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Abstract Atlantic Multidecadal Variability (AMV) is a multivariate phenomenon. Here for the first time
we obtain a multivariate AMV index and associated patterns using Multivariate Empirical Orthogonal
Function (MEOF) analysis to explore the multivariate nature of AMV. Coherent multidecadal variability
that is unique to the Atlantic is found in the observed MEOF‐extracted AMV, various AMV‐related indices,
and an Atlantic Meridional Overturning Circulation fingerprint. When the signal associated with global
mean sea surface temperature is removed from both observations and Coupled Model Intercomparison
Project Phase 5 (CMIP5) simulations, the residual CMIP5 forced basin‐wide sea surface temperature‐based
AMV index disagrees strongly with the observed residual. Only the observed residual basin‐wide sea surface
temperature‐based AMV index retains a strong AMV signal. The MEOF approach still extracts a residual
CMIP5 forced AMV signal that is unique to the Atlantic, although very different from observations. Our
findings suggest that the observed AMV is not dominated by external forcing.

Plain Language Summary Observed Atlantic Multidecadal Variability is a multivariate
phenomenon and has various important climate impacts at global and regional scales. Understanding the
underlying physical mechanism is crucial for successful future prediction of Atlantic Multidecadal
Variability and associated climate impacts. From a multivariate perspective, this study shows that the
simulated externally forced Atlantic Multidecadal Variability in coupled climate model simulations
disagrees strongly with that observed. The results suggest that the observed Atlantic Multidecadal
Variability, after removal of the signal associated with global mean sea surface temperature, is not
dominated by external forcing. This observed variability is unique to the Atlantic and is linked to
multidecadal variations of the Atlantic Meridional Overturning Circulation.

1. Introduction

The leading mechanism of the observed Atlantic multidecadal variability (AMV) is often thought to be
linked to the low‐frequency variability of the Atlantic Meridional Overturning Circulation (AMOC; e.g.,
Ba et al., 2013, 2014; Delworth & Mann, 2000; Delworth et al., 2017; Drews & Greatbatch, 2016, 2017;
Kim, Yeager, Chang, et al., 2018; Kim, Yeager, & Danabasoglu, 2018; Knight et al., 2005; Kushnir, 1994;
Latif et al., 2006; McCarthy et al., 2015; Park et al., 2016; Yan et al., 2017, 2018; Zhang, 2017; Zhang et al.,
2013, 2016). However, some recent studies suggest that AMV is mainly a direct response of the North
Atlantic sea surface temperature (SST) to changes in external radiative forcings (e.g., Bellomo et al., 2018;
Bellucci et al., 2017; Booth et al., 2012; Murphy et al., 2017). The conclusion of these recent studies is often
based on the resemblance of the traditional basin‐wide SST‐based AMV index (i.e., the linearly detrended
low‐pass filtered SST anomalies averaged over the North Atlantic; Enfield et al., 2001) between the observa-
tion and the externally forced response in some historical climate simulations.

The linear detrending used in these studies does not cleanly separate AMV from the global scale signal, and
it is important to remove the signal associated with global mean SST to obtain AMV (e.g., Frajka‐Williams
et al., 2017; Frankignoul et al., 2017; Sutton et al., 2018; Trenberth & Shea, 2006). As shown in R. Zhang
et al. (2013), the simulated externally forced multidecadal SST signal in Booth et al. (2012) is not unique
to the Atlantic, but also appears in many other ocean basins and represents a global scale response to exter-
nal forcings. Additionally, the observed AMV is associated with coherent multidecadal variations in the sub-
polar North Atlantic (SPNA) SST, sea surface salinity (SSS), and upper ocean heat/salt content (UOHC/
UOSC; e.g., Chen & Tung, 2014, 2018; Friedman et al., 2017; Kavvada et al., 2013; Robson et al., 2012,
2016; Wang et al., 2010; Yan et al., 2018; Yeager & Danabasoglu, 2014; Zhang, 2007, 2017; Zhang et al.,
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dominated by external forcing
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2013). The externally forced response of the historical climate simulations does not capture well the observed
multidecadal SSS variations in the SPNA that are coherent with the observed AMV (Bellucci et al., 2017;
Zhang et al., 2013).

