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Abstract The Atlantic Meridional Overturning Circulation (AMOC) has been, and will continue to be, a
key factor in the modulation of climate change both locally and globally. However, there remains
considerable uncertainty in recent AMOC evolution. Here, we show that the multimodel mean AMOC
strengthened by approximately 10% from 1850-1985 in new simulations from the 6th Coupled Model
Intercomparison Project (CMIP6), a larger change than was seen in CMIP5. Across the models, the strength
of the AMOC trend up to 1985 is related to a proxy for the strength of the aerosol forcing. Therefore, the
multimodel difference is a result of stronger anthropogenic aerosol forcing on average in CMIP6 than
CMIP5, which is primarily due to more models including aerosol-cloud interactions. However, observational
constraints—including a historical sea surface temperature fingerprint and shortwave radiative forcing in
recent decades—suggest that anthropogenic forcing and/or the AMOC response may be overestimated.

1. Introduction

The Atlantic Meridional Overturning Circulation (AMOC) represents the Atlantic branch of the global over-
turning circulation. It plays a significant role in both local and global climate, transporting heat from the
South Atlantic to the North Atlantic and sequestering anthropogenic carbon in the deep ocean (Buckley
& Marshall, 2016). Changes in the strength of the AMOC are thought to be an important driver of changes
in North Atlantic sea surface temperature (SSTs) (Ba et al., 2014; Rahmstorf et al., 2015). Hence, changes in
the AMOC strength could have important impacts on a range of far-reaching phenomena, including the
number of hurricanes (Yan et al., 2017), Sahel drought (Zhang & Delworth, 2006), and Atlantic storm tracks
(Woollings et al., 2012). In addition, the AMOC affects variability in Arctic sea-ice extent (Mahajan
et al., 2011), which has also been linked with midlatitude climate variability (Screen et al., 2018).

Various lines of modeling and paleo-oceanographic evidence suggest the AMOC may weaken under the
effects of greenhouse gases (GHGs) (Gregory et al., 2005; Stommel, 1961; Stouffer et al., 2006; Thornalley
et al., 2018; Wood et al., 1999), leading to consistent projections that the AMOC will weaken in the next cen-
tury (Collins et al., 2013). Such a weakening could have severe climate impacts (Jackson et al., 2015). Yet the
AMOC is also thought to be sensitive to a range of other natural and anthropogenic external forcings (Menary
& Scaife, 2014; Ottera et al., 2010; Swingedouw et al., 2015). In particular, increases in anthropogenic aerosol
forcing are thought to have opposed GHG induced weakening over the 20th century (Cai et al., 2006;
Delworth & Dixon, 2006). The Coupled Model Intercomparison Project Phase 5 (CMIP5) multimodel mean
showed no net forced AMOC change over the historical period (Cheng et al., 2013), but some individual
models did show a strong increase, which was attributed to aerosol forcing (Menary et al., 2013). There is large
uncertainty in the simulated strength and spatial pattern of historical anthropogenic aerosol forcing, particu-
larly due to their interaction with clouds (i.e., indirect effects) (Myhre et al., 2013). There is also considerable
uncertainty in the future changes in anthropogenic aerosol emission and related forcing (Lund et al., 2019).
Hence, given their potentially important role, the uncertainty in aerosol forcing could have implications for
the interpretation of simulated historical AMOC variability, as well as its near future evolution. Thus, in this
study, we revisit the simulation of historical AMOC changes in the new CMIP6 simulations.
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(a) Multi-model mean AMOC anomaly at 35.0N, 1000m in CMIP5 and CMIP6 ensembles
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Figure 1. Historical AMOC change in CMIP. (a) AMOC time series in CMIP5 (blue, comprising 39 models and 128
ensemble members) and CMIP6 (red, comprising 25 models and 133 ensemble members) multimodel ensembles. Also
shown is the subset of seven CMIP6 models with DAMIP experiments (purple). Shading highlights one standard
deviation of the multimodel (anomaly) ensemble. (b) AMOC time series in DAMIP experiments. Lines show annual
mean (thin) and 11-year running mean (thick). Note the non-linear y-axis for clarity. Thin purple lines in panels (a) and
(b) are identical. Vertical dashed lines highlight endpoints of meaning periods (1850-1880) and trends (1940 and 1985)
discussed in the main text.

