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Atlantic multidecadal variability (AMV) has
long been thought to be an expression of low-
frequency variability in the Atlantic Meridional
Overturning  Circulation (AMOC). However,
alternative hypotheses have been forwarded,
including that AMV is primarily externally forced.
Here, we review the current state of play by assessing
historical simulations made for the sixth coupled
model intercomparison project (CMIP6). Overall, the
importance of external forcing is sensitive to the type
of AMV index used, due to the importance of globally
coherent externally forced signals in the models. There
are also significant contrasts between the processes
that drive internally and externally forced AMYV,
but these processes can be isolated by exploring the
multivariate expression of AMV. Specifically, internal
variability in CMIP6 models is consistent with an
important role of ocean circulation and AMOC and
the externally forced AMYV is largely a surface-flux
forced mechanism with little role for the ocean.
Overall, the internal multivariate fingerprint of AMV
is similar to the observed, but the externally forced
fingerprint appears inconsistent with observations.
Therefore, climate models still suggest a key role for
ocean dynamics, and specifically AMOC, in observed
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AMV. Nevertheless, models remain deficient in a number of areas, and a stronger role for
externally forced dynamical changes cannot be ruled out.

This article is part of a discussion meeting issue ‘Atlantic overturning: new observations and
challenges’.

1. Introduction

Over the observed period (circa 1850-today), North Atlantic sea surface temperatures (SSTs)
have varied significantly on decadal-to-multidecadal timescales—a phenomenon that has become
known as Atlantic Multidecadal Variability (AMYV, [1,2]). Importantly, these basin-scale warm or
cool anomalies have evolved somewhat differently to global mean temperatures, suggesting that
they are caused by different mechanisms. Furthermore, evidence from paleo-proxies suggests
that significant decadal timescale variability has existed in the North Atlantic climate system for
thousands of years, indicating that AMV is a natural feature of the climate system [3,4].

AMV has been linked to a wide range of important climate impacts. For example, AMV has
been associated with rainfall and temperature anomalies over North America [5,6], Europe [7,8]
and the tropics including changes in the global monsoon [9,10]. AMV has also been associated
with large-scale changes in atmospheric circulation, including the North Atlantic Oscillation
(NAO) and the North Atlantic jet in winter [11-13] and summer [14,15]. In addition, AMV has
been implicated in driving Pacific decadal variability via its impact on the Walker circulation
[16,17], and may have played a key role in shaping the so-called hiatus in global warming in the
early 21st Century through such a mechanism [18]. AMYV has also been linked to the multidecadal
changes in high impact weather, such as the number of hurricanes [9,19] and droughts [6,9,19],
changes in fisheries [20,21], and the rate of coastal melt from the Greenland Ice sheet [22]. AMV
has also been suggested to modulate global-mean surface temperatures more generally [23], but
this link is debated [24].

Although the literature has largely focused on SST anomalies, the observed AMV is a
multivariate phenomenon [19,25-27]. For example, the observed AMV SST anomalies are
correlated with large changes in upper ocean heat content in the North Atlantic as well as changes
in both sea surface salinity and upper ocean salinity, especially over the subpolar North Atlantic
(SPNA; [19,26,28,29]). Observations also suggest that AMYV is associated with significant changes
in surface heat fluxes—i.e. a warm (or positive) phase of AMYV is associated with increased heat
release from the extra-tropical North Atlantic Ocean and SPNA [30,31]. Many studies have also
consistently shown considerable changes in North Atlantic ocean circulation using proxies or
indirect observations [1,32-35] that have varied in phase with AMV.

(@) Theinternal processes that shape AMV

A long-standing hypothesis in the literature for the existence of AMYV is that it is an expression
of low-frequency variability in the ocean circulation, and particularly the Atlantic meridional
overturning (AMOC) which is a system of ocean currents that moves heat northwards in the
North Atlantic [36]. However, due to a lack of direct observations, these conclusions have relied
largely on the simulation of AMYV in climate models. For example, coupled climate models
generally simulate some form of AMV spontaneously in pre-industrial or present-day control
simulations, i.e. with no changes in external forcing factors (natural or anthropogenic) [19,37-43].
In other words, AMV can be understood as an emergent phenomenon that arises due to the
‘internal’ interactions between different components of the Earth system. Such mechanisms of
AMV usually revolve around changes in the ocean circulation and particularly those associated
with the thermohaline or buoyancy forced part of the ocean circulation, i.e. the part that is driven
by densification of sea water [19,38,43].
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Persistent changes in atmospheric circulation, like the winter NAO, are often thought of as
a key driver of such ocean circulation changes [44]. For example, persistent positive NAO, like
that observed in the late 1980s and early 1990s, can drive increased heat loss from the SPNA
and subsequently strengthen the AMOC [28,45-47]. Indeed, there is evidence to suggest that
NAO, AMOC and AMV-like SST variability are coupled [43,48,49]. However, other mechanisms
such as the propagation of freshwater from the arctic [39,43,50,51] or salinity anomalies from the
south [52] have also been hypothesized as key drivers of AMOC, and hence AMV-like variability.
Irrespective of the initial driving mechanisms, the resulting ocean circulation anomalies then
drive co-varying changes in both surface temperature and salinity through the impact on
ocean heat and salinity transports [19,29]. Increased AMOC would then broadly warm the
North Atlantic, which would tend to lower the surface density, which subsequently favours
a reduction in the AMOC [41,46]. For a review of the link between AMV and the AMOC,
the reader is directed to the comprehensive reviews of Zhang et al. [19] and Buckley and
Marshall [36].

