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Abstract By synthesizing recent studies employing a wide range of approaches (modern observations,
paleo reconstructions, and climate model simulations), this paper provides a comprehensive review of the
linkage between multidecadal Atlantic Meridional Overturning Circulation (AMOC) variability and
Atlantic Multidecadal Variability (AMV) and associated climate impacts. There is strong observational and
modeling evidence that multidecadal AMOC variability is a crucial driver of the observed AMV and
associated climate impacts and an important source of enhanced decadal predictability and prediction skill.
The AMOC-AMV linkage is consistent with observed key elements of AMV. Furthermore, this synthesis also
points to a leading role of the AMOC in a range of AMV-related climate phenomena having enormous
societal and economic implications, for example, Intertropical Convergence Zone shifts; Sahel and Indian
monsoons; Atlantic hurricanes; El Nifio-Southern Oscillation; Pacific Decadal Variability; North Atlantic
Oscillation; climate over Europe, North America, and Asia; Arctic sea ice and surface air temperature; and
hemispheric-scale surface temperature. Paleoclimate evidence indicates that a similar linkage between
multidecadal AMOC variability and AMV and many associated climate impacts may also have existed in the
preindustrial era, that AMV has enhanced multidecadal power significantly above a red noise background,
and that AMV is not primarily driven by external forcing. The role of the AMOC in AMV and associated
climate impacts has been underestimated in most state-of-the-art climate models, posing significant
challenges but also great opportunities for substantial future improvements in understanding and predicting
AMV and associated climate impacts.

1. Introduction

The Atlantic Ocean is unique due to the existence of North Atlantic Deep Water (NADW) formation in the
northern North Atlantic, a vital component of the Atlantic Meridional Overturning Circulation (AMOC;
e.g., Broecker et al., 1976; Buckley & Marshall, 2016; Defant, 1941; Gordon, 1986; Killworth, 1983;
Kuhlbrodt et al., 2007; Marshall & Schott, 1999; Schmitz, 1995; Stommel, 1957, 1958; Talley et al., 2003;
Warren, 1981; Wiist, 1935). The AMOC, which includes the northward flow of warm salty water in the upper
Atlantic and the southward flow of the transformed cold fresh NADW in the deep Atlantic, is a major source
for the substantial northward Atlantic heat transport across the equator (e.g., Bryan, 1962; Ganachaud &
Wunsch, 2000; Hastenrath, 1980, 1982; Sverdrup, 1957; Talley, 2003; Trenberth & Caron, 2001; Trenberth
& Fasullo, 2008; Trenberth & Solomon, 1994). The AMOC is suggested to have played a critical role in abrupt
climate change events centered in the Atlantic seen in many paleoclimate records (e.g., Alley, 2007; Broecker
et al., 1985; Cheng et al., 2009; Clark et al., 2002; McManus et al., 2004; Rahmstorf, 2002).

Although the profound role of AMOC in the climate system has been recognized for decades, it remains a
challenge for most climate models to simulate a realistic AMOC structure and associated Atlantic
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Figure 1. Comparison of simulated climatological mean Atlantic meridional heat transport (PW) and AMOC (Sv) with
the observations (RAPID data). (a) Simulated climatological mean Atlantic meridional heat transport versus climatolo-
gical mean AMOC strength (the maximum of Atlantic meridional overturning streamfunction) at 26°N from multiple
OGCMs forced with atmospheric reanalysis data, compared with the RAPID data (black star), adapted from Danabasoglu
et al. (2014). Reprinted from Ocean Modelling, 73, Danabasoglu et al., North Atlantic simulations in Coordinated Ocean-
ice Reference Experiments phase II (CORE-II). Part I: Mean states, pp. 76-107, Copyright 2014, with permission from
Elsevier. (b) Simulated climatological mean Atlantic meridional overturning streamfunction as a function of depth at
26°N in the National Center for Atmospheric Research (NCAR) OGCM forced with atmospheric reanalysis data with
(black line) and without (gray line) the Nordic Seas overflow parameterization, compared with the RAPID data (dotted
line), adapted from Danabasoglu et al. (2010), © Copyright 2010 AMS. (c, d) Simulated climatological mean Atlantic
meridional overturning streamfunction in two Geophysical Fluid Dynamics Laboratory (GFDL) CGCMs coupled with an
isopycnal-coordinate ocean component (c, CM2G) and a z-coordinate ocean component (d, CM2M) respectively, adapted
from H. Wang, Legg, and Hallberg (2015). Reprinted from Ocean Modelling, 86, H. Wang, Legg, and Hallberg,
Representations of the Nordic Seas overflows and their large-scale climate impact in coupled models, pp. 76-92, Copyright
2015, with permission from Elsevier.