2. Methods

We compare the evolution of the AMOC in historical simulations from CMIP5 and CMIP6. We also use
historical simulations from the Detection and Attribution Model Intercomparison Project (DAMIP)
(Gillett et al., 2016), which discriminate external forcing variability in greenhouse gases (GHGs;
hist-GHG), anthropogenic aerosols (hist-aer), natural forcing (hist-nat), and changes in stratospheric ozone
(hist-stratO3). The data we use are obtained from the relevant CMIP archives. The models included in this
study are summarized in supporting information Table S1. We have used 39 models (totaling 128 members)
from CMIP5, 25 (133 members) for CMIP6 and seven (45 members) for the CMIP6-DAMIP (counting only
those models that have multiple ensemble members including at least both the “hist-GHG” and “hist-aer”
experiments, at the time of writing). For CMIP5 analysis that extends after the end of the CMIP5 historical
simulations we use scenario data from RCP8.5. When computing multimodel ensemble means as in
Figure 1, we first compute the ensemble mean for each model (averaging over all realizations), before
combining these into the grand ensemble mean, that is, 1-model, 1-vote. Averaging over all ensemble
members and models simultaneously yields similar conclusions (i.e., 1-simulation, 1-vote, not shown).

In many cases, the variable used to store the Atlantic meridional overturning circulation stream function
was not uploaded to the CMIP archives. As such, to increase our ensemble size, we instead use the oceanic
meridional velocities and calculate the overturning stream function directly for each model. Where both
meridional stream function and oceanic meridional velocities exist, the correlation between indices of
annual AMOC variability at 35°N and 1,000 m depth are greater than r = 0.96 in all cases, giving us confi-
dence in our approach (Figure S1). For consistency of approach, in all cases we use the stream function cal-
culated from the meridional velocities. In many of the models, the velocity data do not exist on a regular
latitude/longitude grid but becomes increasingly curved toward the North Pole. As such, we focus on
35°N as a balance between a northerly latitude and one where the true latitudes of the velocity grid lines
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remain similar, enabling more precise calculation of the (true) meridional stream function in both online
and our offline calculations (Table S1). However, although the timing and magnitude of temporal variability
is well represented, we do find a spatially varying, but temporally constant, offset between our calculation of
the AMOC stream function and the meridional stream function variable uploaded to CMIP (Figure S1). This
is likely the result of using estimated, constant values for cell widths/heights (based on the model grid
design) as well as potentially different masking choices. Therefore, we restrict our analysis to the temporal
evolution of the AMOC, which is well captured by our method. We take temporal anomalies with respect to
the period 1850-1880; the start of the period is chosen as the beginning of the historical simulations, and the
end chosen to be before the first major eruption in these simulations (Krakatoa in 1883). Finally, note that,
although the main results of this paper are focused on 35°N, similar results are found at 45°N or at 26.5°N
where the RAPID observational array is located (Cunningham et al., 2007).