Although in many models the AMOC has been identified as an important driver of internal
AMYV, there is an increasing appreciation that other processes are important. For example,
changes in ocean mixed layer shape the SPNA SST signal associated with AMV [53]. Changes
in atmospheric circulation also drive significant heat fluxes over the North Atlantic [44] and,
thus, could feed back onto AMV surface temperatures [43,54]. Indeed, it has been proposed that
atmospheric circulation changes, and their impact on local heat fluxes, are the main driver of
AMYV without a need for ocean circulation responses [55]. However, the idea that ocean circulation
is not involved in AMYV is heavily debated, as such an interpretation is not consistent with the
relationship between AMYV and surface heat fluxes [30,31] nor the changes in ocean circulation
seen in the models or implied in the observations [1,29,56]. Changes in atmospheric circulation
can also bring about changes in cloud cover [54,57,58] and are hypothesized to modulate
natural aerosols in the tropics through the impact of AMV-related rainfall and wind anomalies
on Sahel dust [59], which can influence SST though their impacts on downwelling shortwave
radiation.

Whilst coupled climate models simulate some form of AMV spontaneously in pre-industrial
simulations, it is also important to recognize that this simulated internal AMYV is unable to recreate
various features of the observations. For example, the AMV in models is generally too weak (e.g.
it has a smaller magnitude) and shorter in timescale (as measured by autocorrelations) when
compared to the observed AMYV [41,60]. The spatial pattern of AMV can also be diverse between
models [41,42,54]. In particular, the size of the tropical SSTs associated with the simulated AMYV is
generally smaller than in observations, but there is a significant spread between models [54,60,61].

(b) The role of external forcings in driving AMV

Given the limitations of the simulated internal AMV to explain the observations, there has
been an increasing focus on the potential role of both natural and anthropogenic external
forcings. For example, both the total variance and timescale of AMV (e.g. the auto-correlation)
increases in simulations that include estimates of past external forcing [62-64]. Studies have
shown that natural forcing (e.g. volcanic or solar activity) can project onto and modulate North
Atlantic atmosphere and ocean circulation, which in turn can drive AMV-like variability [65-67].
For example, natural forcing can project onto equator-to-pole lower-stratospheric temperature
gradients and, hence, drive changes in atmospheric circulation that subsequently drive the
AMOC [65]. Alternatively, natural forcings could drive the ocean circulation more directly by
altering the heat fluxes or freshwater fluxes over regions in the North Atlantic where the AMOC
is sensitive [67,68].

Over the past decade there has also been considerable focus on the role of anthropogenic
forcing in driving North Atlantic variability, which raises the possibility that the observed AMV
in the latter half of the 20th century was largely a human influenced, rather than a purely natural,
phenomenon. For example, many studies have argued that multidecadal timescale changes in
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anthropogenic aerosol (AA) precursor emissions, particularly over the latter half of the 20th
century, contributed significantly to AMV variability by modulating the surface heat budget
[62,63,69-72]. Specifically, increases in the emissions of sulphate aerosol precursors from North
America and Europe in the 1950s and 1960s led to a decrease in downwelling solar radiation
largely through cloud-aerosol interactions, and subsequent cooling of the North Atlantic SSTs
and upper ocean [62,63,69,70]. Furthermore, the decline in aerosol precursor emissions from these
regions in the 1980s and 1990s led to increased downwelling solar and basin-scale warming of SST
[62,63]. Aerosols have also been shown to influence both the atmospheric circulation of the North
Atlantic [73-75] and the strength of the ocean circulation including the AMOC in coupled models
[75-79], which raises the question of whether anthropogenic forcing may have influenced AMV
through these processes too.

(c) Uncertainties and questions

Although there is emerging evidence that AAs have played an important role in shaping the
recent Atlantic variability, there remain a number of inconsistencies with the real world, and
so questions remain. For example, many studies have shown that the externally forced AMV SST
pattern has significant differences to the observed, particularly in the SPNA [80,81]. Furthermore,
the mechanisms that are usually invoked to explain the impact of AA forcing on the North
Atlantic SST assume AA impacts AMV only through changes in the surface heat budget (i.e.
no role for the ocean circulation) [62,63,69,70]. However, this is inconsistent with the observed
multivariate finger print of observed AMV which implicates a role for ocean circulation change
[19,26,82,83]. Importantly, there are still large uncertainties in both the strength and regional
evolution of the historical aerosol forcing [84,85] and also in how models respond to that forcing.
Indeed, it has been shown that AA forcing can lead to diverse impacts on the North Atlantic in
models [78,79], and there is emerging evidence that the surface temperature response to aerosols
is too large in many models [79,86-88]. Therefore, questions are raised about whether models
adequately simulate the impact of aerosols on the North Atlantic.

An additional uncertainty in understanding AMYV is the use of different AMV indices in the
literature. For example, a common metric is the linearly detrended basin-mean (e.g. 70-0°W,
0-60° N) SSTs, which has been used widely (e.g. [2,5,64,89]). Alternatively, some studies just use
the basin-mean SST without detrending (e.g. [62]). However, both indices do not discriminate
between variability that is unique to the North Atlantic and global scale variability [19,90]. Other
AMV indices have been proposed to address this specific issue, for example by either removing
the global-mean temperature anomalies from the basin-mean AMV index [1,90] or by removing
the globally forced signal spatially by regressing on the global mean [80,91,92]. More complex
indices have also been proposed to address this problem [42]. Therefore, it is important to assess
the impact of the choice of AMV index on conclusions that we can draw on the relative importance
of internal versus external AMV mechanisms.

