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Abstract It has been suggested that the Atlantic meridional overturning circulation (AMOC) in many
CMIP6 models is overly sensitive to anthropogenic aerosol forcing, and it has been proposed that this is due to
the inclusion of aerosol indirect effects for the first time in many CMIP6 models. We analyze the AMOC
response in a newly released ensemble of simulations performed with CESM2 forced by the CMIP5 input data
sets (CESM2‐CMIP5). This AMOC response is then compared to the CMIP5‐generation CESM1 large
ensemble (CESM1‐LE) and the CMIP6‐generation CESM2 large ensemble (CESM2‐LE). A key conclusion,
only made possible by this experimental setup, is that changes in aerosol‐indirect effects cannot explain
differences in AMOC response between CESM1‐LE and CESM2‐LE. Instead, we hypothesize that the
difference is due to increased interannual variability of anthropogenic emissions. This forcing variability may
act through a nonlinear relationship between the surface heat budget of the North Atlantic and the AMOC.

Plain Language Summary The Atlantic meridional overturning circulation (AMOC) is important
for the wider climate because it transports a large amount of warm water northward away from the equator. The
most recent generation of climate models disagree with the observed behavior of the AMOC over the twentieth
century, and it has been suggested that this is due to the inclusion of aerosol‐cloud interactions in many of the
newest models. Here we look at model simulations of the AMOC in several configurations to show that the
disagreement in the past AMOC behavior is instead primarily due to changes in the inputs given to the models,
rather than to changes in the models themselves.

1. Introduction
The Atlantic meridional overturning circulation (AMOC; Buckley & Marshall, 2015; Lozier et al., 2019;
Rahmstorf, 2002; Srokosz et al., 2021) is crucial in determining the local climate of the regions bordering the
North Atlantic. It also plays a key role in the wider climate by accomplishing a significant portion of the necessary
poleward energy transport determined by the top of atmosphere radiation balance (Chiang et al., 2008; Frierson
et al., 2013; Marshall et al., 2013; Needham & Randall, 2023; Trenberth & Caron, 2001; Trenberth &
Fasullo, 2017). The future behavior of the AMOC is of great interest because of its important role in the climate
system: it has been identified as a potential climate “tipping point,” (Broecker, 1987; Brovkin et al., 2021;
Ditlevsen & Ditlevsen, 2023; Lenton et al., 2019), with the potential for a slowdown or collapse of the AMOC due
to greenhouse gas‐induced changes in the heat and salinity budgets of the north Atlantic.

Indirect observational and proxy‐based estimates suggest that the AMOC has entered a period of decline, with a
general slowdown relative to the pre‐industrial era, particularly over the course of the twentieth century (Caesar
et al., 2018, 2021; Rahmstorf et al., 2015; Thornalley et al., 2018), although this conclusion is not universally
accepted (Worthington et al., 2021). In contrast, many models that participated in the most recent phase of the
coupled model inter‐comparison project (CMIP6; Eyring et al., 2016) predicted an increase in the strength of the
AMOC over much of the twentieth century, likely due to the models' overly sensitive response to anthropogenic
aerosol forcing (Hassan et al., 2021; Menary et al., 2020; Robson et al., 2022). These CMIP6 models also disagree
with the older models of the CMIP5 generation, which more closely match observational AMOC estimates
(Cheng et al., 2013; Menary et al., 2020).

The importance of the AMOC to the climate, and this significant model‐observation disagreement motivate us to
understand why models that participated in CMIP6 tend to overestimate the AMOC response to historic aerosol
forcing. One hypothesis is that the first‐time inclusion of aerosol‐cloud interactions in many CMIP6 models
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(Wang et al., 2021) led to excessive cooling of the northern relative to the southern hemisphere, which induced an
increase in the strength of the AMOC (Menary et al., 2020). In this study we analyze a different hypothesis that
has not yet been investigated to our knowledge: our goal is to quantify to what extent the change in external
forcings from CMIP5 to CMIP6 contributes to the divergent AMOC responses of the CMIP5 and CMIP6 models.
This hypothesis does not necessarily contradict the aerosol‐cloud interaction hypothesis: both can contribute.