3. Results
3.1. Forced AMOC Variability in CMIP5 and CMIP6

The multimodel ensemble mean evolution of the AMOC anomaly at 35°N shows a significantly different
evolution in the second half of the 20th century between CMIP5 and CMIP6 historical simulations
(Figure 1a). CMIP6 shows a positive trend from 1850 to 1985 (1.0 Sv/century, p < 0.01) dominated by the
strong trend from 1940 to 1985 (3.4 Sv/century), before a weakening (—7.6 Sv/century, 1985-2014). The
AMOC peak in CMIP6 is around 1.6 Sv stronger (1980-1990 time mean, i.e., centered around the end of
the trend period) than at the beginning of the historical simulations (1850-1880 mean). The increase to
the 1980s represents a ~10% increase compared to time-mean observations at 26.5°N (Smeed et al., 2019)
and is comparable to one intermodel standard deviation of the CMIP6 anomaly ensemble during this period
(1.7 Sv). By comparison, the AMOC in CMIP5 is only around 0.2 Sv stronger. The multidecadal structure in
CMIP5 resembles that of CMIP6, but the strengthening toward the end of the 20th century is far less pro-
nounced. Finally, repeated subsampling of the larger CMIP5 ensemble (39 models) down to the current size
of the CMIP6 ensemble (25 models) suggests the stronger trends in CMIP6 are unlikely to be due to the smal-
ler sample size (Figure S2).

Analysis of the single-forcing experiments as part of DAMIP (Figure 1b) illustrates that the forced response
of AMOC from 1850 to 1985 is a balance of opposing contributions from aerosols (increase) and greenhouse
gases (decrease), consistent with previous work (Delworth & Dixon, 2006). Summing the AMOC anomalies
from the various single-forcing experiments shows that for the 1980s mean the AMOC peak is dominated by
the aerosol-forced increase. Note that in the subsampled subset of models where both historical and DAMIP
simulations are available, the evolution of the AMOC is similar to the full CMIP6 ensemble, albeit that the
peak in the 1980s is weaker (1.0 Sv compared to 1.6 Sv, see Figure 1a). The annual and decadal mean corre-
lations between the subsampled historical and linear sum are r = 0.53 and r = 0.81, respectively (p < 0.01 for
both), suggesting that the forcings are additive, as the linear sum captures the key features (more than half of
the variance) of at least the longer timescale variability (Figure 1b). Within this linear framework, the
decline in the AMOC following its peak in the 1980s can be attributed to a leveling off of the rate of change
of global aerosol optical depth (Booth et al., 2012) (and the associated aerosol-driven AMOC strengthening)
while the GHG-driven weakening continues unabated, although long-timescale feedbacks with the Arctic
could also play a role (Jungclaus et al., 2005).

3.2. Relationship Between AMOC Changes and the Strength of the Aerosol Forcing

To investigate further the relationship between the strength of the aerosol forcing and the forced AMOC
trends we define an index based on the total absorbed solar radiation (ASR; i.e., the net top of atmosphere
shortwave [SW] radiation). As historical anthropogenic aerosol emissions have primarily been in the
northern hemisphere, we subsequently take the difference between southern and northern hemispheres
(southern minus northern) to focus on the relative aerosol forcing of the northern hemisphere (ASR_HD:
ASR hemispheric difference). We use this index, rather than estimates based on atmosphere-only
simulations, as it provides a time-dependent estimate of the strength of the aerosol forcing, and it can be
estimated in any simulation, that is, it is not dependent on the availability of other tailored simulations.

The ASR_HD index will be sensitive to any processes that drive hemispheric changes in ASR, including both
hemispheric differences in anthropogenic and natural (e.g., volcanic) aerosols but also climate feedbacks,
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(a) Multi-model mean ASR_HD index in CMIP6 DAMIP ensembles
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Figure 2. The relationship between ASR_HD index and the AMOC. (a) Time series of hemispheric imbalance in
absorbed solar radiation (ASR_HD) index in CMIP6 DAMIP. Purple shows the time series from the subsampled
historical runs with the same models. Shading shows multimodel one standard deviation. (b) AMOC and ASR_HD index
in CMIP5 and CMIP6 multimodel ensembles. (c) AMOC and ASR_HD in two subsets of CMIP5: Models explicitly
using aerosol indirect effects (purple, 15 models), and models that explicitly are not (green, 10 models) after Wilcox

et al. (2013). Vertical dashed lines highlight endpoints of meaning periods (1850-1880) and trends (1940 and 1985)
discussed in the main text.