It follows that there is significant uncertainty in the importance of different processes in
shaping the evolution of the observed AMV. However, given the considerable evidence that the
observed AMV has had an important role in shaping regional climate, including high impact
weather, there is a pressing need to be able to predict the future evolution of the AMV. Indeed,
large changes in AMV could act to exacerbate, or weaken, the expected regional changes in
climate from anthropogenic climate change over the next decades (e.g. [93]). Unfortunately, we
do not know whether the AMV over the observed time period has been normal or remarkable,
and we are unable to confidently predict how we expect AMV to evolve in the coming decades.

Therefore, in this study, we revisit the simulations of AMYV in state-of-the-art coupled models
with the aim of reviewing and assessing the role of different processes in observed AMV. In
particular, we will do this by characterizing, and contrasting, the simulation of both internal
and externally forced AMV. Previous work has touched on these issues [26,80], but a systematic
analysis has not been applied rigorously across the latest models.
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2. Methods

(@) CMIP6 historical simulations and data

We explore the simulation of AMYV in the latest coupled model simulations made for phase six
of the coupled model intercomparison project (CMIP6 [94]). Specifically, we make use of the
historical simulations that cover the period 1850-2014. These historical simulations include time-
varying external forcings including greenhouse gas concentrations, natural and anthropogenic
aerosols and changes in solar insolation. We use 17 models in total and use up to the first nine
members to ensure that multi-model mean (MMM) results are not dominated by a large number
of members from one or two models. These models were chosen as they include the variables that
are needed for every ensemble member, and are similar to the models used in the study by Robson
et al. [79] (henceforth, R22), but they also span a range of AMOC mean states and sensitivity to
AAs (see table S1, electronic supplementary material, for an overview of the models used).

As in R22, we focus on the MMM results, but we also separate models into two groups that
represent their relative sensitivity to historical AAs. We do this by stratifying models according
to their simulated trend in interhemispheric top of atmosphere imbalance in absorbed solar
radiation (which we called ASR_HD). We stratify models according to whether the linear change
in ASR_HD is larger than 1.5Wm™2 over 1850-1985, which is the time period over which AA
forcing dominates this metric [78]. Models with a linear change larger than 1.5W m~2 are labelled
as strong models, whereas those with a smaller change are labelled as weak models. This gives a
total of nine strong models and eight weak models. The reader is directed to Menary et al. and
R22 for further description of the ASR_HD metric.

In this study, we focus exclusively on annual mean data. Surface heat fluxes are defined as
positive into the ocean. As in the study by Menary et al., we compute the AMOC time series
from the ocean velocity data to be consistent across models. The observed AMV is computed
using ERSST version 5 data [95]. Note that there will be uncertainty in observed AMV due to
observational uncertainty, but previous studies have indicated that the difference in the statistics
of AMV (e.g. the variance) are less sensitive to specific data set compared to the index used [60]

(b) AMV indices and decomposing the AMV into internal and external components

We will compute and compare the results from two AMYV time series in this article. The first AMV
index is the widely used linearly detrended basin-mean Atlantic SSTs, which we call AMV_BM.
The index is computed by first making an area weighted average of SST over the region 0-65° N
and 0-75° W. The resulting time series is then linearly detrended over 1850-2014 to remove an
estimate of the globally forced signal.

Although the AMV_BM index is widely used, it is known to have limitations as previously
mentioned, not least because global signals due to greenhouse gases and AA forcing do not evolve
linearly through time [19,90]. Thus, we also utilize the index used in Andrews et al. [80], which
we will call AMV-Glob. That is, SST anomalies associated with global-mean changes are first
removed by linearly regressing the annual mean time series at each grid point onto a smoothed
time series of global-mean (60°S-60° N) SST, which we smooth with a 10-year running mean.
Hence, this method removes a temporally nonlinear estimate of global SST signals. The resulting
SSTs are then averaged over the North Atlantic basin (e.g. 0-65° N and 0-75°W). All AMV
indices are subsequently smoothed by a 10-year rolling mean. Note that due to the use of 10-year
smoothed global-mean temperatures to remove long-term globally forced changes from the AMV-
Glob, this restricts the available years to 1860-2009 in CMIP6 historical runs, and comparison with
the observations is done over this period for both AMV indices.

In CMIP6 historical simulations, we assume that we can decompose the total AMV into
internal and external components, which we will call iAMV and fAMV. In particular, we
assume that, for each model separately, the total AMYV is the sum of the iAMV and fAMYV (i.e.
AMV =iAMV + fAMV). By exploiting the fact that making an ensemble mean should remove
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the internal variability to reveal the common forced response, we first compute fAMV for each
model individually by using the ensemble mean SST. To compute the iAMV, we compute the
relevant AMV index from each member separately, and then make this index relative to the fAMV
index for that model; in other words, the iAMYV for each individual member is defined as the
residual variability (e.g. iIAMV]! = AMV !} — fAMV"™, where n is the ensemble member and m is
the model). This method of separating externally forced and internal (or residual) variability has
been used previously [92,96] and is often referred to as ‘de-meaning’ the ensemble. Note that,
when characterizing the iAMV relationships for each model, we compute the desired metric for
each member separately and then take the ensemble mean of the metric. When computing the
AMV-Glob index for each ensemble member, we always use the model’s ensemble mean global-
mean SST to estimate, and remove, the externally forced temperature changes. For the iAMV_BM,
we compute the linear trend from the ensemble mean. Broadly we find that this method is able
to isolate similar magnitude variability to that simulated in pre-industrial control simulations
(i.e. the internal variability), although when applying AMV-Glob to a single index can suppress
AMV variability in models where the internal AMV has a large global expression (see figure
S1, electronic supplementary material). Note that we also use the same method to split AMOC
variability into its externally forced (FAMOC) and residual (i.e. internal, iIAMOC) variability.