meridional heat transport. For example, the simulated Atlantic meridional heat transport in most coupled or
ocean-only general circulation models (CGCMs/OGCMs) is often substantially smaller than that observed
(Figure 1a; Danabasoglu et al., 2014), which is closely related to the simulated shallower AMOC lower
limb than that observed by the U.K.-U.S. Rapid Climate Change (RAPID) program (Figure 1b; e.g.,
Danabasoglu et al., 2014; Msadek et al., 2013; Roberts et al., 2013; Wang & Zhang, 2013; Wang et al.,
2014). Climate models with parameterized or improved Nordic Seas overflows (a significant component of
the deep AMOC) can simulate a deeper AMOC similar to that observed (Figure 1b) and thus enhanced
Atlantic meridional heat transport (Danabasoglu et al., 2010; R. Zhang, Delworth, et al., 2011). CGCMs
with a level-(z-)coordinate ocean component often simulate a much shallower AMOC due to excessive
numerical diapycnal mixing (Figure 1d), whereas CGCMs with an isopycnal-coordinate ocean component
often simulate a much deeper AMOC more comparable to observations (Figure 1c) due to more realistic
diapycnal mixing and thus presumably a better representation of entrainment associated with the Nordic
Seas overflow waters (H. Wang, Legg, & Hallberg, 2015).
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The existence of the NADW formation and its connection to AMOC also make the Atlantic a formidably
difficult region to model. The deficiency in modeling the mean state AMOC structure leads to a pronounced
cold sea surface temperature (SST) bias in the midlatitude North Atlantic in many CGCMs (Wang et al.,
2014). Stronger and more realistic Nordic Seas overflows can lead to a more realistic pathway of the North
Atlantic Current through its interaction with the bathymetry and thus reduce the cold SST bias in the mid-
latitude North Atlantic (e.g., R. Zhang, Delworth, et al., 2011; Talandier et al., 2014; H. Wang, Legg, &
Hallberg, 2015). The simulated AMOC mean state bias is also tightly coupled to the substantial North
Atlantic sea surface salinity (SSS) bias (especially over the NADW formation sites) in CGCMs (Drews et al.,
2015; Park et al., 2016; Talandier et al., 2014). In addition to the biases in the mean state, the low-frequency
AMOC variability at multidecadal timescales is also substantially underestimated in many CGCMs (Kim,
Yeager, Chang, & Danabasoglu, 2018; Xu et al., 2018; Yan et al., 2018). This is likely linked to the mean state
biases in the AMOC structure and the North Atlantic SST/SSS (Park et al., 2016) and the biases in the ampli-
tudes of the anomalous surface heat and/or freshwater buoyancy forcing affecting the low-frequency AMOC
variability (Kim, Yeager, Chang, & Danabasoglu, 2018; Xu et al., 2018). The above model deficiencies pose a
serious challenge when using current CGCMs to understand and predict the role of AMOC in climate.

During the twentieth century, basin-scale multidecadal fluctuations have been observed in the Atlantic SST.
Based on the pioneering analyses of the observed data over the North Atlantic region, Bjerknes (1964)
hypothesized that the low-frequency AMOC variability associated with changes in NADW formation plays
an active role in the observed basin-scale multidecadal variations in North Atlantic SST and associated sea
level pressure (SLP) through related changes in Atlantic meridional heat transport and air-sea coupling.
Bjerknes emphasized that the mechanisms at work at multidecadal timescales are quite different from those
operating at interannual timescales. Many subsequent observational and climate modeling studies have lent
support to Bjerknes' hypothesis (e.g., Delworth et al., 1993; Delworth & Mann, 2000; Deser & Blackmon,
1993; Enfield & Mestas-Nuifiez, 1999; Folland et al., 1986; Kushnir, 1994; Latif et al., 2004; Schlesinger &
Ramankutty, 1994). For example, at multidecadal timescales, the anomalous Atlantic SST pattern induced
by AMOC variability in an unforced control simulation (i.e., with fixed external radiative forcing) of a
CGCM is remarkably similar to that reconstructed from paleo records (Delworth & Mann, 2000). The
large-scale multidecadal variability observed in the Atlantic has been referred to as the “Atlantic
Multidecadal Oscillation (AMO)” to emphasize the “multidecadal” character of this oceanic phenomenon
(Kerr, 2000) and particularly to distinguish it from interannual ocean variability forced by the leading mode
of atmospheric circulation variability over the North Atlantic, the North Atlantic Oscillation (NAO; Enfield
et al., 2001). Recent studies suggest that the term “Atlantic Multidecadal Variability (AMV)” is more appro-
priate than the term AMO, because the observed multidecadal fluctuations in the Atlantic may not be an
oscillation at a single frequency but consist of a broader band of low-frequency signals (e.g., Sutton et al.,
2018; Zhang, 2017). The transition between positive and negative AMV phases could have occurred through
abrupt decadal shifts, involving various oceanic processes (e.g., Nigam et al., 2018; Thompson et al., 2010).