2. Data
We utilize three ensembles of coupled historical (1850– or 1920–present) simulations performed with the first
(CESM1; Hurrell et al., 2013) or the second (CESM2; Danabasoglu et al., 2020) version of the Community Earth
System Model at a nominal 1° horizontal atmospheric resolution. The first is a set of 35 simulations from the
CESM1 large ensemble project using CMIP5 forcings (hereafter CESM1‐LE; Kay et al., 2015); the second is 50
of the 100 simulations from the CESM2 large ensemble project using CMIP6 forcings (hereafter CESM2‐LE;
Rodgers et al., 2021); the third is 10 of the 15 simulations (only 10 simulations included all necessary fields at the
time of analysis) performed using CESM2 but forced by the older CMIP5 inputs (hereafter CESM2‐CMIP5;
Holland et al., 2023). We use only the 50 members of the CESM2‐LE which utilize smoothed biomass burning
rather than the native CMIP6 biomass burning, because the later has been shown to lead to anomalous northern
hemisphere warming toward the end of the historical period (Fasullo et al., 2022).

These three experimental configurations allow us to separate the different AMOC response to historic forcing into
two components: the difference between CESM1‐LE and CESM2‐CMIP5 gives the impact of changing model
versions with the external inputs held constant, while the difference between CESM2‐CMIP5 an CESM2‐LE
gives the impact of changing the emissions from CMIP5 to CMIP6 in the same version of the model.
Crucially, the CESM1 large ensemble employed the community atmosphere model version 5, which does include
a representation of aerosol‐cloud interactions (Hurrell et al., 2013; Kay et al., 2015), although the treatment of
these interactions is different between CESM1 and CESM2 (Danabasoglu et al., 2020). Specifically, the atmo-
spheric component of CESM2 utilizes an updated cloud microphysics scheme (MG2; Gettelman & Morri-
son, 2015) and an updated, four‐mode aerosol model (MAM4; X. Liu et al., 2016).

All fields are ensemble means calculated from monthly mean model output. Annual mean timeseries anomalies
are first computed by calculating monthly anomalies from the 20‐year climatology defined as 1921–1940—the
earliest period that is common to all simulations—and then calculating the average anomaly for each year. Yearly
time series are then smoothed with an 11 years Gaussian filter with a standard deviation of 5 years.

3. AMOC Response to Historical Forcings
Panel a of Figure 1 shows the time series of the ensemble mean AMOC index anomaly for each of the three sets of
simulations. The AMOC index is calculated as the maximum value of the overturning streamfunction in the
Atlantic basin below a depth of 500 m (W. Liu et al., 2020). Shading shows the interquartile range among
ensemble members. We use only the Eulerian component of the MOC, which is explicitly resolved by the model,
although results are similar when the total (i.e., resolved plus parameterized) AMOC is analyzed (not shown).

The AMOC anomaly from the CESM2‐LE (red curve) peaks in the later quarter of the twentieth century, which is
consistent with other CMIP6 generation models (Menary et al., 2020; Robson et al., 2022). The AMOC anomaly
from the CESM1‐LE (blue curve) is typically negative over the historical period relative to 1921–1940, which in
turn is consistent with other CMIP5 models. This establishes that CESM1 under CMIP5 and CESM2 under
CMIP6 forcings are at least nominally representative of the wider CMIP5 and CMIP6 population of models
discussed by Menary et al. (2020).