3. Results
(a) Characterizing the observed AMV and the sensitivity to AMV index

Before exploring the AMYV in coupled simulations, we first turn our attention to the observations
to highlight the sensitivity of AMYV to the index used.

Overall, although we find that there is some sensitivity to the definition of the AMV index,
some key features of the observed AMV are broadly consistent across the two AMV indices
used. For example, figure 1 shows that the phases of AMV variability are similar between the
AMV_BM (figure 1a) and AMV-Glob index (figure 1c). Furthermore, there is broad consistency in
terms of the pattern of SSTs associated with AMYV in the North Atlantic (i.e. the AMV pattern).
In particular, positive AMYV is associated with a widespread warming across the North Atlantic
region, but the warming is largest in the SPNA and with warm anomalies also present in the
tropical North Atlantic (compare figure 1b,d).

Nevertheless, there are some differences in the properties of the observed AMV when using the
two different indices. In particular, the magnitude of the AMV-Glob index is smaller than that for
the AMV_BM,; specifically, the variance of the 10-year smoothed index is 0.025 K and 0.010 K in the
AMV_BM and AMV-Glob, respectively. The difference in variance is largely due to differences in
the magnitude of the AMV anomalies prior to 1930, but also after 2000. There are also some slight
changes in the timing of the AMV anomalies between the two, particularly related to the mid-
20th century transition from positive to negative AMV anomalies, which occurs in the mid-1950s
in AMV_BM, but in the 1960s in AMV-Glob. In terms of the AMYV pattern, AMV_BM appears to
be related more strongly to the Pacific, with a warming over the western Pacific and less warming
over the eastern Pacific reminiscent of the spatial pattern of the Interdecadal Pacific Oscillation
[17]. The AMV-Glob has a much weaker relation to the Pacific in contrast to the results of [92]
who show that the AMV-Glob can erroneously find a relationship with the Pacific. However, [92]
only uses data from 1950 onwards, which furthermore underlines the sensitivity of results to the
choice of AMYV index.

(b) Characterizing the importance of externally forced AMV variability and the sensitivity
to the AMV index

We now turn our attention to the importance of AMV index in CMIP6 historical simulations,
particularly in its impacts on the conclusions of how important external forcing is in driving
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Figure 1. Compares the observed AMV time series and AMV pattern for the two definitions of AMV used in this study. (a) The
AMV_BM index. (b) The resulting AMV pattern computed as a regression of SST anomalies onto the standardized AMV_BM
index at each grid point. Stippling shows where the regression slope parameter is significant at the p < 0.1 based on a block-
bootstrap re-sampling of the AMV index. Blocks were 10 years long, and we used 500 Monte Carlo permutations. () and (d)
show the same as (a) and (b) but now for the AMV-Glob index. See §2(b) for details on the indices used. Regression patterns are
computed over the same period 1860—2009.

AMV. In particular, figure 2 shows a comparison of the simulated fAMYV index with observations
and figure 3 shows the comparison of the simulated AMV patterns.

When using the AMV_BM index, there appears to be considerable temporal agreement
between the MMM AMV_BM index and that observed in terms of phasing of AMV. For example,
the MMM fAMV_BM shows negative values in the early ~1900s-1920s and ~1950s-1980s and
positive values in the mid-20th century and after the year 2000. Indeed, the temporal correlation
between the MMM fAMV_BM index and observed AMV_BM is 0.68 (figure 2a). The agreement
between the simulated fAMV_BM is particularly strong after ~1950 where the magnitude of the
simulated anomalies in the MMM fAMV_BM index is similar to the observed AMV_BM index.

In addition to the temporal agreement, using AMV_BM suggests external forcings have a
substantial impact on both the total magnitude of AMV and the persistence/timescale of AMV
variability. For example, figure 2b shows that the total AMYV variance is substantially larger than
iAMV_BM in every model. Specifically, the magnitude of the total AMV_BM variability in each
model is shifted above the 1-to-1 line and the variance of the MMM AMV_BM, which is 0.125K, is
~2 times larger than the MMM of the iAMV_BM simulated across models. Furthermore, figure 2c
shows that the time scale of AMV variability is also larger for the fAMV_BM compared to the
iAMV_BM in many models, with some models even exhibiting a minimum in autocorrelations at
just over 30 years consistent with that observed. Nevertheless, it is important to note that most of
the models still simulate weaker AMYV variability than observed (e.g. figure 2b), and all models
still underestimate the negative autocorrelations seen in the observed AMV_BM (e.g. figure 2c).

In contrast, the apparent impact of external forcings is reduced when using the AMV-
Glob index. For example, the temporal agreement with the simulated MMM fAMV-Glob is
substantially weaker; the temporal correlation between the MMM fAMV-Glob and the observed
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Figure 2. The sensitivity of the temporal variability of the simulated fAMV to the AMV index used. (a) The fAMV_BM index
for the MMM (black) compared to the observed AMV_BM index (purple). Also shown is the fAMV_BM index for the strong
(red) and weak (blue) sub-ensembles. Black shading shows the 1o spread of the MMM ensemble mean, and red and blue dots
show the spread of the strong and weak, respectively. Numbers in top of the panel show the temporal correlation between the
simulated ensemble mean time series and observations. (b) The comparison of variance of the iAMV and total AMV for AMV_BM
as a scatter plot. Each model is represented by a red or blue dot (to signify the models that make up the strong or weak sub-
ensembles), and shows the ensemble mean iAMV variance (x-axis) compared to the ensemble mean variance of the total AMV
(y-axis). The purple horizontal line shows the total variance for AMV_BM computed from observations, and grey dashed line
shows the one-to-one line. (¢) The ensemble mean autocorrelation for iAMV (grey) and fAMV (red and blue) in each model for
AMV_BM. Purple shows the observed autocorrelation. (d—f) The same as (a—c) but now for the AMV-Glob index.

