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Abstract The Atlantic Meridional Overturning Circulation (AMOC) has profound impacts on various
climate phenomena. Using both observations and simulations from the Coupled Model Intercomparison
Project Phase 3 and 5, here we show that most models underestimate the amplitude of low-frequency AMOC
variability. We further show that stronger low-frequency AMOC variability leads to stronger linkages between
the AMOC and key variables associated with the Atlantic multidecadal variability (AMV), and between the
subpolar AMV signal and northern hemisphere surface air temperature. Low-frequency extratropical
northern hemisphere surface air temperature variability might increase with the amplitude of low-frequency
AMOC variability. Atlantic decadal predictability is much higher in models with stronger low-frequency
AMOC variability and much lower in models with weaker or without AMOC variability. Our results suggest
that simulating realistic low-frequency AMOC variability is very important, both for simulating realistic
linkages between AMOC and AMV-related variables and for achieving substantially higher Atlantic

decadal predictability.

Plain Language Summary Our results provide a new perspective for understanding the important
role of the Atlantic Meridional Overturning Circulation in Atlantic multidecadal variability and associated
impacts and predictability. Our results indicate that the linkages between the Atlantic Meridional Overturning
Circulation and Atlantic multidecadal variability, as well as the associated climate impacts and Atlantic
decadal predictability, could be substantially hampered in Coupled Model Intercomparison Project models
due to their underestimation of the amplitude of low-frequency Atlantic Meridional Overturning
Circulation variability.

1. Introduction

Estimating the amplitude of low-frequency Atlantic Meridional Overturning Circulation (AMOC) variability in
observations is very important given its potentially profound climate impacts. Currently, the longest available
direct observation of AMOC is from the RAPID program since 2004 (Smeed et al.,, 2014, 2016, 2018). Due to the
very short observational records, a direct estimate of the amplitude of low-frequency AMOC variability is not
yet available. In this study, for the first time, we infer the amplitude of low frequency AMOC variability indir-
ectly using both the RAPID AMOC observations and the much longer record of an observed AMOC fingerprint
derived from a subsurface ocean temperature data set for the period 1955-2015 (Joyce & Zhang, 2010; Yan
et al,, 2017; Zhang, 2008, 2017; Zhang & Zhang, 2015). A comparison between model simulations and these
inferred observations suggests that most Coupled Model Intercomparison Project Phase 5 (CMIP5) models
underestimate the amplitude of low-frequency AMOC variability.

The AMV, a large-scale mode of multidecadal variability in the Atlantic Ocean (Kerr, 2000), has many impor-
tant regional and global-scale climate impacts (Enfield et al., 2001; Goldenberg et al., 2001; Klotzbach & Gray,
2008; Klotzbach et al., 2015; Knight et al., 2006; Semenov et al., 2010; Sutton & Hodson, 2005; Zhang &
Delworth, 2006; Zhang et al., 2007). The Atlantic multidecadal variability (AMV) is associated with coherent
multidecadal variations of sea surface temperature (SST), sea surface salinity (SSS), upper ocean heat content
(UOHCQ), upper ocean salt content (UOSC), and net downward surface heat flux (Fsgc) in the subpolar North
Atlantic (Zhang, 2017), a region that can be directly influenced by the AMOC and associated heat/salt advec-
tion (McCarthy et al.,, 2015; Robson et al., 2016; Zhang, 2017; Zhang & Zhang, 2015). Previous studies show
that the simulated correlations between the AMOC and the AMV SST signal in fully coupled models are
not robust and vary substantially between models (Ba et al., 2014; Keenlyside et al., 2016; Zhang & Wang,
2013), challenging our understanding of the role of AMOC in the AMV and its associated climate impacts
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in the real world. A natural question is whether the diverse linkages between the AMOC and the AMV SST
signal in different models are related to the simulated amplitudes of low-frequency AMOC variability. This
study aims to answer this question by analyzing both CMIP3 and CMIP5 models.