The AMOC anomaly from the CESM2‐CMIP5 simulations (green curve) much more closely follows the
CESM1‐LE rather than the CESM2‐LE curve from the beginning of the simulations in 1920 through to the 1980s.
After about 1985 the CESM2‐CMIP5 anomaly is essentially flat while both the CESM1‐LE and CESM2‐LE
anomalies decrease at essentially the same rate. This result is the key finding of this study; it shows that the
AMOC response in CESM2 is strongly dependent on the particular historical inputs (i.e., CMIP5 vs. CMIP6
emissions) to that model. It also establishes that the difference in AMOC response in CESM2‐LE versus CESM1‐
LE cannot be explained solely by changes to the model.
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Previous studies have attributed the divergent AMOC responses of the CMIP5 and CMIP6 models to enhanced
northern hemispheric cooling in CMIP6 models associated with the inclusion of aerosol indirect effects. How-
ever, as mentioned in the previous section, all three ensembles analyzed here employ atmospheric models (either
CAM5 or CAM6) which include representations of aerosol‐cloud interactions, yet we still observe a large dif-
ference in the AMOC response between the two ensembles forced with CMIP5 inputs and the CESM2‐LE, which
is forced by CMIP6 inputs. This result suggests that some property of the aerosol emissions is driving the
divergent AMOC responses, and not the models' treatment of aerosol indirect effects.

The emissions of SO2 are shown in panel b of Figure 1 and are analyzed as a bellwether for the wider group of
aerosol precursors. On decadal time‐scales the CMIP5 and CMIP6 emissions are largely similar, with a gradual
increase throughout the twentieth century that accelerates after about 1950, peaks around 1980 and then begins to
decline toward the end of the century. The magnitude of the emission rates is similar especially before 1970. The
primary difference is that the CMIP5 emissions are given once a decade (blue points) and then interpolated to
yearly timescales (blue dashed line), while the CMIP6 emissions are given once a year. Consequently, there is a
higher degree of interannual variability in the CMIP6 SO2 emissions. This is shown in the inset of Figure 1b,
where the interannual variability is illustrated by showing the distribution of SO2 emissions after the decadal‐scale
behavior has been removed (by subtracting the timeseries of the emissions after smoothing with the Gaussian
filter). It is conceivable, then, that the higher temporal variability of these emissions in some way leads to the
different AMOC response seen in the CESM2‐LE and CESM2‐CMIP5 ensembles. We return to this point in the
discussion section.

4. Energy Budget of the North Atlantic
The AMOC is generally understood to be driven by a meridional pressure gradient between the tropics and higher
latitudes. This pressure gradient is maintained by North Atlantic surface water which sinks when it becomes

Figure 1. (a) Time series of the ensemble mean Atlantic meridional overturning circulation anomaly for three ensembles of
climate simulations performed using the Comunity Earth System Model (see text for details of model configurations and
forcings) (b) Global SO2 emissions for CMIP5 and CMIP6. (Inset) Box plots of interannual SO2 variability, defined as SO2
minus smoothed SO2 where the smoothing has been performed with the 11 years Gaussian filter. Whiskers show the 5th and
95th percentiles.

Geophysical Research Letters 10.1029/2023GL106410

NEEDHAM ET AL. 3 of 9

 19448007, 2024, 5, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

L106410, W
iley O

nline Library on [23/08/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



anomalously cold and salty (i.e., through thermodynamic and haline effects). As discussed in the Supporting
Information S1, we find that thermal fluxes are much more important in driving the AMOC than salinity‐changing
processes. Therefore, we next investigate the surface energy balance of the north Atlantic.