AMV-Glob is only 0.39 (figure 2d). Furthermore, the impact of external forcing on the magnitude
and persistence of the simulated AMYV is also substantially smaller. For example, in terms of
comparing the total vs iAMYV variance, the models generally lie close to the 1-to-1 line when
using AMV-Glob. For the MMM, the total variance of AMV-Glob is 0.088 K and is only 25% larger
than the MMM variance of iIAMV-Glob (figure 2e¢). Therefore, although there is undoubtedly a forced
signal in AMV-Glob in CMIP6 historical simulations, it is small compared to the internal variability.
There are also only small changes in the autocorrelation of AMV-Glob between fAMV-Glob and
iAMV-Glob, and few models have a negative autocorrelation values similar to that in observations
(figure 2f).

The apparent importance of the fAMYV is also sensitive to whether the models fall into the
strong or weak category. In terms of the magnitude of fAMYV variability, we find that the strong
models have stronger cooling after 1950 than the weak models in both indices, which results in
stronger changes in the total variance of AMV. For example, when using the AMV_BM, we find
that the standard deviation of the total AMYV is approximately 2.3 times larger than for iAMV_BM
in the strong models, but only 1.7 times larger for the weak (e.g. figure 2b,e). Furthermore, this
difference in the relative increase in total AMV standard deviation between strong and weak
models is statistically significant at the p <0.05 level based on a Student’s t-test. The models
that show the most similarity with observations in terms of autocorrelations are also all strong
(e.g. figure 2c). In contrast, the changes in the variance for the AMV-Glob are smaller, but still
dominated by the strong models. The total AMV standard deviation in the strong models is 1.3
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Figure 3. Comparison of the AMV pattern between internal and external components of AMV and with that computed from
observations. (a) The AMV pattern for observations computed using the AMV_BM index after it has been normalized by its
standard deviation (K/o'AMV) (note this is the same as shown in figure 1). (b) The same as (a) but now for the average of all
iAMV patterns. Hatching shows where 80% of models do not agree on the sign of the regression slope coefficient. (c) The same
as (b) but now for the fAMV. (d—f) The same as (a—c), but now for the AMV-Glob.

times larger than internal variability, which is also statistically larger than the 1.1 times more
variance in the weak models at the p < 0.05 level.

The sensitivity of the fAMV to the index used and, hence, the conclusions on the importance
of fAMV appears related to the presence of hemispherically coherent externally forced signals in
surface temperature. Indeed, the spatial pattern of SST anomalies associated with the fAMV_BM
is a broad temperature increase across the majority of the Northern Hemisphere (figure 3c),
consistent with [80] and [61]. For the fAMV-Glob, the broad positive relationship across the
Northern Hemisphere has reduced somewhat, but there is still a substantial warming across the
Northern Pacific, and the interhemispheric nature of the response is also evidenced by consistent,
but weak, cool anomalies over the southern hemisphere (figure 3f).

Although there are some similarities of the SST pattern associated with fAMV and the
observed AMYV pattern, it is important to note that there are a number of striking differences
in the North Atlantic and between fAMV and iAMV. In particular, the fAMV_BM SST pattern
is focused on the subtropical North Atlantic rather than the SPNA. Indeed, for fAMV-Glob, there is
little signal in the SPNA across models, consistent with previous analysis [80]. However, note
that the SPNA dominates the simulated iAMYV and observed AMV for both AMV indices. Another
key difference is the SST anomalies in the North Pacific. For example, temperature anomalies in
this region appear to be strongly associated with fAMYV; this is true for both fAMV_BM and fAMV-
Glob indices, but is particularly clear for the fAMV_BM where there is warming across the entire
North Pacific. However, in contrast, the simulated iAMYV is dominated by SST anomalies which
reside largely in the North Atlantic consistently across models for both indices, and the global
teleconnections are also weak across models.

In summary, we find that conclusions on the relative contribution of fAMYV to the total AMV
depend significantly on the AMV index used. In particular, the temporal correlation between
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simulated fAMYV and observed AMYV drops substantially when making the North Atlantic relative
to global changes (i.e. using AMV-Glob rather than AMV_BM) as does the impact of forcings on
the total variance of the AMYV and the time scale of AMV (i.e. the autocorrelation). This appears
to be due to the fact that the fAMYV is strongly related to hemispheric externally forced signals
in the models, but the changes in the North Atlantic basin are relatively more important in
the observations (and for iAMV). Furthermore, the simulated fAMYV is particularly large in the
strong in models, which is consistent with the stronger externally forced interhemispheric signals
in these models that also appears to be unrealistic [79]. Therefore, due to the sensitivity of the
AMV_BM index to hemispherically forced signals, and for brevity, in the rest of this article, we
will focus on results from the AMV-Glob. However, the general conclusions on the processes
responsible for fAMV and iAMV are not overly sensitive to the index used (see supplementary
figures, electronic supplementary material).