The observed AMV is a multivariate phenomenon that should be treated as a multivariate system. The
Multivariate Empirical Orthogonal Function (MEOF) analysis has been used in studies of multivariate sys-
tems (e.g., Fukumori & Wunsch, 1991; Kutzbach, 1967; Sparnocchia et al., 2003; Wolter & Timlin, 1998,
2011) and applied to obtain aMultivariate El Niño/Southern Oscillation Index (MEI) to provide a more com-
plete description of El Niño/Southern Oscillation (e.g., Wolter & Timlin, 1998, 2011). Here we apply MEOF
analysis to obtain a Multivariate AMV Index (MAI), which is defined as the normalized leading principal
component of the combined annual mean detrended anomalies of four AMV‐related variables (SST, SSS,
UOHC, and UOSC) over the North Atlantic to reflect the multivariate nature of AMV. Because the high
coherences among the above four AMV‐related variables only occur at low frequency and not at high fre-
quency (Zhang, 2017), the MEOF approach has the advantage of extracting AMV without low‐pass filtering.

The purpose of this study is to explore whether a comparison of the Coupled Model Intercomparison Project
Phase 5 (CMIP5) multimodel mean (MMM) external forcing response with observations supports the
hypothesis that the observed AMV is essentially externally forced. The comparison includes MAI and asso-
ciated spatial patterns, multiple AMV‐related indices, and multidecadal AMOC variability. Both linear
detrending and nonlinear detrending (i.e., a residual signal is obtained by removing the component
regressed on global mean SST anomalies from each variable) are applied. Removal of the component asso-
ciated with global mean SST is not aimed at removing the externally forced signal as was the focus of several
recent studies (e.g., Frankcombe et al., 2015; Kajtar et al., 2019). For example, the component regressed on
global mean SST could have internal variability as well as externally forced contributions. Further, the
remaining AMV after such removal could still retain an externally forced local component. Our results
demonstrate that linear detrending is misleading and should be avoided in obtaining AMV from CMIP5
forced simulations and that the resemblance between linearly detrended observed and CMIP5 forced
basin‐wide SST‐based AMV indices is an artifact of linear detrending.When the signal associated with global
mean SST is removed to obtain the AMV, such resemblance disappears.

2. Data and Methods

Here the observed annual mean SSS and 0–700 m UOHC/UOSC are derived from the objectively analyzed
temperature and salinity Ishii data set (Ishii et al., 2006) covering the period 1945–2012, and the observed
annual mean SST for the same period is from the Hadley Centre sea ice and SST data set (Rayner et al.,
2003). We compare observations with the externally forced response in CMIP5 simulations (see supporting
information Table S1 for model information) over the same period, which is derived from their All‐Forcing
historical simulations (up to 2005) and extended through 2012 using the corresponding Representative
Concentration Pathway 4.5 emission scenario simulations. The MMM represents the average CMIP5 forced
response to changes in external forcings.

For theMEOF analysis, we normalize each variable with a constant (e.g., the square root of its total variance)
to have equal unit total variance for each variable before computing the MEOF, similar to the approach used
inWolter and Timlin (2011). The constant is thenmultiplied back to the spatial pattern of each variable after
computing the MEOF. The observed and CMIP5 MMM variables (i.e., SST, SSS, UOHC, and UOSC) are
detrended before the MEOF analysis and no low‐pass filtering are applied.

For comparison, we calculated multiple AMV‐related indices for both observations and the CMIP5 MMM,
that is, the 10‐year low‐pass filtered SST/SSS/UOHC/UOSC averaged over the SPNA (50–65°N, 60°W–0°)
and the 10‐year low‐pass filtered SST averaged over the North Atlantic (0–65°N, 80°W–0°) (basin‐wide
SST‐based AMV index). Due to the limitation of direct AMOC observations before 2004 (Smeed et al.,
2014, 2018), we derived an extratropical AMOC fingerprint, a previously identified proxy for AMOC anoma-
lies, to compare its relationship with the MAI. Here the AMOC fingerprint is defined as the leading mode of
detrended annual mean 0–700 m UOHC in the extratropical North Atlantic (20–65°N, 80°W–0°E; Joyce &
Zhang, 2010; Yan et al., 2017, 2018; Zhang, 2008, 2017; Zhang & Zhang, 2015). The CMIP5 externally forced
AMOC Index, that is, the maximum Atlantic meridional overturning streamfunction at 26°N, is also
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calculated from the MMM. The statistical significance for each correlation between a pair of time series is
tested by a Monte Carlo simulation using a random phase resampling (Ebisuzaki, 1997).