Previous studies (Semenov et al., 2010; Zhang et al., 2007) also show that the AMV can influence multidecadal
variations of northern hemisphere mean surface temperature. Therefore, it is reasonable to hypothesize that
the degree to which the AMV affects hemispheric-scale climate might be related to the amplitude of low-
frequency AMOC variability. Indeed, we find that models with stronger low-frequency AMOC variability have
a much stronger linkage between the subpolar AMV SST fluctuations and northern hemisphere surface air
temperature variability.

Decadal predictions have significant social, economic, and environmental implications. However, it is
unknown how the Atlantic decadal predictability will change with the amplitude of the low-frequency
AMOC variability. In this study, we also investigate this problem using CMIP3 and CMIP5 fully coupled models,
as well as CMIP3 slab ocean models (i.e., models with the atmospheric component coupled to a slab ocean)
with no AMOC variability.

2. Data and Methods

The directly observed AMOC Index at 26°N for the 12-year period 2004-2015 is obtained from the RAPID-
WATCH MOC monitoring project (Smeed et al., 2014, 2016, 2018). The AMOC fingerprint is often defined as
the leading empirical orthogonal function/principal component of detrended annual mean subsurface
ocean temperature anomalies at 400 m or 0 to 700-m UOHC in the extratropical North Atlantic
(B0°W-0°E, 20°N-65°N) in previous studies (Joyce & Zhang, 2010; Yan et al, 2017; Zhang, 2008, 2017;
Zhang & Zhang, 2015). The AMOC anomalies at northern high latitudes lead the AMOC fingerprint by several
years due to a slow southward propagation of AMOC anomalies (Zhang, 2010; Zhang et al., 2011; Zhang &
Zhang, 2015). To enhance data reliability, in this study we use 0 to 700-m UOHC for the observed AMOC fin-
gerprint, which is derived from an objectively analyzed data set of annual-mean ocean temperature anoma-
lies for the period 1955-2015 (Levitus et al., 2012). The UOHC gives a very similar AMOC fingerprint to that
based on 400-m temperature (Figure S1 in the supporting information). The historical AMOC Index at 26°N
is reconstructed from the observed AMOC fingerprint (leading principal component) and calibrated with
the observed RAPID AMOC Index at 26°N (Figure S2a and supporting information). The estimates of the stan-
dard deviation of the 12-year AMOC trends and the amplitude of the low frequency AMOC variability for
observations (Figure 1) are then inferred from the time series of the reconstructed AMOC Index at 26°N.
We also develop a justification of the AMOC reconstruction method using fully coupled models, which is
independent from the simulated amplitudes of low-frequency AMOC variability in models. The model justi-
fication suggests that the uncertainty of the calibration is likely small and the AMOC reconstruction is reason-
able but may underestimate the true amplitude of low-frequency AMOC variability (supporting information).
The AMOC Index is defined as the maximum zonally integrated Atlantic meridional overturning stream func-
tion at 26°N. We construct a distribution of 12-year AMOC trends based on all available 12-year trends of the
AMOC Index at 26°N sampled from each model’s control simulation (Figure 1a). The information for CMIP3
and CMIP5 control simulations used in this study is provided in Tables S1 and S2 in the supporting
information. In this study, the low frequency signal refers to 10-year low pass filtered anomalies.

To investigate the Atlantic decadal predictability, we apply the analysis method of average predictability time
(APT; Srivastava & DelSole, 2016) to the North Atlantic SST/surface temperature simulated in CMIP5/CMIP3
models. Predictability is estimated from a linear prediction model that predicts the future states of a field
X based on its current state, using a linear regressed prediction operator estimated from the least square
method and applied to multimodel control simulations. Specifying weights g to each spatial dimension of
X to form a linear combination of X, that is, q"X, the predictability at lead time 7 can be quantified by the frac-
tional variance (R%(z), that is, (R(x))?) calculated by this linear prediction model. Here R(z) represents the cor-
relation between the predicted and actual states of q"X(t + 7). The APT depends on the sum of R*()
accumulated over lead times of up to about 10 years, at which point R%(r) approaches zero. By maximizing
APT, we can solve for the leading eigenvalue and its associated eigenvector (corresponding to the largest
APT and the associated weights q for calculating the most predictable component q'X, respectively).
Further details are provided in the supporting information.
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Figure 1. The 12-year Atlantic Meridional Overturning Circulation (AMOC) trend distribution and its relationship with low-frequency AMOC variability. (a) Twelve-
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year AMOC trend (Sv/yr) distribution from each Coupled Model Intercomparison Project Phase 5 (CMIP5) control simulation and the observed 12-year trend (red