such as changes in ice and land albedo and clouds. Nonetheless, trends in this ASR_HD index compare well
(r = 0.90, p < 0.01) with published estimates of the northern hemisphere historical aerosol present-day
versus preindustrial radiative forcing determined from independent time-slice experiments with
prescribed sea surface temperatures in CMIP5 (Booth et al., 2018) (Figure S3). In addition, within the
CMIP6-DAMIP ensemble, changes in the ASR_HD index from 1850 to 1985 (i.e., the peak AMOC;
Figure 2a) are dominated by the increase seen in the hist-aer experiment. Furthermore, as with the
AMOC time series, the sum of the ASR_HD index anomalies in the individual DAMIP experiments is a
good approximation of the evolution in the historical experiment, giving us confidence in the additivity of
the dominant GHG and aerosol forcings. Thus we are confident that the ASR_HD index is related to the
magnitude of aerosol forcing up to 1985.

We now compare the ASR_HD index in both the CMIP5 and CMIP6 ensembles (Figure 2b). The CMIP6
1980-1990 multimodel mean ASR_HD index increased by 1.42 W/m? which is larger than CMIP5
(0.73 W/m?), suggesting that aerosol forcing is stronger in CMIP6. In CMIP6, the multidecadal evolution
of the index over the period 1850-1985 is well correlated with the ensemble multimodel mean AMOC
(r = 0.96 for decadal correlations compared to r = 0.76 for annual correlations, with maximum correlation
when the ASR_HD index leads the AMOC index by 2—-4 years; p < 0.01). However, in CMIP5, the multimo-
del mean AMOC and multimodel mean ASR_HD indices diverge in the 20th century. As a result, the corre-
lation between the time series in CMIP5 is r = 0.48 for decadal timescales. Thus, this could suggest that the
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(a) Trends 1850->1985. r=0.73 (b) Trends 1940->1985. r=0.58 (c) All periods together. r=0.81
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Figure 3. ASR_HD index trend (x-axis) versus AMOC trend (y-axis) for different epochs (a: 1850 to >1985, b: 1940 to
>1985, c: all periods together [1850-1985, 1940-1985, and 1985-2014]). Red: CMIP6. Blue: CMIP5. Black lines denote
a linear fit along with 95% confidence intervals on this slope.

AMOC response to that forcing is weaker in CMIP5 allowing other forcings, such as GHG-driven AMOC
weakening to dominate. It may also reflect the conflation of CMIP5 models with and without important
aerosol processes, discussed next.

Despite the lack of CMIP5 multimodel mean AMOC strengthening, we do find a strong dependency of
forced AMOC trends on the inclusion of aerosol-cloud interactions (or indirect effects) in CMIP5.
Aerosol-schemes within climate models have undergone significant development in recent years, in particu-
lar with regard to these effects (Rosenfeld et al., 2014) such that all the CMIP6 models considered here
include some representation of aerosol indirect effects, which was not the case in CMIP5. When considering
only those CMIP5 models that included both direct and indirect effects (as diagnosed in Wilcox et al. (2013),
we find that the increase in ASR_HD is larger than the CMIP5 mean value (1.20 W/ m?; see Figure 2c) and
that the multidecadal evolution of the AMOC compares well to the ASR_HD index with decadal correlations
of (r = 0.80). The AMOC anomaly for the decade 1980-1990 is 1.14 Sv. Conversely, considering only those
models where indirect effects were not included, the change in the ASR_HD is small (0.15 W/m?) and the
AMOC actually weakens throughout the 20th century, resulting in no temporal correlation between the
multimodel mean ASR_HD index and multimodel mean AMOC (r = 0.03). In this sub-ensemble, the
ASR_HD index remains relatively flat, suggesting that the indirect aerosol effect dominates the ASR_HD
index variability, as also seen in dedicated experiments (Zelinka et al., 2014).