The traditional AMV index is often defined as a 10-year running mean (or low-pass filtering) of linearly
detrended SST anomalies averaged over the entire North Atlantic, as first proposed by Enfield et al.
(2001). This linear detrending does not cleanly separate the multidecadal variability from the nonlinear
global-scale signal (Trenberth & Shea, 2006). A variety of alternative methods has been proposed to remove
the nonlinear global-scale signal from the North Atlantic mean SST (e.g., Frajka-Williams et al., 2017;
Frankignoul et al., 2017; Knight, 2009; Sutton et al., 2018; Terray, 2012; Ting et al., 2009; Trenberth &
Shea, 2006; Yan et al., 2019). Many previous studies have consistently attributed observed AMV primarily
to internal variability associated with the AMOC (e.g., DelSole et al., 2011; Knight, 2009; Ting et al., 2009;
Trenberth & Shea, 2006; Z. Wu, Huang, et al., 2011; Zanchettin et al., 2014). On the other hand, some recent
studies have proposed the hypotheses that AMV is primarily a direct response of the North Atlantic SST to
either changes in external radiative forcing (e.g., Bellomo et al., 2018; Bellucci et al., 2017; Booth et al., 2012;
Murphy et al., 2017) or stochastic atmospheric forcing (e.g., Cane et al., 2017; Clement et al., 2015, 2016),
although these views have been questioned (e.g., Drews & Greatbatch, 2016, 2017; Kim, Yeager, &
Danabasoglu, 2018; O'Reilly et al., 2016; Sun et al., 2018; Yan et al., 2017, 2018, 2019; Zhang, 2017; Zhang
et al., 2013, 2016). The traditional AMV index, which is based on the North Atlantic SST anomalies as first
proposed by Enfield et al. (2001), is convenient to use due to the availability of SST records over the instru-
mental period and the close linkage of SST with climate impacts. However, the above contrasting views on
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the mechanisms of AMV underscore the need for a more holistic perspective that takes into account more
than just North Atlantic SST anomalies. The debate over AMV mechanisms is related to the serious model
deficiencies in current CGCMs. For example, the underestimated low-frequency AMOC variability in
CGCMs may amplify the relative role of external radiative forcing or stochastic atmospheric forcing in
AMYV (Kim, Yeager, Chang, & Danabasoglu, 2018).

Many recent studies have identified a rich set of key elements of observed AMV, in addition to multidecadal
North Atlantic SST variability. AMV is associated with a dipole SST pattern over the entire Atlantic (e.g.,
Hodson et al., 2010, 2014; Latif et al., 2006; Roberts et al., 2013; D. Zhang, Msadek, et al., 2011; Zhang
et al., 2013) and with coherent multivariate low-frequency variability seen in, for example, subpolar North
Atlantic ocean-driven surface turbulent heat fluxes, SST, sea surface salinity (SSS), upper ocean heat/salt
content, and tropical North Atlantic subsurface temperature (e.g., Ba et al., 2013, 2014; Chen & Tung,
2014, 2018; Gulev et al., 2013; Robson, Sutton, Lohmann, et al., 2012; Robson et al., 2016; Wang et al.,
2010; Wang & Zhang, 2013; Zhang, 2007, 2017; Zhang et al., 2013, 2016). The observed AMV index has also
been defined alternatively as the difference between the standardized low-pass filtered subpolar North
Atlantic mean SST anomalies and the anticorrelated standardized low-pass filtered SLP anomalies averaged
over low-mid latitude North Atlantic (Klotzbach & Gray, 2008); the standardized low-pass filtered detrended
subpolar North Atlantic mean SSS anomalies (Zhang, 2017); or the normalized leading principal component
of combined detrended North Atlantic SST, SSS, and upper ocean heat/salt content anomalies using a multi-
variate analysis (Yan et al., 2019). The coherent multivariate low-frequency variability observed in the
Atlantic provides important additional information that may help to resolve the controversies regarding
the mechanisms of AMV that arise when SST is considered in isolation.