line) of the RAPID AMOC Index for the period 2004-2015. (b) Scatterplot of the standard deviations of 12-year AMOC trends versus the amplitudes of low-frequency
AMOC variability (i.e., standard deviations of the 10-year low-pass filtered AMOC anomalies) in CMIP5 control simulations. The solid black line shows the linear fit
between them. The correlation (r = 0.94) between them is statistically significant (p < 0.01). Also included are estimates of the amplitude of low-frequency AMOC

variability and the standard deviation of 12-year AMOC trends for observations (magenta dot), inferred from the reconstructed AMOC Index at 26°N using the

observed AMOC fingerprint. The gray dashed line separates the models into two groups with stronger (¢(AMOC) > 0.91 Sv) and weaker (¢(AMOC) < 0.91 Sv) low-
frequency AMOC variability, respectively, based on the amplitudes of low-frequency AMOC variability (¢(AMOC)). Here the separating threshold 0.91 Sv is about 67%
of the estimated ¢(AMOC) for observations (1.37 Sv).

3. Low-Frequency AMOC Variability in CMIP5 Models and Observations

The RAPID AMOC Index at 26°N shows a decline trend ( — 0.265 Sv/yr) over the 12-year period of 2004-2015
(Figures 1 and S2a and S3). Using a high-resolution data assimilation product, this decline has been attributed
to be part of a decadal/multidecadal AMOC variability and a recovery from the previous AMOC strengthening
(Jackson et al., 2016). In contrast, the CMIP5 multiple model mean (MMM), which can be regarded as an
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external forced response, shows no significant decline trend of the AMOC Index at 26°N over the same period
of 2004-2015 (Figure S3). Greenland glacier meltwater is not well represented in most CMIP5 models and
may affect AMOC in the coming decades (Bindoff et al., 2013), but it possibly has not yet had a significant
impact on AMOC for the period of 2004-2015 (Boning et al., 2016). This result supports the interpretation that
the observed AMOC decline trend over the 12-year period of 2004-2015 mainly originated from
internal variability.

Most CMIP5 models have a relatively small spread of 12-year AMOC trends in their control simulations, with a
range that barely covers the observed 12-year RAPID AMOC decline trend (Figure 1a), indicating that the
simulated internal low-frequency AMOC variability might be underestimated in most CMIP5 models. This
underestimation is supported by the strong linkage between the spread (standard deviation) of 12-year
AMOC trends and the amplitude of low-frequency AMOC variability (i.e., the standard deviation of 10-year
low-pass filtered AMOC Index at 26°N) across multiple CMIP5 models (Figure 1b). A linear regression between
these two metrics (r = 0.94, p < 0.01) suggests that smaller spreads of 12-year AMOC trends are associated
with smaller amplitudes of low-frequency AMOC variability as expected. Consistently, Roberts et al. (2014)
found that most models underestimate the observed AMOC variability at interannual time scales and possi-
bly at decadal time scales as well.

Given the short observational records, reliable direct estimates of the amplitude of low-frequency AMOC
variability and the 12-year AMOC trend spread for observations cannot be achieved. Therefore, we infer these
metrics based on a reconstructed AMOC Index at 26°N using the much longer record of an observed AMOC
fingerprint since 1955 (section 2 and supporting information). Both the inferred amplitude of low-frequency
AMOC variability and the standard deviation of 12-year AMOC trends for observations are much higher than
those simulated in most CMIP5 models; including the observation data point in Figure 1b has little impact on
the linear fitting result. These results consistently suggest that most CMIP5 models underestimate the ampli-
tude of low-frequency AMOC variability.