So far, we have focused on multimodel ensemble means in our analysis, but we also find that the strength of
the forced AMOC trend from 1850 to 1985 is systematically related to the ASR_HD index across individual
models. Figures 3a and 3b show the 1850-1985 and 1940-1985 ensemble mean trends in the ASR_HD index
and AMOC indices for each model. When considering all CMIP5 and CMIP6 models together, the correla-
tion between the trends in AMOC and in ASR_HD over the periods 1850-1985 and 1940-1985 are r = 0.73
and r = 0.58, respectively. For the period 1850-1985, there is a general relationship between AMOC and SW
forcing trends with models with a strong increase in ASR_HD having a strong increase in AMOC, and vice
versa. Furthermore, for the period 1850-1985, the correlations for either CMIP5 or CMIP6 alone are both
significant (at the 5% level for a two-tailed t-test). However, for the more rapid 20th century strengthening
(1940-1985) this represents a balance between the CMIP5 ensemble, where a significant relationship is not
found (r = 0.27) and the CMIP6 ensemble, where the relationship is much stronger (r = 0.73). This could indi-
cate that the stronger aerosol forcing is dominating internal variability in CMIP6 but could also reflect the
signal-to-noise issues when using the smaller ensemble sizes typically used with CMIP5 models (see Table S1).

3.3. Comparison With SST-Based AMOC Estimates

An important question is whether the long-term AMOC behavior in CMIP6 is consistent with the real world
AMOC. Unfortunately, direct AMOC observations only exist at 26.5°N since 2004, and so indirect con-
straints are needed. Notably, the multimodel mean CMIP6 historical AMOC strengthening is different to
recently reported AMOC weakening during the 20th century (Rahmstorf et al., 2015). That result was
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(a) SST constraint. Period 1850->1985 (b) ASR_HD constraint. Period 1985->2019
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Figure 4. (a) Relationship between AMOC and relative SPNA SST fingerprint (based on Rahmstorf et al., 2015, and
Caesar et al., 2018) and the AMOC trend in all ensemble members (1-10) in all available models. Symbols represent
ensemble members that exist within (crosses) and outside of (triangles) the independent ASR_HD observational estimate
shown in panel (b). Red: CMIP6, blue: CMIP5. Circles: Multimodel ensemble mean of each sub-ensemble, which
includes CMIP5 models including indirect aerosol effects (purple) and CMIP5 not including indirect aerosol effects
(black). Vertical line and shading (green) show same fingerprint from HadISST and 95% confidence interval on the trend.
(b) ASR_HD trends over the recent, observed period (1985-2019) shown as a probability density function in CMIP5
(blue) and CMIP6 (red) using all relevant ensemble members. Vertical line and shading (green) show the trend from
DEEP-C observations and 95% confidence interval on the trend. Note the slightly later endpoint (2019), which was
chosen to maximize the available observational data. Simulated trends are computed only when there are data for >90%
of the period, requiring scenario data for CMIP5 (see section 2).

based largely on the AMOC/SST relationship in a subset of CMIP5 climate models. Specifically, they show
that there is a positive correlation between subpolar North Atlantic (SPNA) SST and AMOC, after the
subpolar SST has been detrended by removing either northern hemisphere surface air temperatures
(Rahmstorf et al., 2015) or global mean SSTs (November to May means) (Caesar et al., 2018). Therefore,
given the differences in AMOC between CMIP5 and CMIP6, it seems appropriate to revisit such
SST-based AMOC indices. In the subsequent analysis, we define the relative SPNA SST index as annual
mean, SPNA mean (20-55°W, 46-60°N) SSTs minus annual mean, global mean SSTs.

Figure 4a shows that there is a systematic relationship between trends in AMOC and relative SPNA anoma-
lies across both CMIP5 and CMIP6 models using individual ensemble members (r = 0.70). Generally, model
simulations with the strongest increase in AMOC over the 1850-1985 period tend to show a warming of the
SPNA relative to the rest of the globe, whereas models with a weakening AMOC show a relative cooling. This
relationship also holds for the multimodel means; the CMIP6 model mean, which had the strongest AMOC
increase, shows little SPNA change, whereas CMIP5 models that do not include aerosol indirect effects show
a strong relative cooling of the SPNA.