3. MAI and Associated Spatial Patterns Under Linear Detrending

With linear detrending, the observed MAI is associated with a cooling/freshening in the SPNA during its
negative phase from 1970s to 1990s and vice versa during its positive phases before and afterward
(Figures 1a–1e). The observed SST anomalies associated with MAI extend into the tropical North Atlantic
along a horseshoe pathway, with the largest signal remaining in the SPNA (Figure 1a). This is similar to
the previously identified AMV SST pattern (e.g., Drews & Greatbatch, 2017; Frankignoul et al., 2017;
Ruiz‐Barradas et al., 2013) and different from the tripolar SST pattern induced by the North Atlantic
Oscillation at interannual timescales (Delworth et al., 2017; Deser et al., 2010; Kushnir, 1994; Marshall
et al., 2001; Visbeck et al., 2003). The observed SSS anomalies associated with MAI have an opposite sign
over a latitudinal band in the tropical North Atlantic to that in the SPNA (Figure 1b), due to the northward
shift of the Atlantic Intertropical Convergence Zone (ITCZ) and enhanced Sahel rainfall associated with a
positive AMV phase and vice versa (Friedman et al., 2017). The observed UOHC pattern associated with
the MAI (Figure 1c) is similar to the extratropical AMOC fingerprint pattern (Figure S1), that is, a dipole
structure with opposite signs in the SPNA and the Gulf Stream region (Joyce & Zhang, 2010; Yan et al.,
2017, 2018; Zhang, 2008, 2017; Zhang & Zhang, 2015), suggesting that the observed MAI is linked to
AMOC variability. The observed MAI (Figure 1e) does not exhibit much high frequency variability and is
very similar to its low‐pass filtered component. It significantly correlates (p < 0.05) with multiple observed
AMV‐related SPNA indices (Figures 2a–2d) and the observed basin‐wide SST‐based AMV index (Figure 2e),
all being linearly detrended. This is consistent with the previously identified high coherence among
observed SPNA SST, SSS, UOHC, and UOSC associated with AMV at multidecadal timescales (Zhang,
2017). The above results confirm the capability of MEOF to extract AMV in observations.

In contrast, the spatial patterns (Figures 1f–1i) associated with the CMIP5 externally forced MAI (Figure 1j)
obtained with linear detrending are very different from those observed (Figures 1a–1d), although the simu-
lated MAI itself exhibits almost in‐phase multidecadal variations compared to the observed MAI (Figures 1e
and 1j). During the positiveMAI phase, there is externally forced freshening in the SPNA (Figures 1g and 1i),
opposite to that observed (Figures 1b and 1d); and the observed warming in the SPNA (Figure 1a) is missing
in the externally forced SST pattern (Figure 1f), although there is a broad warming in lower latitudes outside
the SPNA. In the Gulf Stream region, the simulated UOHC pattern during the positive MAI phase
(Figure 1h) exhibits a warming signal that is opposite to that observed (Figure 1c).

The CMIP5 externally forced SPNA SST and UOHC indices (Figures 2f and 2h) show variations at much
shorter timescales with much smaller amplitudes than those observed (Figures 2a and 2c). The CMIP5 exter-
nally forced SPNA SSS and UOSC indices (Figures 2g and 2i) are opposite to those observed (Figures 2b and
2d). The above externally forced AMV‐related indices (Figures 2f–2i) do not have significant positive corre-
lations with the externally forced MAI (Figure 1j) and with the linearly detrended basin‐wide SST‐based
AMV index (Figure 2j), inconsistent with the previously identified high coherences among observed
AMV‐related SPNA temperature and salinity anomalies at multidecadal timescales (Zhang, 2017). The
CMIP5 externally forced linearly detrended basin‐wide SST‐based AMV index (Figure 2j) seems consistent
with that observed (Figure 2e) and with the externally forced MAI (Figure 1j), and represents the simulated
wide‐spread SST signal at low latitudes outside the SPNA (Figure 1f). However, we will show in the next sec-
tion that this is an artifact of linear detrending and essentially reflects the component of the simulated global
mean‐correlated externally forced signal that deviates from a linear trend; it does not reflect a local process
that is unique to the Atlantic.