We divide the multiple CMIP5 models into two groups based on their simulated amplitudes of low-frequency
AMOC variability (Figure 1b), that is, groups with stronger and weaker variability, respectively. The amplitudes
of low-frequency AMOC variability in the former group are much closer to the estimate for observations. In
the next section, we investigate the linkages between low-frequency AMOC variability and the AMV,
hemispheric-scale surface air temperature, and Atlantic decadal predictability by comparing the MMM results
from these two groups.

4. The Role of the AMOC in the AMV

Figure 2 shows the MMM correlation maps between the AMOC Index at 26°N and key AMV-related variables
in the North Atlantic (i.e., SST, SSS, UOHC, UOSC, and Fsg¢) at low frequency, for the two groups of CMIP5 mod-
els, respectively. The MMM correlations are obtained by first calculating the correlation map for each model
and then averaging across models within different groups. Calculating correlations from a merged data con-
sisting of all corresponding models gives very similar results. For models with stronger low-frequency AMOC
variability, the MMM correlation maps (Figures 2a-2e) reveal that at low frequency a positive AMOC anomaly
is associated with a basin-wide horseshoe-shaped warming pattern in the North Atlantic SST, and a dipole
pattern with opposite signs in the subpolar North Atlantic and the Gulf Stream region in the extratropical
North Atlantic SSS, UOHC, UOSC, and Fsgc (i.e., the typical pattern of the AMOC fingerprint; Joyce & Zhang,
2010; Smeed et al,, 2018; Yan et al., 2017; Zhang, 2008, 2017; Zhang & Zhang, 2015). The enhanced heat flux
released from ocean to atmosphere in the subpolar North Atlantic (Figure 2e) is consistent with increased
Atlantic meridional heat transport convergence (Zhang et al.,, 2016; Zhang & Zhang, 2015). In the subpolar
North Atlantic, the AMOC is positively correlated with SST (Figure 2a) and negatively correlated with Fsec
(Figure 2e), consistent with the anticorrelation between SST and Fsgc (not shown) at low frequency, which
is also found in many previous studies (Chafik et al., 2016; Drews & Greatbatch, 2017; Gulev et al., 2013;
O'Reilly et al,, 2016; Zhang, 2017; Zhang et al., 2016).

In contrast to the spatial SSS pattern that is mainly confined to the extratropical North Atlantic, the horseshoe
SST pattern extends into the tropical North Atlantic (Figures 2a and 2b), suggesting the importance of
coupled air-sea feedback, such as wind-evaporation-SST feedback or cloud feedback, in the propagation of
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Figure 2. Multiple model mean correlation maps between the 10-year low-pass filtered Atlantic Meridional Overturning Circulation (AMOC) index and Atlantic
multidecadal variability (AMV)-related variables (sea surface temperature, sea surface salinity, 700-m UOHC/UOSC, Fsgc) and corresponding scatterplots in Coupled
Model Intercomparison Project Phase 5 control simulations. (a—e) Models with stronger low-frequency AMOC variability (Figure 1b). (f-j) Models with weaker
low-frequency AMOC variability (Figure 1b). (k-0) The scatterplots of amplitudes of the low-frequency AMOC variability versus the low-frequency zero-lag cross
correlations between the AMOC Index and the AMV-related variables averaged over the subpolar North Atlantic (blue box in j, 60°W-0°E, 50°N-65°N). The correlation
of linear fit (black line) is statistically significant (p < 0.01).

the AMV SST signal from the subpolar to the tropical North Atlantic (Brown et al., 2016; Smirnov & Vimont,
2012; Yuan et al,, 2016; Zhang et al,, 2016; Zhang & Zhang, 2015). These previously proposed coupled air-
sea feedbacks are consistent with the positive correlations between the AMOC and Fsgc in the tropical
North Atlantic (Figure 2e), indicating the indirect influence of AMOC on Fsgc and the AMV SST signal in the
tropical North Atlantic. Most current fully coupled models are still not capable of simulating these
feedbacks and the tropical AMV SST signal adequately (Martin et al., 2014; Yuan et al,, 2016).