(c) Surface-flux drivers of externally forced AMV

We now turn our attention to the drivers of the simulated fAMYV. Consistent with previous studies
(e.g. [62]), we find that the simulated fAMYV is associated with changes in net surface shortwave
radiation (NetSW) in CMIP6 historical simulations. Figure 4b shows that a warming phase of
the fAMV-Glob is associated with increased downwelling shortwave across much of the North
Atlantic basin. Furthermore, there is a broad consistency between the spatial pattern of the NetSW
changes associated with the simulated fAMV-Glob and the simulated fAMV-Glob SST pattern
(figure 4a). In particular, the NetSW pattern is dominated by anomalies in a band in the northern
subtropical North Atlantic (i.e. 30-45° N, as in [62]) with anomalies also reaching down the coast
of Africa in the eastern subtropical North Atlantic towards the tropics.

There are also significant differences between the strong and weak models in terms of their
relationships between fAMV-Glob and the patterns of SST and heat fluxes. In terms of SST,
strong models have a cooler SPNA, and warmer gulf stream extension, but these differences
do not appear significant. However, there is a significant difference in terms of the fAMV-
Glob relationship with the North Pacific SSTs; in other words, the hemispheric nature of fAMV
is more a feature of the modes with strong aerosol forcing/response than those models with
weak forcing/response. Furthermore, this difference in the hemispheric nature of fAMYV is also
consistent with co-incident changes in NetSW, indicating larger changes in NetSW across much
of the Northern Hemisphere in the strong models than weak.

(d) The role of AMOCin AMV

We now explore the role of AMOC in the simulated AMV, which shows substantially different
relationships when we consider the internal or externally forced component of AMV.

Overall, AMOC variability plays an important role in the iAMV in CMIP6 models. In
particular, figure 5a shows the lagged correlations between the AMV-Glob and AMOC for each
model. For the iAMV-Glob (figure 5a), we find that AMOC at 30° N consistently leads the iIAMV
by a few years across nearly all models. Furthermore, the iIAMV-AMOC relationship is similar
to the AMV-AMOC relationship computed from pre-industrial control simulations, underlining
that the iAMV decomposition is focusing on mechanisms of internal AMV variability (figure Sé,
electronic supplementary material, shows the comparison for a sub-sample of the models with
comparable data). Nevertheless, most models have a significant correlation of ~0.6-0.7, indicating
that AMOC does not explain all of iAMYV variability (consistent with [97]), but some models show
a correlation of ~ 0.9. Therefore, the relationship between iAMV and AMOC in CMIP6 models is
broadly consistent with the hypothesis that AMOC is a key driver of iAMYV in coupled models.

In contrast, we find the opposite relationship is true for fAMV in many models (figure 5b).
Specifically, a decrease in AMOC at 30° N is closely associated with a positive fAMYV, although the
largest negative correlations occur ~10-15 years after peak AMV in many models. In other words,
the externally forced AMOC is responding to the externally forced changes in the North Atlantic SST
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Figure 4. The relationship between the fAMV-Glob and surface heat fluxes. (a) The MMM fAMV-Glob SST pattern (note this is
the same as shown in figure 3). Contours show the MMM regression pattern of SST on fAMV-Glob, and hatching shows where
80% of models do not agree on the sign of the regression slope coefficient. (b) The same as shown in (a) but now for net surface
shortwave (NetSW). (c) The difference in the SSTfAMV pattern between strong and weak models (e.g. strong minus weak), and
stippling now shows where the difference is significant at the p < 0.05. (d) The same as shown in (c) but for the NetSW.

anomalies in CMIP6 models, rather than driving them (consistent with [96] and [70]). Furthermore,
the negative correlations between AMOC and fAMYV are dominated by the strong models, which
are the models with large AA forced changes in AMOC (e.g. R22).

(e) Contrasting the multivariate nature of AMV between internal and externally
forced components

So far we have largely explored the simulated AMV in terms of surface temperature, and what
drives those changes. However, as previously discussed, the AMV is a multivariate phenomenon
and, therefore, it is appropriate to examine the simulated relationships of iAMV and fAMV with
other variables. In particular, we focus on the relationship between AMV and turbulent heat
fluxes (which we call AMV-THE and show in figure 6) and sea surface salinity (which we call
AMV-SSS and show in figure 7).

Over the North Atlantic, we see a contrasting relationship between AMV and turbulent heat
fluxes for the internally and externally forced components of AMV. In particular, the MMM
iAMV-THEF relationship is negative over the SPNA, indicating that THFs are damping iAMV
SSTs in the SPNA (figure 6a). This damping of SPNA SSTs is broadly consistent with observations
[30,31]. Increased heat loss is also seen across the East Greenland current and into the Barents
sea. However, the MMM fAMV-THEF relationship is opposite, with THF acting to warm much of
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Figure 5. The relationship between AMOC and internal and external components of AMV (e.g. iAMV and fAMV, respectively).
(a) The cross-correlation between AMOC and iAMV-Glob for each model. Note that the correlations are based on the average of
the lagged correlation computed across ensemble members of each model. Negative lags show where AMOC leads iAMV-Glob,
and positive lags show where AMOC lags iAMV-Glob. Dotted lines show the 5-95% confidence interval based on a Monty Carlo
re-sampling of AMV variability. (b) The same, but for correlating each models ensemble mean AMOC with fAMV-Glob for the
strong (red) and weak (blue) models.

the SPNA (figure 6b). Indeed, the difference between the MMM iAMV-THF and MMM fAMV-
THF relationship is statistically significant over much of the SPNA (figure 6c). In contrast, the
subtropical North Atlantic is dominated by negative fAMV-THF (figure 6c), indicating that the
atmosphere is acting to damp forced SST anomalies here.