Numerous studies focusing on AMV and multidecadal AMOC variability have been strongly motivated by
their significant impacts on many important climate phenomena, such as those on Intertropical
Convergence Zone (ITCZ) shifts, Sahel/Indian summer monsoon rainfall, Atlantic hurricanes, and summer
climate over Europe and North America (e.g., Folland et al., 1986; Goldenberg et al., 2001; Sutton & Hodson,
2005; Knight et al., 2006; Zhang & Delworth, 2006). In this synthesis paper, we review recent progress in
understanding the role of AMOC in AMV and associated climate impacts, especially over the course of the
U.K.-U.S. RAPID and U.S. AMOC programs. The central theme of this paper is related to, but has a different
emphasis from, a recent review paper on AMOC by Buckley and Marshall (2016). In particular, the present
review synthesizes the observed key elements of AMV, recent observational and modeling evidence for a
leading order role for the AMOC and its associated Atlantic meridional heat transport in AMV, and many
recent studies on AMOC/AMV-related impacts on various climate phenomena with important societal
and economic implications. AMV and associated climate impacts are potentially predictable at the decadal
timescale (e.g., Hermanson et al., 2014; Matei et al., 2012; Msadek et al., 2014; Robson, Sutton, & Smith,
2012, 2014; Yan et al., 2018; Yang et al., 2013; Yeager et al., 2012, 2015, 2018; Yeager & Robson, 2017;
Zhang, 2017; Zhang & Zhang, 2015), and a better understanding of their linkage with the AMOC will be cru-
cial for understanding the sources of decadal predictability and for improving future prediction skill of AMV
and associated climate impacts. Understanding of these linkages is severely limited by the brevity of avail-
able instrumental data and biases in current climate model simulations. In this review, paleoclimate proxy
records are thus also considered in tandem with modern observations and climate simulations to provide a
comprehensive picture of the current scientific landscape with respect to AMOC-AMV-climate connections
and the outstanding challenges that must be addressed to make further progress.

The structure of this review paper is as follows. We discuss the observed key elements of AMV in section 2,
the observational and modeling evidence for the AMOC-AMYV linkage in section 3, and the observed and
simulated climate impacts of multidecadal AMOC variability and AMV in section 4. Related decadal predict-
ability and prediction studies are discussed also in sections 3 and 4. Section 5 is devoted to the paleo evidence
on AMV, multidecadal AMOC variability, and associated climate linkages. Conclusions and challenging
issues are presented in section 6.

2. Observed Key Elements of AMV

This section reviews recent studies on the observed key elements of AMV, including the SST pattern asso-
ciated with AMV and its time evolution, AMV-related coherent multivariate variability, and the relative
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detrended SST anomalies on the AMV index (Knight et al., 2005;
Ruiz-Barradas et al., 2013; Sutton & Hodson, 2005). The positive AMV
phase is characterized in observations by a horseshoe pattern of anoma-
-02 lous warming over the North Atlantic (with stronger amplitudes in the
subpolar region) and a much weaker anomalous cooling over the South
Atlantic (Figure 2b). This SST dipole over the entire Atlantic resembles
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Figure 2. Observed AMV index and SST pattern associated with AMV
derived from Hadley Centre Sea Ice and Sea Surface Temperature data set

T
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LB the interhemispheric asymmetric SST response to an abrupt AMOC weak-
, | 05 ening simulated in many CGCMs with a flipped sign (e.g., Dahl et al.,,
0° 2005; Dong & Sutton, 2002, 2007; LeGrande et al., 2006; Stouffer et al.,

2006; Timmermann et al., 2007; Vellinga & Wood, 2002; Zhang &
Delworth, 2005), suggesting that multidecadal variations of the AMOC