Also plotted in Figure 4a is an observed estimate computed from HadISST (vertical green line), which shows
a relative cooling (robust uncertainty estimates are hard to generate for the observations; here we simply use
the statistical uncertainty on the trend assuming no observational error). The SPNA trend is furthest from
the observational estimate in those models that have the strongest, aerosol-forced, increase in AMOC (both
ensemble mean values and individual members). Therefore, the comparison in Figure 4 could suggest that in
some models either the aerosol forcing is too strong or that the AMOC responds too strongly to that forcing.
Such an increase in the strength of anthropogenic aerosol forcing in CMIP6 relative to CMIP5 would be con-
cerning given that it may already have been too strong in CMIP5 (Gregory et al., 2019). However, uncertainty
in aerosol forcing remains large (Bellouin et al., 2020), and we will discuss later that the relative SPNA SST
index may not be well designed to capture historically forced AMOC variability and change.

4. Discussion

In this paper we have shown that the multimodel mean AMOC in CMIP6 increases by ~10% from 1850 to the
1980s, in contrast to the CMIP5 multimodel mean, which shows little change over this time period. We have
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used single-forcing experiments, in particular historical anthropogenic aerosols, to diagnose the important
external forcing. Finally, by exploring an index of interhemispheric imbalances in total absorbed solar radia-
tion (ASR_HD), we show that the AMOC increase in CMIP6 is due to the inclusion of more models with a
stronger aerosol forcing than in CMIP5 and particularly the inclusion of indirect aerosol forcing.

We have focused most of the analysis on trends in the AMOC and ASR_HD up to 1985, using ASR_HD as a
proxy of aerosol forcing. There is a weaker relationship for the 1985-2014 period, but it remains consistent
with the long-term correlation between ASR_HD and AMOC (Figure 3c). The weaker relationship in the
1985-2014 period may reflect the smaller number of simulations available (scenario data are required for
the CMIP5 models) or the shorter time period used but may also be linked to the GHG-driven AMOC
weakening. When considering the temporal evolution over the whole 1850-2014 period, the correlation
between the decadal smoothed CMIP6 multimodel mean time series of AMOC and ASR_HD shown in
Figure 2a is 0.95. The peak multimodel mean ASR_HD in the 1980s is equivalent to a 0.4 PW hemispheric
imbalance with respect to 1850-1880 but is greater than 0.7 PW for models with the strongest response.
As the AMOC plays an important role in the cross-equator heat transport (Frierson et al., 2013), one
interpretation is that the forced changes in the AMOC are consistent with interhemispheric top of
atmosphere (TOA) energy constraints (Yu & Pritchard, 2019). However, there remains considerable
uncertainty in the simulation of interhemispheric energy imbalances (see Figure S4), and we cannot rule
out that more Atlantic-centric mechanisms are at play (Ceppi et al., 2014; Delworth & Dixon, 2006;
Menary et al., 2013). Therefore, the mechanisms of forced AMOC changes in CMIP6 will need to be studied
further in future work.