There is also a contrasting relationship between the MMM AMV-SSS for the simulated iAMV
and fAMV. In particular, the MMM iAMV-SSS is positive (indicating salinification) over much of
the North Atlantic, and particularly the SPNA (figure 7a), the Greenland Iceland and Norwegian
(GIN) Seas and the Barents Sea. This salinification of the North Atlantic is consistent across models
and is also consistent with the expected role of AMOC iniAMV (figure 54; e.g. as stronger AMOC
transports more salt northwards). Such a positive relationship is also consistent with the changes
observed over the latter part of the 20th century [26,82]. However, in contrast, the MMM fAMV-
SSS is negative over the SPNA (indicating a freshening), but it is less consistent across models
(figure 7b). Nevertheless, the difference in the MMM AMV-SSS relationships is significant over
the SPNA and also over the tropics (figure 7c). Over the Arctic, there are also large anomalies for
both iAMV and fAMYV, but these are not consistent across models (similar to [43]) and are not
significantly different.

Interestingly, the contrasts between fAMV and iAMV for the THF-AMV and SSS-AMV
relationships is largest in the models with strong AA forcing/response. Indeed, the strong
models simulate a consistent negative fAMV-THF relationship across the SPNA (figure 6d). In
contrast, the weak models simulate a more complicated and less consistent relationship with a
weaker positive relationship in the eastern SPNA (figure 6e). This difference in the fAMV-THF
relationship indicates that the atmosphere driven cooling of the SPNA in the MMM (e.g. figure 6b)
is largely a feature of the strong models (figure 6d). Furthermore, the strong models also simulate a
negative AMV-SSS relationship (i.e. freshening) of the SPNA, whereas weak models have a small
positive fAMV-SSS in the North Atlantic Current region (figure 7¢). These differences lead to
significant differences between the fAMV-SSS between the strong and weak models across much
of the North Atlantic, including a significantly larger freshening in the tropical North Atlantic
(figure 7f).
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Figure 6. The relationship between AMV and turbulent heat flux (AMV-THF) across internal and external components of AMV.
(a) The MMM regression between the iAMV-Glob index and turbulent heat flux at lag 0 (computed separately for each member
and then averaged). Negative values shows increased turbulent heat flux out of the ocean. Hatching indicates where at least
80% of the models do not agree on the sign of the regression slope. (b) The same as (a) but for the fAMV-Glob index. (c) The
difference, i.e. iAMV minus fAMV. Stippling shows where the differences in regression slopes are significantly different at the
p < 0.05 level. (d) and (e) The same as (b) but now for only models with strong or weak response to AAs (see text). (f) The
same as (c) but now for the strong minus weak models.

4. Discussion, recommendations and key questions

In this article, we have used CMIP6 historical simulations and different AMV indices to review
the current state of play in the simulation of AMV. Nevertheless, there are still some outstanding
issues that need discussing.

It is clear that the choices made in the definition of AMYV, e.g. how the index is computed, add
to the uncertainties in understanding AMV. Therefore, it is important to reflect this uncertainty
when exploring AMV. This could be as simple as using multiple definitions (e.g. as in [60]).
Although there is undoubtedly an externally forced component of AMV in CMIP6 historical
simulations (e.g. [62,63]), the size of the estimated fAMYV is highly sensitive to the choices made in
the analysis. This sensitivity appears to be because fAMYV in the CMIP6 models is not an Atlantic-
only phenomena. Instead, fAMYV in CMIP6 is an expression of interhemispheric external forcing
that can vary significantly across models (e.g. [79,88]). Therefore, it is crucial that research into the
AMV, and especially the forced component of AMV, not solely be based on the linearly detrended basin-
mean AMYV index. When we remove globally coherent forced variability through regression, we
find that external forcing only explains a relatively small amount of the total variance, which
could be interpreted as that the AMYV is primarily internal. However, the method of decomposing
the AMYV into external and internal components does not take account of nonlinear interactions
between external forcing and internal variability. Therefore, the external forcing may still play an
important role in phasing the internal variability.

This article underlines that the multivariate nature of AMV is a key aspect of both the
observed and simulated AMV (both internally and externally forced AMV). Overall the similarity
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Figure 7. The same as shown in figure 6 but now for the relationship between AMV and sea surface salinity (AMV—SSS) across
the internal and external components of AMV.

between the simulated iAMYV, e.g. where changes in ocean circulation appear to be important,
and the observations supports previous conclusions that there has been an important role for
ocean circulation, including the AMOC, in the observed AMV (in agreement with previous
studies [19,56,83]). However, in contrast, the simulated fAMV in CMIP6 models appears to
be largely a passive-ocean surface-flux forced mechanism that does not appear to explain the
observed co-variability of variables. Hence, it is important that the multivariate fingerprint of
AMV continues to be used to differentiate between AMV mechanisms, especially where there
is an active role for the ocean versus primarily surface-flux forced mechanisms (as previously
argued [19,26]). However, to be able to confidently attribute observed variability, we need to
ensure that we understand such multivariate relationships in models and in the real world. The
results presented here also further underline that different mechanisms dominate in different
regions (e.g. subpolar vs subtropics), consistent with previous works [19,43,54,70,98]. Therefore,
there is a need to understand the processes that lead to regional changes in SST, rather than focus on
basin-mean changes. Continued, and improved, long-term observations, including of AMOC and
surface fluxes, are necessary to achieve this.