(HADISST) data set (Rayner et al., 2003). (a) Observed AMV index, defined ~ and associated Atlantic meridional heat transport are important for the
as the 10-year low-pass-filtered area-weighted average of residual SST observed AMV (Hodson et al., 2010, 2014; Latif et al., 2006; Roberts
anomalies over the North Atlantic (80°W to 0°E, 0-65°N). The residual SST ot a1 2013; Zhang et al, 2013; D. Zhang, Msadek, et al., 2011).

anomaly at each grid point is computed by removing the local component
regressed on the global mean SST anomaly. This nonlinear detrending
method for AMV has also been used in Gulev et al. (2013) and Frankignoul

Furthermore, the dipole SST pattern over the entire Atlantic is an
observed key element of AMV and is linked to the observed bipolar seesaw

et al. (2017) to remove the nonuniform global scale signal, but it neglects the ~ pattern over the twentieth century, that is, anticorrelated multidecadal
contribution of AMV to the global scale signal. (b) Observed SST pattern variations between the Arctic and Antarctic surface air temperature
associated with AMYV, that is, regression of residual SST anomalies on the (Chylek et al., 2010), which will be discussed in section 4.6.

observed AMV index shown in (a).

Over the North Atlantic, the observed monopolar SST pattern associated

with AMV can be distinguished from the tripolar SST pattern (opposite
sign in the subtropical region from that in the subpolar and tropical areas) induced by the NAO at interann-
ual timescales (Cayan, 1992; Delworth et al., 2017; Deser et al., 2010; Kushnir, 1994; Marshall et al., 2001;
Visbeck et al., 2003). The high spatial coherence of the observed AMV SST pattern over the entire North
Atlantic is another key observed feature of AMV that can be reproduced in CGCMs showing a relatively
strong linkage/correlation between the AMOC and AMV (e.g., Danabasoglu et al., 2012; Sun et al., 2018).
The time evolution of the observed North Atlantic SST pattern associated with AMV reveals that the SST sig-
nal in the middle- to high-latitude North Atlantic lasts longer (i.e., appears earlier and decays later) than the
SST signal in other regions and that it propagates into the tropical North Atlantic along a horseshoe pathway
(Drews & Greatbatch, 2017; Kavvada et al., 2013; Ruiz-Barradas et al., 2013). Similarly, during the negative
shift of AMV in the 1960s and 1970s, the stronger surface cooling in the subpolar North Atlantic led the
weaker surface cooling in the tropical North Atlantic by 2 years and persisted longer, suggesting that the
weaker tropical AMV signal may have responded to the stronger extratropical AMV signal (Hodson
et al., 2014).

2.2. Observed Coherent Multivariate Variability Associated With AMV

Observational evidence suggests that AMYV is associated with coherent multidecadal variability in surface
turbulent heat fluxes over the midlatitude North Atlantic, a region characterized by large climatological sur-
face turbulent heat fluxes (Figure 3a), with more (less) heat released into the atmosphere during a positive
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Figure 3. Observed North Atlantic SST and surface turbulent heat fluxes and the correlations/cross spectra between their detrended anomalies. Positive heat fluxes
indicate the heat being transferred from ocean to atmosphere. (a) Spatial maps of observed climatological SST (contour lines) and surface turbulent heat fluxes
(color shading). (b, c) Correlations between the observed detrended North Atlantic SST index averaged over the midlatitudes (35-50°N) and the observed local
detrended anomalous surface turbulent heat fluxes (sensible plus latent heat fluxes) for the multidecadal long-term component (b) and the interannual short-term
component (c), separated based on an 11-year running mean. Black boxes in (b, c) indicate the 95% significance level. (d) Squared coherence (orange) and phase lag
(blue) between observed detrended midlatitude North Atlantic SST index and surface turbulent heat fluxes over central midlatitude North Atlantic. A phase lag
close to 0 (180°) indicates that SST and surface fluxes are in-phase (antiphase). Gray shading shows the range of negative phase lags. (e) Power spectra of the above
SST index (red) and surface turbulent heat fluxes (green). There is a significant peak around 60-year period in both spectra. Thin dashed lines in (d, e) indicate 95%
significance levels. Frequencies on the x axis are in cycles per year (cpy) and corresponding periods in years are indicated. Adapted from Gulev et al. (2013).
Reprinted by permission from Springer Customer Service Centre GmbH: Springer Nature, Nature, North Atlantic Ocean control on surface heat flux on multide-
cadal timescales, Gulev et al., Copyright 2013.