4. Importance of Removing the Signal Associated With Global Mean SST for
Analyzing AMV

When the signals regressed on global mean SST are removed, the observed MAI (Figure 3e), associated pat-
terns (Figures 3a–3d), AMV‐related indices (Figures 2k–2n), and basin‐wide SST‐based AMV index
(Figure 2o) of the residual fields are all very similar to those obtained with linear detrending (Figures 1a–
1e and 2a–2e). Again, the observed MAI (Figure 3e) significantly correlates (p < 0.05) with the observed
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Figure 1. MAI and associated spatial patterns, with linear detrending. (a–d) Observed MAI patterns for (a) SST, (b) SSS,
(c) UOHC, and (d) UOSC. (e) Observed MAI (dashed) and 10‐year low‐pass filtered component (red‐blue shading). (f–j)
same as (a–e) except for CMIP5 MMM. MAI explained variance is included in (e) and (j). Blue box in (a) marks the sub-
polar North Atlantic. SST = sea surface temperature; SSS = sea surface salinity; UOHC = upper ocean heat content;
UOSC = upper ocean salt content; MAI = multivariate Atlantic Multidecadal Variability index; CMIP5 = Coupled Model
Intercomparison Project Phase 5; MMM = multimodel mean.
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AMV‐related indices (Figures 2k–2n) and the observed basin‐wide SST‐based AMV index (Figure 2o). This
insensitivity to detrending methods occurs because the observed global mean SST anomaly does not differ
substantially from a linear trend and exhibits less multidecadal variability (Figure S2f) than the observed
North Atlantic signal (Figures S2a–S2e). Hence, removing the signal regressed on global mean SST clearly
illustrates that the observed AMV is indeed due to a local process that is unique to the Atlantic.

In contrast to observations, when the signal regressed on global mean SST is removed from the CMIP5 simu-
lations, the residual spatial temperature patterns (Figures 3f and 3h) associated with the CMIP5 externally
forced MAI (Figure 3j) are very different from those obtained with linear detrending (Figures 1f and 1h).
During the positive MAI phase, the cooling in the SPNA becomes more pronounced and the broad warming
in lower latitudes outside the SPNA is mostly missing in the associated externally forced SST and UOHC pat-
terns (Figures 3f and 3h), compared with their linearly detrended counterparts (Figures 1f and 1h). Hence,
the basin‐wide temperature signal obtained with linear detrending (Figures 1f and 1h) mostly reflects the
externally forced global mean‐correlated signal that deviates from the linear trend, rather than being due
to a local process that is unique to the Atlantic. The externally forced SSS and UOSC patterns are less

Figure 2. Low‐pass filtered indices. (a–j) (left two columns) Linear detrending. (k–t) (right two columns) Signal regressed
on global mean SST is removed. (a–e) and (k–o) (first and third columns) observations. (f–j) and (p–t) (second and fourth
columns) CMIP5 MMM. Indices averaged over SPNA are shown in the first four rows: (a, f, k, and p) SST, (b, g, i, and q)
SSS, (c, h, m, and r) UOHC, (d, i, n, and s) UOSC. SST index averaged over the North Atlantic (NASST) are shown in the
last row (e, j, o, and t). SPNA = subpolar North Atlantic; SST = sea surface temperature; SSS = sea surface salinity;
UOHC= upper ocean heat content; UOSC = upper ocean salt content; CMIP5 = Coupled Model Intercomparison Project
Phase 5; MMM = multimodel mean.
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Figure 3. MAI and associated spatial patterns, with the signal regressed on global mean SST removed. (a–d) Observed MAI patterns for (a) SST, (b) SSS,
(c) UOHC, and (d) UOSC. (e) Observed MAI (dashed) and 10‐year low‐pass filtered component (red‐blue shading). (f–j) same as (a–e) except for CMIP5
MMM. (k–o) same as (f–j) except that signs are flipped. MAI explained variance is included in (e, j, and o). SST = sea surface temperature; SSS = sea surface
salinity; UOHC = upper ocean heat content; UOSC = upper ocean salt content; MAI = multivariate Atlantic Multidecadal Variability index; CMIP5 = Coupled
Model Intercomparison Project Phase 5; MMM = multimodel mean.
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sensitive to detrending methods, and those obtained with nonlinear detrending exhibit a similar freshening
in the SPNA during positive MAI phases (Figures 3g and 3i) compared to their linearly detrended counter-
parts (Figures 1g and 1i), which remains opposite to observations (Figures 3b and 3d). When the signal
regressed on global mean SST is removed, each residual spatial pattern (Figures 3f–3i) associated with the
CMIP5 externally forced MAI (Figure 3j) exhibits a negative spatial correlation with that observed
(Figures 3a–3d) over the entire North Atlantic. We reversed the sign of the MAI (Figure 3o) and associated
spatial patterns (Figures 3k–3n), so that the spatial patterns associated with the reversed MAI all have posi-
tive spatial correlations with those observed (Figures 3a–3d) over the entire North Atlantic, and the reversed
MAI (Figure 3o) can better represent the phase of this simulated AMV and reveal its disagreement with that
observed (Figure 3e).