A final challenge is the quality of the models that we use to simulate, and attribute, both the
iAMV and fAMV. Indeed, models have significant biases, and this likely affects how the ocean
responds to various forcing factors and simulates internal variability (e.g. [99,100]). Therefore,
it is important to reflect this uncertainty in analyses of models and not focus on the MMM. In
particular, there remains large uncertainty in the magnitude of simulated historical forcings,
particularly AA forcing [85]. Indeed, the sensitivity to AA forcing appears to be too strong
in many CMIP6 models [79,86-88]. Therefore, improved estimates of historical AA forcing are
crucial to make progress as well as improved understanding of how models respond to AA
forcing. Another major limitation of coupled models is that they appear to underestimate the
influence of both external forcings or internal variability on the atmospheric circulation—the so-
called signal-to-noise paradox [101]. Therefore, on the one hand, the external forcing of ocean and
atmosphere dynamics associated with AMV by natural or anthropogenic forcings are likely too
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weak. Consequently, the question of how important external forcings have been in driving the observed
AMV though the modulation of atmosphere and ocean dynamics is still open. Nevertheless, on the other
hand, the internal dynamical mechanisms are also likely underestimated due to the same signal-
to-noise issues (e.g. [102]). Therefore, to fully understand and attribute AMV (e.g. to externally
forced or internal variability), it is crucial that we continue to improve models. Given the signal-
to-noise issues, large ensemble simulations (e.g. [103]) will be important for understanding the
robustness of different choices (e.g. [92]) and to pick apart the important simulated mechanisms.

5. Conclusion

In this study, we have characterized and explored the simulation of Atlantic multidecadal
variability (AMV) in CMIP6 historical simulations. In particular, we have contrasted the internally
and externally forced components of AMV, which we term iAMV and fAMYV, respectively. The key
results are as follows:

— The characteristics of fAMV and, hence, the conclusions on how important external
forcing have been in generating the observed AMV are highly sensitive to the AMV
index used. In particular, using the linearly detrended basin-mean SSTs suggests external
forcings dominated the magnitude and phasing of historical AMYV, especially after 1950
in models with a strong sensitivity to AA forcing. However, removing the global-mean
forced response via regression on the global mean reduces the apparent importance of
the externally forced component of AMYV significantly.

— The sensitivity to the AMV index is because the simulated fAMV is part of broad
hemispheric-wide externally forced temperature changes. In other words, the fAMV in
models is largely a reflection of the forced changes in the Northern Hemisphere, rather
than the North Atlantic itself, again especially in models with a strong sensitivity to
AA forcing. In contrast, the observed and iAMYV signals are more focused on the North
Atlantic and are, hence, less sensitive to the removal of the global changes.

— There are significant differences in the SST patterns associated with the fAMV and iAMV.
In particular, the fAMV SST pattern is largely associated with mid-latitude SSTs, but the
iAMV SST pattern is dominated by subpolar SSTs. The iAMV SST pattern is broadly
consistent with that observed, but the majority of models still significantly underestimate
the magnitude of the observed variability.

— The iAMYV is broadly consistent with an important role for ocean circulation changes.
However, in contrast, the fAMV appears to largely be a passive surface-flux forced
mechanism (consistent with [62]).

— For example, iAMYV is consistently associated with changes in the strength of the
Atlantic Meridional Overturning Circulation (AMOC) leading iAMV. However, the
relationship with AMOC and fAMYV generally shows a weaker AMOC lagging a
warming of SSTs.

— There is a stark contrast in the multivariate nature of the internal and externally
forced AMV. For example, iAMYV is consistently associated with an increased
turbulent heat release from ocean to atmosphere and a salinification of the
SPNA across models. Furthermore, these subpolar relationships for iAMV appear
consistent with previous observation-based studies [29-31]. However, fAMV is
associated with reduced turbulent heat loss and, in some models, a freshening of
the SPNA.

Given the importance of the type of AMV index used for conclusions about externally forced
AMY, then it is crucial that future research does not just focus on the basin-mean AMV index.
Indeed, given that the changes in global-mean temperatures on decadal timescales are likely to
be externally forced, removing some estimate of global-mean temperatures seems to be the most
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appropriate to isolate the variability specific to the North Atlantic. Once the globally forced signal
is removed, the magnitude of the externally forced AMYV is small in CMIP6 simulations.

The similarities between the multivariate nature of the iAMYV and the relationships found in
observations, especially in the SPNA [29-31], suggest that similar processes are in operation in
the real world. In other words, CMIP6 models suggest that ocean circulation change has played
an important role in shaping the observed AMV. In contrast, a passive-ocean surface-flux forced
phenomenon that dominates the externally forced response in CMIP6 models does not appear
consistent with observations. Therefore, CMIP6 simulations could be argued to broadly support
previous literature that internal changes in ocean circulation, and AMOC, drive the observed
AMV.

However, it is important to recognize that there remain significant deficiencies in the
simulation of the iAMV. Specifically, iAMYV is generally too weak and the timescale of iAMYV is
too short across most models studied here. Furthermore, there remain significant shortcomings in
the current models in terms of biases or errors, in particular, due to the signal-to-noise problems
inherent to current coupled models (e.g. [101]). Hence, it is plausible that models incorrectly
simulate the dynamical impact of external forcing (e.g. on atmosphere and ocean circulation)
and that the externally forced AMYV is also deficient in current models. Therefore, due to these
model deficiencies and a lack of observational data, it is extremely difficult to estimate the extent
to which the AMV has been internally generated or externally forced in the real world.

To make progress, it is crucial that we continue to understand the processes that shape the
regional changes in SST in observations and models. In particular, we should avoid only exploring
basin-mean SSTs and instead focus on regional multivariate fingerprints of change to reveal
the key processes. Furthermore, to attribute the historical AMV and to predict the future, it is
important that we continue to improve models, not least to address the signal-to-noise problems.
Confronting models with diverse observational based constraints, including high-quality AMOC
observations at key locations, and evaluating the relative importance of different mechanisms is
crucial to unravel the wider dynamics of the North Atlantic and to improve future predictions.
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