These results confirm the tight linkage between the AMOC and the AMV-related variables and the coherent
multivariate low-frequency variability associated with the AMV (Zhang, 2017). For models with weaker low-
frequency AMOC variability (Figures 2f-2j), the MMM correlation maps exhibit similar patterns but with much
reduced magnitudes compared to those in Figures 2a-2e, suggesting that the linkage between the AMOC
and the AMV-related variables relies on the amplitude of low-frequency AMOC variability. In models with
stronger low-frequency AMOC variability, the linkage is much stronger and the AMOC plays a more important
role in the AMV-related variables (e.g., SST, SSS, UOHC, UOSC, and Fsgc). We further define five indices, that is,
the 10-year low-pass filtered SST, SSS, UOHC, UOSC, and Fsgc averaged over the subpolar North Atlantic
domain. We compare the amplitudes of low-frequency AMOC variability with the corresponding correlations
between the AMOC Index and the subpolar North Atlantic SST, SSS, UOHC, UOSC, and Fsgc Indices at low fre-
quency across multiple CMIP5 models and identify a significant (p < 0.01) linear relationship between them
(Figures 2k-20). Similar results are also obtained across multiple CMIP3 and combined CMIP3/CMIP5 fully
coupled models (Figures S4a-S4e and S5a-S5e). These results further support our results based on the cor-
relation map analysis (Figures 2a-2j); that is, stronger low-frequency AMOC variability generally leads to a clo-
ser linkage between the AMOC and the AMV-related variables.

5. The Role of the AMOC in the Hemispheric-Scale Surface Air Temperature

The MMM correlation patterns between the subpolar North Atlantic SST Index and surface air temperature
around the globe at low frequency (Figures 3a and 3b) exhibit relatively strong correlations mainly in the
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Figure 3. Multiple model mean correlation maps between the 10-year low-pass filtered sea surface temperature (SST) averaged for the subpolar North Atlantic
domain (blue box) and the surface air temperature and the corresponding scatterplot in Coupled Model Intercomparison Project Phase 5 control simulations.

(a and b) Multiple model mean correlation maps for models with stronger and weaker low-frequency Atlantic Meridional Overturning Circulation (AMOC) variability,
respectively. (c) The scatterplot of amplitudes of low-frequency AMOC variability (Sv) versus the low-frequency zero-lag cross correlations between northern
hemisphere mean surface air temperature and subpolar North Atlantic area-averaged SST. The correlation of the linear fit (black line) is statistically significant

(p < 0.01).

northern hemisphere. The magnitudes of the correlations are much higher for models with stronger low-
frequency AMOC variability than for models with weaker low-frequency AMOC variability, especially in the
tropical North Atlantic, North Pacific, and Arctic. In addition, over middle-high latitudes of Eurasia, the
correlations even have generally opposite signs for the two groups of models (Figures 3a and 3b). This
suggests that the degree to which the AMV affects the hemispheric-scale surface air temperature
variability relies on the amplitude of low-frequency AMOC variability.

Consistent with the correlation maps, the low frequency correlations between the subpolar North Atlantic
SST Index and northern hemisphere mean surface air temperature (NHSAT) are significantly (p < 0.01)
related to the amplitudes of low-frequency AMOC variability across both CMIP3 and CMIP5 fully coupled
models (Figures S4f and 3c). The linear fits of the scatterplots also point to a higher correlation with stron-
ger low-frequency AMOC variability. These results suggest that the impact of the AMV on NHSAT indeed
relies on the amplitude of low frequency AMOC variability. In addition, results (Figure S6) from both
CMIP3 and CMIP5 fully coupled models show that the amplitude of low-frequency variability of global
mean surface air temperature and northern hemisphere extratropical (north of 24°N) mean surface air
temperature are positively correlated with the amplitude of low-frequency AMOC variability, suggesting
that the AMOC may be important for the amplitude of low-frequency global-scale surface air
temperature variability.