(negative) AMV phase (Figure 3b; Gulev et al., 2013). Hence, the surface turbulent heat fluxes provide a
negative feedback to SST anomalies on multidecadal timescales. This relationship is reversed at
interannual timescales (i.e., stronger surface turbulent heat loss is associated with reduced SST and vice
versa, Figure 3c), supporting the hypothesis first proposed by Bjerknes (1964) that at multidecadal
timescales ocean dynamics play an active role in the observed AMV, while at interannual timescales the
North Atlantic Ocean is passively forced by the atmosphere. The cross-spectral analysis between observed
SST and surface turbulent heat flux anomalies averaged over the region consistently reveals their in-phase
relationship at multidecadal timescales and out-of-phase relationship at interannual timescales, with a
sharp transition in between (Figure 3d; Gulev et al., 2013). Similar results have been found in recent
modeling studies, that is, there is a positive correlation (or regression) between the net upward surface
heat flux and SST anomalies associated with AMV in the subpolar North Atlantic in CGCMs (Drews &
Greatbatch, 2016, 2017; O'Reilly et al., 2016; Yan et al., 2018; Zhang, 2017; Zhang et al., 2016). At low
frequencies, the correlation and regression between the net upward surface heat flux and SST anomalies
are key indicators of the relative roles of oceanic versus atmospheric forcing in driving SST anomalies,
with a larger positive regression coefficient indicating a stronger role for oceanic forcing (Zhang, 2017).

Many recent studies have indicated that observed AMYV is associated with coherent multidecadal variations
in subpolar North Atlantic SST, SSS, and upper ocean heat/salt content. For example, observational analyses
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demonstrate that multidecadal subpolar North Atlantic SSS variations are coherent and in-phase with the
subpolar AMV SST signal (e.g., Friedman et al., 2017; Zhang, 2017; Zhang et al., 2013) and lead the tropical
AMV SST signal by about 2 years (Zhang, 2007). The observed AMYV signal is also evident in coherent multi-
decadal variations of the subpolar North Atlantic upper ocean heat and salt content (e.g., Chen & Tung,
2014, 2018; Frajka-Williams et al., 2017; Hikkinen et al., 2013; Kavvada et al., 2013; Polyakov et al., 2010;
Robson et al., 2016; Robson, Sutton, Lohmann, et al., 2012; Seidov et al., 2017; Wang et al., 2010; Yeager
& Danabasoglu, 2014; Zhang, 2008, 2017). Significantly high coherence between observed detrended subpo-
lar North Atlantic SST (upper ocean heat content) and SSS (upper ocean salt content) anomalies only exists
at low frequencies (multidecadal timescales) and not at high frequencies (interannual timescales), as also
found in a CGCM (Zhang, 2017). The contribution of oceanic advective processes to the time tendency of
SST and SSS becomes more important at longer timescales, and at decadal and longer timescales, the subpo-
lar North Atlantic SST and SSS anomalies are mainly forced by the oceanic advective processes and not by
atmospheric heat/freshwater fluxes or Ekman transport (Mignot & Frankignoul, 2003), consistent with
Bjerknes' hypothesis. The ratio of contributions from oceanic advective processes to atmospheric
fluxes/Ekman transport is even higher for SSS than for SST (Mignot & Frankignoul, 2003). Cross-spectral
analysis suggests that at multidecadal timescales, both the observed subpolar North Atlantic SST (upper
ocean heat content) and SSS (upper ocean salt content) variations are dominated by ocean dynamics,
whereas at interannual timescales, they are mainly forced by stochastic flux exchange with the atmosphere
(Zhang, 2017). The observed AMV and upper subpolar North Atlantic temperature are also anticorrelated
with multidecadal variations of deep subpolar North Atlantic temperature, which are closely linked to
changes in NADW (Kim, Yeager, & Danabasoglu, 2018; Polyakov et al., 2010). Over the tropical North
Atlantic, the observed multidecadal SST variations associated with AMV are significantly anticorrelated
with the observed multidecadal variations in the subsurface temperature (e.g., Polyakov et al., 2010; Wang
et al.,, 2010; Wang & Zhang, 2013; Zhang, 2007). This depth dependence of tropical ocean temperature
anomalies associated with AMV is also seen in CGCMs subject to abrupt AMOC change (Chiang et al.,
2008; Zhang, 2007).