Although observational TOA diagnostics are not available for the whole of the historical period, they are
available for the 1985-2019 period using DEEP-C estimates combining the ERBE and CERES data (Allan
et al., 2014). Figure 4b shows that the (negative) trends in ASR_HD may be overestimated in some models
when compared to the observations, with 55% of ensemble members in CMIP6 (and 20% of ensemble mem-
bers in CMIP5) outside of the 95% confidence intervals on the observed trend, consistent with biases in
cross-equatorial atmospheric heat transport previously seen in CMIP5 (Loeb et al., 2016). Given the strong
relationship between ASR_HD and AMOC, this could suggest that many models, and in particular CMIP6
models, would also overestimate the changes in AMOC over this time period. However, there could be other
important implications: Single-forcing experiments (DAMIP) indicate that greenhouse gas forcing domi-
nates the decline in ASR_HD from 1985 in historical simulations (see Figure 2a), presumably through cloud
and surface albedo feedbacks (i.e., Arctic amplification). However, restricting the computation of the
ASR_HD index to 60°S-60°N (i.e., removing regions with strong ice albedo feedbacks) makes little difference
to the ASR_HD in hist-GHG (not shown). Therefore, the overestimation of ASR_HD could indicate not only
that the interhemispheric response to GHGs might be too large in many models but also that cloud feed-
backs are too large or exhibit the wrong asymmetry as well as uncertainties in continental surface albedo
(Levine & Boos, 2017). Nonetheless, there is also considerable uncertainty with observed estimates of
ASR_HD (Allan et al., 2014), and further study is required.

As noted above, there are also uncertainties in the relationship between the relative SPNA SST index and
AMOC. For example, it is not clear whether the relationship between the relative SPNA SST index and
AMOC is stationary in time or with regard to the forcing. For the subset of models used in Caesar et al. (2018)
the correlation of trends over the 1850-1985 reduces from r = 0.65 when using the first ensemble member to
r = —0.11 when using available ensemble means (i.e., the forced signal; Figure S5). There also remains sig-
nificant diversity in the patterns of simulated historical SST trends, as with future projections with CMIP5
models (Menary & Wood, 2018). As such, the interpretation of the forced AMOC response using the relative
SPNA SST index is challenging. In addition, models that are deemed less plausible via the more recent
ASR_HD constraint (Figure 4b) are not necessarily outliers when considered against the longer-term
SPNA SST index (triangles in Figure 4a). Further investigation of this index could involve analysis of prein-
dustrial control simulations without interannually varying external forcings.

Finally, there are a number of further caveats that deserve discussion. We showed that the inclusion of aero-
sol indirect effects appeared to account for around two thirds of the difference between CMIP5 and CMIP6
multimodel mean AMOC changes (between 1980-1990 and 1850-1880). The remaining fraction may be the
result of increased aerosol emissions, and changes in their distribution, in CMIP6 versus CMIP5, or changes
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in the precise representation of aerosol effects in models, but we are unable to diagnose this effect in our
analysis. The spatial pattern of aerosol forcing may have changed regionally between CMIP5 and
CMIP6—especially indirect effects (Chung & Soden, 2017; Zelinka et al., 2014)—which could be
important for the forced response (Yu & Pritchard, 2019). Other forcing agents (e.g., volcanoes) may
also play a role (Swingedouw et al., 2015), and the response to forcing is likely to be model dependent.
There is also significant uncertainty about the role of internal variability versus external forcing. For
example, there is evidence that decadal timescale AMOC variability is underestimated in CMIP5 models
(Kim et al., 2017; Roberts et al., 2014; Yan et al., 2018). Furthermore, past AMOC variability has been
linked to other mechanisms (e.g., decadal variability in the NAO; Robson et al., 2012). In particular,
ocean-only simulations initialized in 1960 often demonstrate an AMOC minima around 1970 and a
peak AMOC around 2000, linked with NAO variability (Tsujino et al., 2020; Xu et al., 2019). In
addition, some multidecadal oceanic responses to (indirect) aerosol forcing have been suggested to be
spurious (Zhang et al., 2013), and recent observational and cloud-resolving modeling studies have also
suggested that the indirect aerosol effect might have been overestimated in many climate models
(Sato et al., 2018; Toll et al., 2019). As such, further, detailed, multivariate, evaluation of CMIP6 simulations
against observations is needed to understand the veracity of the forced response in CMIP6.

Data Availability Statement

The climate model simulations are available via the Earth System Grid Federation (ESGF) archive of Coupled
Model Intercomparison Project 6 (CMIP6) data (https://esgf-index1.ceda.ac.uk/projects/esgf-ceda/).
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