Similarly, when the signal regressed on global mean SST is removed, the residual CMIP5 externally forced
SPNA SST and UOHC indices (Figures 2p and 2r) are now quite different from those obtained with linear
detrending (Figures 2f and 2h) and exhibit antiphase multidecadal variations with their observed counter-
parts (Figures 2k and 2m). The residual CMIP5 externally forced SPNA SSS and UOSC indices (Figures 2q
and 2s) remain similar to those obtained with linear detrending (Figures 2g and 2i) and opposite to those
observed (Figures 2i and 2n). The above externally forced AMV‐related indices (Figures 2p–2s) have signif-
icant (p < 0.05) positive correlations with each other and with the reversed externally forced MAI
(Figure 3o), revealing a coherent externally forced multidecadal variability especially in the SPNA, but is
opposite to observations. These results consistently suggest that the observed AMV is not dominated by
external forcing. The residual CMIP5 externally forced basin‐wide SST‐based AMV index (Figure 2t), after
removal of the signal regressed on global mean SST, also becomes quite different from that obtained with
linear detrending (Figure 2j) and from that observed (Figure 2o), with a dramatically reduced and negligi-
ble amplitude. It is not significantly correlated with other externally forced AMV‐related indices
(Figures 2p–2s) and the reversed MAI (Figure 3o), that is, it is not a meaningful index for the coherent
externally forced AMV. Hence, the CMIP5 externally forced linearly detrended basin‐wide SST‐based
AMV index (Figure 2j) essentially reflects the global mean‐correlated signal that deviates from a linear
trend and is not unique to the Atlantic. This is confirmed by the high similarity between the CMIP5 exter-
nally forced low‐pass filtered North Atlantic mean SST and global mean SST anomalies without any
detrending (Figures S2k and S2l), whereas their observed counterparts are quite different from each other
(Figures S2e and S2f).

5. Relationship Between AMV and AMOC Fingerprint

For both detrending methods, the observed AMOC fingerprint exhibits a similar dipole pattern with oppo-
site signs in the SPNA and the Gulf Stream region (Figures 4a and 4e) and similar multidecadal variations
(Figures 4b and 4f), as found in previous studies (Joyce & Zhang, 2010; Yan et al., 2017, 2018; Zhang,
2008, 2017; Zhang & Zhang, 2015). The low‐pass filtered observed AMOC fingerprint (Figures 4b and 4f)
has significant (p < 0.05) positive correlations with various observed AMV‐related indices (Figures 2a–2e
and 2k–2o) and the observed MAI (Figures 1e and 3e), for both detrending methods. This is also consistent
with previous studies (Yan et al., 2018; Zhang, 2017) and supports the interpretation that the observed AMV
is closely linked to the AMOC variability.

For the CMIP5 externally forced response, the AMOC fingerprint is significantly (p < 0.05) correlated with
the detrended AMOC index at low frequency, with positive anomalies from 1970s to 1990s and negative
anomalies before and afterward for both detrending methods (Figures 4d and 4h). This detrended forced
multidecadal AMOC variability is similar to that reported in previous studies (Cheng et al., 2013; Kim,
Yeager, Chang, et al., 2018; Menary et al., 2013; Tandon & Kushner, 2015), but is almost antiphase with that
indicated by the observed AMOC fingerprint (Figures 4b and 4f). With linear detrending, the forced AMOC
fingerprint pattern is centered around the Gulf Stream region (Figure 4c). When the signal regressed on glo-
bal mean SST is removed, the forced AMOC fingerprint pattern (Figure 4g) is improved and becomes more
similar to that observed (with a positive spatial correlation), but the subpolar signal remains weak (likely
related to different locations of the subpolar signal in different models). The detrended forced multidecadal
AMOC variability also has a small amplitude (Figure 4h) compared to that of the internal multidecadal
AMOC variability in some CMIP5 control simulations and the observational‐based estimate (Yan et al.,
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Figure 4. AMOC fingerprints (i.e., leading mode of upper ocean heat content in the extratropical North Atlantic). (a–d) (upper two rows) Linear detrending.
(e–h) (lower two rows) Signal regressed on global mean SST is removed. (first and third rows) Observed AMOC fingerprint pattern (a and e) and
corresponding time series (normalized leading principal component PC1, dashed) and 10‐year low‐pass filtered component (red‐blue shading) (b and f). Second
and fourth rows (c, d, g, and h): same as (a), (b), (e), and (f), except for CMIP5 MMM. Explained variance by the leading mode is included in (b), (d), (f),
and (h). Also included in (d) and (h) is 10‐year low‐pass filtered CMIP5 MMM AMOC index at 26°N (black, Sv, right axis). CMIP5 = Coupled Model
Intercomparison Project Phase 5; MMM = multimodel mean; AMOC = Atlantic Meridional Overturning Circulation; SST = sea surface temperature.
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2018), and this may also contribute to the weak dipole signal in the forced AMOC fingerprint
pattern (Figure 4g).

