing the regression slopes of the effective climate feedback evolution
(AAqsr) against the AMOC index with the regression slopes based on the standard
definition of climate feedbacks (section 2.2), most of the climate feedback components
show little resemblance between them, with pattern correlations lower than 0.2. The
albedo feedback is the only exception, with a pattern correlation of 0.7, indicating that
the surface warming pattern evolution itself can explain the relationship between the
AMOC index and the albedo feedback, given a constant local albedo feedback. For other
feedback components, changes in local feedbacks or non-local effects need to be
considered.



Text S5. Variability in piControl simulations

To evaluate if the link between AMOC strength and climate feedbacks proposed
in the study can be observed in individual models, we investigate the joint variability in
AMOC strength and radiative anomalies in long-term unforced piControl simulations in
each model. The run length varies among models but always exceeds 500 years (Table
S1). To remove the high-frequency variability, a 5-year low-pass Lanczos filter is applied
to all the variables. To isolate the contribution of AMOC variability from the effect of
global warming or cooling, we apply multiple linear regression as follows:

y = Bo + B1X1 + BXz + €

The two independent variables X1 and X; are the anomalous AMOC intensity and
GMT anomaly, respectively. The dependent variable y can be any of the target fields, for
example, radiative anomalies. The least-squares estimate [3; is the regression coefficient
that measures a change in the dependent variable when the anomalous AMOC intensity
changes, while holding GMT anomaly fixed, and vice versa for 3,. B is the intercept term.
Since X1, X2, and y are all anomalies in our case, 3, equals to zero. € denotes the residual
term.

Figures S10a and S10b show that when holding GMT anomaly fixed, most models
experience a warmer NH and a cooler SH when the AMOC is stronger. Also, EIS decreases
in the NH, which leads to more positive lapse-rate radiative anomalies in most of the NH
and more positive shortwave cloud radiative anomalies in the NH mid-latitudes, especially
in the North Atlantic, associated with a stronger AMOC (Figure S10). Our results highlight
the similar structures between the contribution of the AMOC variation in piControl
simulations and the evolving responses due to the varying AMOC index in abrupt4xCO;
experiments (compare Figure S10 with Figures 3 and 4). This resemblance suggests that
in both forced and unforced simulations, the varying AMOC strength controls the surface
warming pattern, thereby altering radiative fluxes via changing tropospheric stability.
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Figure S1. The time evolution of GMT in abrupt4xCO; simulations. The black line
indicates the multimodel mean, while the thick red (blue) line indicates the high (low)
AMOC index composite mean, and the thin red (blue/gray) lines are from individual
models with high (low/medium) AMOC index.
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Figure S2. The AMOC index (8W) in each model. The solid red line indicates the model-
mean AMOC index, and the dashed lines indicate the model mean +0.5 standard
deviation (std) across models.
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Figure S3. (a) Multimodel-mean pattern evolution of estimated inversion strength
(8EIS). Hatching indicates that the absolute value of the multimodel mean is smaller
than 1 standard deviation of the inter-model spread.
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Figure S4. Shading shows the regression slopes of the zonal-mean zonal wind evolution
against the AMOC index, with gray stippling denoting the significance at the 95%
confidence level. Contours indicate the regression slopes of the atmospheric mass
streamfunction evolution against the AMOC index, with clockwise direction in solid
contours and counterclockwise direction in dashed contours.
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Figure S5. Same as Figure 4, but for (a-c) surface albedo feedback, (d-f) relative humidity
feedback, (g-i) longwave cloud feedback, and (j-1) net cloud feedback.
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Figure S6. Comparison between piControl AMOC indices (red bars) and abrupt4xCO,
AMOC indices (black bars) for each CMIP5 model, as defined in Text S2.
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Figure S7. The shading shows the multimodel-mean GMOC evolution (Sv/K). Contours
show the GMOC climatology (Sv), with clockwise direction in solid contours and
counterclockwise direction in dashed contours. Dots indicate the regions where 1

standard deviation of GMOC evolution across models is larger than its multimodel-mean
magnitudes.
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Figure S8. The shading shows the first EOF pattern of the GMOC evolution across
models, which explains 49.1% of the total variance. Contours show the GMOC
climatology (Sv), with clockwise direction in solid contours and counterclockwise

direction in dashed contours.
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Figure S9. The principal component corresponding to the first EOF of the GMOC
evolution (y-axis) versus the AMOC index used in the manuscript (x-axis). The
correlation coefficient is 0.87 (Note that models #2 and #12 are missing due to data

availability.)
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Figure $10. Multimodel-mean regression slopes of 5-year low-pass-filtered (a) surface
air temperature, (c) EIS, (e) lapse-rate radiative anomaly, and (g) shortwave cloud
radiative anomaly against 5-year low-pass-filtered AMOC strength while holding global-
mean surface air temperature anomaly fixed in pre-industrial simulations. Meshing
indicates that 10 out of the 15 analyzed models agree on the sign. (b, d, f, h) The black

line is the zonal average of (a), (c), (e), and (g), respectively, and light gray lines are the
zonal averages of individual models.