6. The Role of AMOC in the Atlantic Decadal Predictability

Figure 4a shows that for CMIP5 models with stronger low-frequency AMOC variability, the most predictable
pattern of North Atlantic SST resembles the typical simulated AMV SST pattern in CMIP5 models (Ruiz-
Barradas et al., 2013; Yuan et al., 2016), with the largest signal over the subpolar North Atlantic. The time series
associated with this most predictable pattern is highly correlated with the low-pass filtered subpolar North
Atlantic SST Index (with a MMM correlation of 0.85), suggesting that the most predictable component of
North Atlantic SST is dominated by the subpolar AMV SST signal. As discussed earlier, most current fully
coupled models are still not capable of simulating the tropical AMV SST signal adequately (Martin et al,
2014; Yuan et al,, 2016); hence, the tropical AMV SST signal is too weak to appear in the most predictable

YAN ET AL.

4324



~1
AGU

100 Geophysical Research Letters 10.1029/2018GL077378

ADVANCING EARTH
'AND SPACE SCiENCE

CMIP5 Fully Coupled Models with
Stronger AMOC Variability

CMIPS5 Fully Coupled Models with
Weaker AMOC Variability

o C CMIP5 Predictability

70N
—— Models with Stronger AMOC Variability
— — Models with Weaker AMOC Variability
50N
1] 1%}
(O] ()
° e
3 =}
B =
T 30N "
- -

80w 40W 20w 60W 40|W
Longitudes Longitudes

d CMIP3 Fully Coupled Models € CMIP3 Slab Ocean Models
-

=~

20w

o f CMIP3 Predictability

—— Coupled Models
— — Slab Ocean models

50N
(2} [}
o} o)
° e
2 2 1
T 30N 5
- -
10N K
\__ -~ —_——
L i g R e e e
40W 40W 1 4 5 7 8 9 10
Longitudes Longitudes Lag(year)

[ e |

-1 -08 -06 -04 -02 0 0.2 0.4 0.6 0.8 1

Figure 4. The most predictable patterns and their associated predictability R?(7) in the North Atlantic. (a and b) The most predictable pattern of sea surface tempera-
ture in Coupled Model Intercomparison Project Phase 5 (CMIP5) fully coupled models with (a) stronger or (b) weaker low-frequency Atlantic Meridional Overturning
Circulation variability. (c) The predictability Rz(r) associated with the most predictable patterns shown in (a) and (b). (d and e) The most predictable
pattern of surface temperature in CMIP3 (d) fully coupled or (e) slab-ocean models. (f) The predictability Rz(r) associated with the most predictable
patterns shown in (d) and (e). Each pattern in (a, b, d, and e) has no unit, and the multiplication of the pattern and its corresponding time series (which carries the unit)
gives the temperature variations (in °C).

component. For CMIP5 models with weaker low-frequency AMOC variability, the most predictable pattern
(Figure 4b) lacks the largest signal in the Labrador Sea. The time series associated with this most predictable
pattern is still significantly correlated with the subpolar AMV SST signal (with a MMM correlation of 0.54).

The predictability (R?) associated with the most predictable component of the North Atlantic SST in both
groups of CMIP5 models persists for multiple years and declines gradually (Figure 4c). However, at each lead
time, the predictability is much higher in models with stronger low-frequency AMOC variability than in
models with weaker low-frequency AMOC variability, with the largest predictability difference up to 0.3
(Figure 4c). This result is consistent with previous studies showing that the AMOC plays an important role
in the decadal predictability of the AMV related signal (Hermanson et al., 2014; Msadek et al., 2014; Robson
et al, 2012; Trenary & DelSole, 2016; Yang et al,, 2013; Yeager et al,, 2012; Yeager & Robson, 2017; Zhang,
2017; Zhang & Zhang, 2015) and suggests that the amplitude of low-frequency AMOC variability is crucial
for Atlantic decadal predictability.