With linear detrending, the CMIP5 forced low‐pass filtered AMOC index (Figure 4d) has significant
(p < 0.05) positive correlations with the forced AMV‐related subpolar SSS/UOSC indices (Figures 2g or 2i),
but not with the forced subpolar SST/UOHC indices (Figures 2f or 2h) and is anticorrelated with the forced
MAI (Figure 1j) and the basin‐wide SST‐based AMV index (Figure 2j). When the signal regressed on global
mean SST is removed, the residual forced low‐pass filtered AMOC index (or AMOC fingerprint; Figure 4h)
has significant (p < 0.05) positive correlations with the residual forced AMV‐related SPNA indices
(Figures 2p–2s) and the reversed MAI (Figure 3o), and no relationship with the residual forced basin‐wide
SST‐based AMV index which is negligible (Figure 2t). This is consistent with the positive correlations
between AMOC and AMV‐related SPNA temperature and salinity anomalies found in many CMIP5 control
simulations (e.g., Yan et al., 2018). Both the residual CMIP5 externally forced AMOC fingerprint (Figure 4h)
and AMV signal (Figures 2p–2s and 3o) are almost in antiphase with their observed counterparts (Figures 4f,
2k–2n, and 3e).

6. Conclusion and Discussion

The MAI and associated spatial patterns provide a multivariate measure of AMV. The MEOF approach has
the advantage of extracting AMV without low‐pass time filtering. The method is not limited to the four vari-
ables used in this study and can in future studies include other variables that have high coherences with
AMV only at low frequency. Coherent multidecadal variability that is unique to the Atlantic is found in
the observed MAI, various AMV‐related indices, and the AMOC fingerprint. In CMIP5 simulations, when
the signal associated with global mean SST is removed, coherent residual externally forced multidecadal
variability is identified in the reversed MAI, AMV‐related SPNA indices, AMOC fingerprint, and AMOC
index. However, these signals disagree strongly with observations, suggesting that the observedmultidecadal
AMOC variability inferred from its fingerprint and the associated observed AMV are not dominated by exter-
nal forcing. This contrasts with the conclusions of some previous studies based on linear detrending (e.g.,
Bellomo et al., 2018; Bellucci et al., 2017; Booth et al., 2012; Murphy et al., 2017).

Our results demonstrate that the resemblance between linearly detrended observed and CMIP5 forced basin‐
wide SST‐based AMV indices is an artifact of the linear detrending method. The anticorrelation between the
linearly detrended CMIP5 forced basin‐wide SST‐based AMV index and multidecadal AMOC variations, as
found in previous studies (Cheng et al., 2013; Tandon & Kushner, 2015), is also an artifact of linear detrend-
ing and does not depict a relationship between AMOC and the local variability that is unique to the Atlantic.
It essentially reflects the relationship between a linearly detrended forced global mean‐correlated signal and
multidecadal AMOC variability. That is, a forced global warming (cooling) is associated with an AMOC
weakening (strengthening) as often found in climate models (e.g., Delworth & Dixon, 2006; Gregory et al.,
2005; Manabe et al., 1991; Meehl et al., 2007). With the global mean‐correlated signal removed, the residual
CMIP5 forced basin‐wide SST‐based AMV index also disagrees strongly with the observed residual, with the
latter retaining a strong AMV signal. While the MEOF approach can extract a residual CMIP5 forced AMV
signal that is unique to the Atlantic and in phase with the forced AMOC variability, this signal is very
different from observations. In summary, our findings suggest that the observed AMV is not dominated
by external forcing.
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