The top row of Figure 2 shows the average anomaly (1960–1989, relative to the 1921–1940 climatology) of the
net surface energy flux over the subpolar north Atlantic (SPNA). It is immediately obvious that CESM2‐LE has a
much larger energy flux anomaly than either the CESM1‐LE or the CESM2‐CMIP5. The spatial pattern is also

Figure 2. (a–c) Ensemble mean anomaly (1960–1989) in the net energy balance in the north Atlantic for the CESM1‐LE, CESM2‐CMIP5, and CESM2‐LE ensembles
(left, center, and right columns, respectively). (d–f) as in panels (a–c) but for the anomaly in the net sensible plus latent turbulent heat flux. (g–i) as in panels (a–c) but for
the anomaly in the net longwave plus shortwave radiative flux at the surface. Negative (blue) values indicate an anomalous heat loss out of the ocean. The black boxed
region in panel (c) indicates the region used for spatial averages in Figure 4, and is bounded by 80°W–25°W and 45°N–65°N.
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different, with CESM2‐LE producing negative anomalies across the entire north Atlantic, while CESM1‐LE and
CESM2‐CMIP5 have a similar spatial structure with varying positive and negative anomalies. The middle row of
the same figure shows the ensemble mean sensible plus latent turbulent heat flux. It is clear that the spatial
structure of the surface heat flux anomaly (i.e., the top row) is primarily determined by turbulent surface fluxes,
and not by surface radiation fluxes (i.e., the bottom row).

Similar to the SO2 emissions in Figure 1, we find a greater degree of interannual variability in the CESM2‐LE net
surface energy flux than in either of the other ensembles, which is shown in Figure 3. Panel a shows the result of a
bootstrapping approach to compare the ensemble mean of the 10 member CESM2‐CMIP5 ensemble with that of
the CESM1 and CESM2 ensembles for the standard deviation of the surface energy flux terms averaged over the
subpolar North Atlantic (SPNA; shown as the outlined region in panel c of Figure 2). The distributions were
calculated by randomly selecting 10 ensemble members out of the 50 (35) ensemble members from the CESM2
(CESM1) large ensemble, calculating the temporal standard deviation of the area‐weighted annual mean
timeseries, then calculating the average for the 10 ensemble members, and repeating this process 500 times. The
standard deviations were calculated after removing the decadal scale behavior by calculating a smoothed
timeseries using the same 11 years Gaussian filter and subtracting this from the full timeseries.

Figure 3. (a) Boxplots show the interannual variability (calculated using a bootstrapping method based on the mean of the
yearly standard deviation; see text) of the terms of the subpolar north Atlantic (SPNA) heat budget between the CESM1‐LE
and CESM2‐LE ensembles (blue and red, respectively), alongside the average standard deviation of the 10 CESM2‐CMIP5
ensemble. Edges of boxes show the inter‐quartile range, and whiskers indicate the 5th and 95th percentiles. Note the
logarithmic scaling of the horizontal axis. (b) Time‐lag correlation between Atlantic meridional overturning circulation
(AMOC) anomaly and SPNA net surface heat flux computed using a bootstrapping method (again, see text for details). When
the offset is positive (negative) AMOC lags (leads) SFCFLX.
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The SPNA energy flux in the CESM2‐LE (red boxes) shows greater interannual variability than the other two
ensembles. This is primarily due to the turbulent fluxes of latent and sensible heat with very little contribution
from the radiative fluxes. From this experimental setup, the difference in interannual variability must be due to
both changes in the model between CESM1 and CESM2, and to the different CMIP5 versus CMIP6 forcings. As
the difference between the CESM2‐CMIP5 and CESM2‐LE ensembles is by definition due to changes in the
forcings, this suggests the possibility that increased interannual variability in emissions may contribute to the
increased interannual variability in the SPNA energy flux.

Even if this is shown to be the case, it must then be demonstrated that the SPNA energy flux in turn drives the
AMOC response in the CESM2‐LE, and not that the energy flux is in some way driven by the anomalous AMOC.
One piece of evidence supporting this interpretation is shown in the bottom panel of Figure 3. Here, we have
performed a time‐lagged correlation analysis between these two variables. For a given offset (in years), we
performed a similar bootstrapping method to that used in the top panel of the figure to generate the distribution of
the 10‐member sub‐ensemble mean R2 correlation for each of the large ensembles. We find the highest correlation
when the surface energy flux anomaly leads the AMOC anomaly by about 2–3 years. This temporal relationship,
combined with the canonical understanding of the AMOC as being driven by surface water that sinks in the north
Atlantic after experiencing changes to its thermodynamic (i.e., through surface energy fluxes) and haline (i.e.,
through surface freshwater exchanges, which we show in the Supporting Information S1 to be much less
important) properties suggests that the arrow of causality most likely points from the SPNA heat fluxes to the
AMOC and not the other way around.