10



(ABEMJON ) 91N113SU| |BDIB0|0J0313|Al UBISIMION

080 v0'T ST'8 6v'T £9°9- ¢T6178¢-TO0S8T ‘Yoieasay a1ewl|) 404 81U SAUNJBIG IN-TINS34ON
810 8€°0- LT'E v 0- 1G9°€- ¢T6¥8¢-T00S8T (ueder) anyisu| yoieasay |ed150|040313N ENDDD-IHN
8590 0L0 YA cL0 ¢St CT6¥8¢-T00S8T d-INS3-IdIN
8590 80°0 7% eV 66°0- ¢T6¥8¢-T00S8T (Auews9) ASoj0J0319N 40} 91N11SU| Ydue|d XeIA HIN-INST-IdIN
[47A0) ev'o 08¢ 0S0 oge- ¢T6¥8¢-T00S8T d1-INS3-IdIN
(e1SSNY) SONEWaYIE [EdSWnN
0 9T'¢c- 09'¢e- +vv9- 8¢ CT617€C-TO0SST 40 21N313SU| ‘S3DUBIDS JO AWpPEIY UeISSNY YIND-IAINI
LY0 ¥9°0 0S°0- 9L'T- 9¢C'T- TTSEVC-CT6S8T (MN) 813ua) Ad|peH 22140 1BIN S3-¢NISpPeH
. . . . e CT0ESY-TOT86€E (vsn)
S0 Sl tt¢ IRl 76 CTOE9E-TOTEEE (sa1pn1s 20edS 40} 91NISU| PAEPPOD) SSID /YSYN 4-23-SSI9
€C0 680 6'6 S6°€ 66°G- ¢T00S0-TOTO00 INCINS3-1a45
(vsn) Asoresoqgeq soiweuAq pinj4 [eaisAydoan
€9°0 T0°0 10°S 6T0 8'1- ¢T00S0-TOTO00 €IND-1d45
[EUIYD) S90USIDS JO AWSPEIY
LT0 TL'T- €€0- VASS /Al 1A ¢T0SEC-TO0SST asauly) ‘saisAyd oaydsowiy Jo 31nisu| ¢S-S1vV054
(CEIZE))
8T'0- ¢L'T- SE'€E- 8€V- €0'T- ¢T669¢-TO0SS8T 5anbi30]040919IN S9Y243YI9Y P |EUOIIEN 34IU) SIND-INYND
S9°0 ¥9°0 80°8 4583 QLY ¢TO0ET-TO0080 (¥SN) yoJeasay susydsowiy 40j 491Ua) [eUOlEN PINSDD
L9°0 1590 9¢’s TCT SO0'v- ¢T617L0-T00SCO €'TSS300V
(e1jesisny) ASojo10313|A JO neaung/uoleziuesio
424e3sY |BISNPU| PUB JIH1IUSIIS Y1 ESMUOWIWOD)
150 LLO LO°E 910 16°¢C- ¢166L0-T000€0 0°TSS3I20V
Y9 2d hQ O05T-TIZg 0T-1g  josuoDid ul spouad swi) (A13unod) ainyasu| [9POIN

Table S1. The list of CMIP5 models used, with the time periods [yyyy-mm] analyzed in

the piControl simulations, the regression slopes of AMOC strength anomaly against GMT
anomaly in year 1-20 (W1 _2¢) and year 21-150 (W51 _150), the AMOC indices (8¥), the

principal components (PC) corresponding to the first EOF, and the global-mean 8A.
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Year 5 Year 10 Year 15 Year 25 Year 30 Year 35

Year 20 0.85 0.95 0.99 0.99 0.96 0.92

Table S2. The correlation coefficients between AMOC indices that are calculated based
on different cutoff years between the fast and slow responses. For example, 0.85 is the

correlation coefficient between the AMOC indices based on cutoffs at Year 20 and Year
5.
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