The most predictable pattern of the North Atlantic surface temperature in CMIP3 fully coupled models
(Figure 4d) is similar to that in CMIP5 models with stronger AMOC low-frequency variability (Figure 4a), again
with the largest signal over the subpolar North Atlantic. The time series associated with this most predictable
pattern is also significantly correlated with the subpolar AMV signal in surface temperature (with a MMM
correlation of 0.76). The dominance of the subpolar signal in the most predictable pattern is also consistent
with the anomalous ocean heat transport convergence associated with the AMV in the subpolar region in
CMIP3 fully coupled models (Zhang et al., 2016) and suggests the important role of ocean dynamics in this
most predictable component in fully coupled models. However, in slab ocean models (Figure 4e), the most
predictable component shows a tripolar pattern with the same sign in the subpolar and tropical North
Atlantic but opposite sign in the subtropical North Atlantic. This tripolar pattern also resembles the relation-
ship between high-pass filtered North Atlantic SST and the atmospheric circulation mode- North Atlantic
Oscillation (Delworth et al., 2017; Kushnir, 1994), suggesting that this most predictable component in slab
ocean models is mainly induced by the North Atlantic Oscillation-like atmospheric forcing at shorter (inter-
annual) time scales.
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Corresponding to the most predictable pattern, the predictability in the slab ocean models declines rapidly at
year 1, whereas the predictability in CMIP3 fully coupled models declines gradually and persists for multiple
years (Figure 4f). The much higher predictability in fully coupled models than in slab ocean models suggests
an important role for ocean dynamics in the Atlantic decadal predictability. The predictability in CMIP3 fully
coupled models lies between the predictability in CMIP5 fully coupled models associated with the stronger
and weaker low-frequency AMOC variability (Figures 4c and 4f), because the CMIP3 fully coupled models
include models with both stronger and weaker low-frequency AMOC variability. The differences in spatial
patterns and predictability time scales of the most predictable component between fully coupled and slab
ocean models indicate different driving mechanisms in the two types of models.

In summary, the Atlantic decadal predictability is much higher in fully coupled models with stronger low-
frequency AMOC variability, declines in fully coupled models with weaker low-frequency AMOC variability,
and diminishes greatly in slab ocean models with no AMOC variability. This is consistent with a previous study
showing that AMOC variability is a major source of enhanced low-frequency variability and thus decadal
persistence in subpolar North Atlantic SST associated with the AMV (Zhang, 2017), in contrast to that
obtained from slab ocean models or a simple red noise process (Cane et al,, 2017; Clement et al., 2015, 2016).

7. Discussion and Conclusions

Climate models have different mean state biases in the North Atlantic (Ba et al., 2014; Brown et al., 2016;
Menary et al., 2015; Wang et al., 2014), which may also play a role in the diverse linkages between the
AMOC and the AMV SST signal. Previous studies found that models with smaller mean state biases in the
AMOC structure and associated North Atlantic SST/SSS tend to have stronger low-frequency AMOC variability
(Drews & Greatbatch, 2016, 2017; Park et al., 2016) and higher multiyear predictability in northern hemisphere
surface air temperature (Wu et al,, 2018). The underestimated low-frequency AMOC variability is also likely
related to modeling biases in the buoyancy forcing affecting low-frequency AMOC variability (Kim et al.,
2017). Previous studies indicated that a lack of interannual variability in the wind forcing contributes to the
underestimated AMOC variability at interannual time scale (McCarthy et al., 2012; Roberts et al., 2014; Zhao
& Johns, 2014). It is also possible that the underestimation of the low-frequency AMOC variability is partially
related to a lack of decadal variability in the wind forcing in CMIP models. Our results indicate that the linkage
between the AMOC and the AMV, as well as the associated climate impacts and Atlantic decadal predictabil-
ity, could be substantially hampered in CMIP models due to the underestimation of the amplitude of low-
frequency AMOC variability in these models. The results emphasize the importance of simulating realistic
low-frequency AMOC variability to achieve potentially more realistic linkages between the AMOC and the
AMV and associated climate impacts, and much higher Atlantic decadal predictability.
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