5. Discussion
As stated above, the primary result of this study is to show that the divergent AMOC responses to historical
forcings between CESM1 and CESM2 is largely due to the changes in emissions between CMIP5 and CMIP6. It
is beyond the scope of this study to definitively answer why the AMOC response in CESM2 is more sensitive to
CMIP6 than CMIP5 forcings, however we briefly discuss one intriguing possibility here. As illustrated in panel b
of Figure 1, the CMIP5 emissions estimates compiled by Lamarque et al. (2010) provided data at 10‐year in-
tervals: in contrast, the CMIP6 estimates compiled by Hoesly et al. (2018) are provided on an annual basis. We
propose the hypothesis that the greater interannual variability of the CMIP6 forcings led to the stronger AMOC
response in CESM2 purely because of the model's sensitivity to forcing variability. Our subsequent analysis (i.e.,
Figures 2 and 3) suggests that the interannual variability of emissions may be imprinted upon the surface energy
flux, which appears to then drive the AMOC with a lag time of 2–4 years.

If confirmed, this hypothesis would be in line with a recent study by Fasullo et al. (2022). They showed that a
discontinuity in the variability of biomass burning forcing—which arose from the inclusion of satellite obser-
vations of wildfire emissions from 1997 to 2014 but not before or after ‐ led to “spurious warming” near the end of
historical simulations performed with CESM2. In other words, the model was found to be noticeably sensitive to
the temporal variability of biomass burning emissions. Similar results have been found in other studies (e.g.,
Yamaguchi et al., 2023 and references therein).

Does this principle of the influence of interannual forcing variability on coupled earth system models extend from
the biomass burning emissions to other forcings such as anthropogenic emissions of SO2? The top panels of
Figure 4 show scatter plots of the AMOC anomly against the SPNA heat flux anomaly with no offset (panel a) and
with an offset of 2 years (i.e., when the two timeseries displayed the highest degree of correlation in Figure 3). As
with previous plots, these scatter plots were generated with a bootstrapping method where many sub‐ensemble
mean AMOC and SPNA heat flux anomalies are compared to one another.

There is a clear relationship between these two variables, but it does not appear to be a simple linear relationship.
Specifically, when the surface heat flux anomaly is positive the AMOC response is also positive, while when the
surface heat flux anomaly is negative the AMOC response remains near zero. Put another way, the slope of the
best fit line between AMOC and SPNA heat flux is much steeper (1.225 Sv/Wm−2 vs. 0.025 Sv/Wm−2) when the
heat flux is positive than when it is negative. A piecewise regression using these two best fit lines against the full
ensemble mean SPNA heat flux anomaly largely recreates the observed AMOC anomaly (panel c of Figure 4).

This indicates the possibility of a nonlinear “rectifier” effect (e.g., Denning et al., 1999) in which positive de-
viations of the SPNA heat flux have a much larger influence on the AMOC than negative deviations of the same
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magnitude. From the boxplots in Figure 3, CESM2‐LE would tend to experience larger positive (as well as
negative) deviations in the SPNA surface energy flux than either of the other ensembles, which may then be
rectified onto the large positive AMOC anomaly seen in the top panel of Figure 1. We propose that the larger
interannual variability in CMIP6 compared to CMIP5 forcings may be the root cause of this observed effect.

6. Conclusion
We have shown that the AMOC response in CESM2 is highly sensitive to the interannual‐variability of external
forcings. When run with CMIP6 forcings, CESM2 exhibits an increase in the strength of the AMOC from 1940 to
1985, consistent with many other CMIP6 models (Menary et al., 2020) and inconsistent with proxy re-
constructions (Caesar et al., 2018, 2021; Rahmstorf et al., 2015; Thornalley et al., 2018). The fact that this AMOC
anomaly is absent in both the CESM1‐LE and when CESM2 is forced by the older CMIP5 inputs establishes that
this difference cannot be explained by differences in the model but must be due in large part to a change in
forcings from CMIP5 to CMIP6.

Combined with the time‐lagged correlation analysis (Figure 3b), the fact that the spatially coherent heat flux
anomaly seen in CESM2‐LE (i.e., panel c of Figure 2) is largely absent in CESM1‐LE indicates that the turbulent
heat flux anomaly is a strong contributor to the different AMOC response between CESM1‐LE and CESM2‐LE,
as in Hassan et al. (2021) and Robson et al. (2022); the fact that it is also absent in CESM2‐CMIP5 indicates that
the appearance of the heat flux anomaly is primarily due to a change in external forcings. Thus we conclude that
the change in forcings between CMIP5 and CMIP6 played a key role in the divergent AMOC response between
CESM1‐LE and CESM2‐LE. We then proposed the hypothesis that increased interannual variability of CMIP6
emissions may be the root cause of the AMOC disagreement. This hypothesis is in line with recent work

Figure 4. (a, b) Scatter plots of the CESM2‐LE Atlantic meridional overturning circulation (AMOC) and SFCFLX anomalies
with no offset (panel a) and with a 2 years negative offset (e.g., AMOC lags SFCFLX by 3 years, panel (b). Regression lines
in panel (b) illustrate the non‐linear “Rectifier” effect discussed in the text, where a positive anomaly in the SFCFLX leads to
a larger anomaly in the AMOC compared to a negative anomaly of the same magnitude. (c) Comparison of the AMOC
anomaly “predicted” by the non‐linear regression shown in the top right panel (thin solid line; thick dash‐dotted line
smoothed with the same 11‐year Gaussian filter) compared to the CESM2‐LE ensemble mean AMOC anomaly.
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highlighting the impact of interannual variability of biomass burning emissions on CESM2 (e.g., Fasullo
et al., 2022; Yamaguchi et al., 2023) although this may be the first evidence of a similar effect in a different
forcing (i.e., anthropogenic emissions vs. biomass burning). We also suggested that a nonlinear relationship
between the SPNA heat flux and the AMOC (a “rectifier effect”) may be the mechanism that connects the
interannual variability of emissions to the AMOC.

A key limitation of this work is that we have analyzed only a single model. This particular experimental setup (in
which each ensemble utilized an atmospheric model which includes aerosol indirect effects, although with
different representations) makes it impossible to comment on the role of aerosol‐cloud interactions on the AMOC
across CMIP6 models except to say that those interactions did not play a role in the divergent AMOC response
across CESM generations. However, we have no reason to believe that similar results would not be found if other
models of the CMIP6 generation were forced by CMIP5 inputs. The stark differences between the AMOC
response (Figure 1) and the heat flux anomaly over the north Atlantic (Figure 2 and panel a of Figure 3) in
CESM2‐CMIP5 and CESM2‐LE would indicate that similar experiments comparing the response of CMIP6‐
generation models under CMIP5 inputs should be performed to better understand the impact of changing forc-
ings. Such experiments could also help to better understand the role of the representation of aerosol‐cloud in-
teractions for those models that included those processes for the first time in CMIP6.

Data Availability Statement
Model output was accessed and analyzed via the Cheyenne System and Casper data analysis and visualization
cluster (National Center for Atmospheric Research, 2019); figures were made using matplotlib (Hunter, 2007)
and xarray (Hoyer & Hamman, 2017). The ensemble projects are described in Kay et al. (2015), Rodgers
et al. (2021), and Holland et al. (2023).
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