2.3. Frequency Domain Characteristics of the Observed AMV

The null hypothesis for extratropical SST variability has been in general a “red noise” response to atmo-
spheric “white noise” forcing and thus is characterized by a red noise power spectrum and an exponentially
decaying autocorrelation with a short persistence timescale of a few months (e.g., Frankignoul, 1985;
Frankignoul & Hasselmann, 1977; Hasselmann, 1976; Reynolds, 1978). A key question is whether SST
anomalies associated with observed AMV are just the multidecadal component of a red noise process or
whether they exhibit enhanced multidecadal power above that expected from a red noise process. If the
observed Atlantic SST anomalies were a red noise response, their autocorrelation would be dominated by
a rapid exponential decay with a short decorrelation timescale and would not be predictable at the decadal
timescale. In regions with deep winter mixed layers, the SST anomalies for only winter months would have a
longer (interannual) persistence timescale; however, when all months of the year are considered, the auto-
correlation of SST anomalies would have a shorter persistence timescale than that obtained by considering
only winter SST anomalies (Deser et al., 2003).

The success of many recent initialized decadal prediction experiments in reproducing the observed subpolar
AMV signal at decadal lead times (e.g., Hermanson et al., 2014; Matei et al., 2012; Msadek et al., 2014;
Robson, Sutton, & Smith, 2012, 2014; Yang et al., 2013; Yeager et al., 2012, 2015, 2018; Yeager & Robson,
2017) contrasts sharply with low predictability expected from the red noise hypothesis. Moreover, spectra
of observed SST and surface turbulent heat flux anomalies over the midlatitude North Atlantic both exhibit
a significant peak at multidecadal timescales, inconsistent with a red noise process (Figure 3e; Gulev et al.,
2013). The autocorrelations of the observed monthly subpolar North Atlantic SST and SSS variations (with
all months of the year considered) do not have the form of a simple exponential decay; they exhibit a kink
separating two different persistent timescales (Zhang, 2017). For shorter time lags (high-frequency compo-
nent), the autocorrelations can be explained by the red noise process with a short exponential decay time-
scale; for longer time lags (low-frequency component), the autocorrelations diverge from the red noise fit
and exhibit decadal persistence. The percentages of the total variance (power) explained by the multidecadal
component in their corresponding power spectra are also much higher than that expected from a red noise
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process, consistent with their much higher autocorrelations at longer time lags. This observed key element of
AMYV is also simulated in a CGCM control simulation where it can be linked to multidecadal AMOC varia-
bility (Zhang, 2017).

Most instrumental records are too short to adequately resolve multidecadal characteristics of the observed
AMV. The world's longest instrumental temperature record is the 353-year extended data of Central
England Temperature; this record varies in phase at multidecadal timescales with the observed AMV index
over the industrial era, suggesting that it is a reasonable AMV proxy; a wavelet analysis of this record exhibits
significant multidecadal variability above a red noise background (Tung & Zhou, 2013). Other, longer,
proxies for AMV also show significant multidecadal variability above the background red noise level
(section 5).

2.4. Summary
In this section, we have reviewed the following observed key elements of AMV:

1. SST anomalies associated with observed AMV exhibit a dipole pattern over the entire Atlantic and a
monopolar pattern over the North Atlantic with high spatial coherence.

2. The AMV SST signal is characterized by propagation from the extratropical North Atlantic into the tro-
pical North Atlantic along a horseshoe pathway.

3. The observed AMV is correlated with multidecadal variations in the ocean-driven surface turbulent heat
fluxes, with more heat released from the midlatitude North Atlantic Ocean into the atmosphere during a
positive AMV phase.

4. There is high coherence between observed subpolar North Atlantic SST, SSS, and upper ocean heat and
salt content variations but only for low frequencies (i.e., multidecadal timescales). The variations in the
upper and deep subpolar North Atlantic temperature associated with AMV are anticorrelated.

5. The observed tropical North Atlantic surface and subsurface temperature variations associated with
AMV are also significantly anticorrelated.

6. The autocorrelations of the observed subpolar North Atlantic SST and SSS clearly deviate from that
expected from a red noise process in that they exhibit decadal persistence, corresponding to multidecadal
peaks in spectral power.

The above-observed key elements of AMV should be considered together in order to develop a complete
understanding of the driving mechanisms of AMV.

3. AMOC-AMV Linkage

This section reviews a few hypotheses for AMV mechanisms without an essential role for AMOC, the most
recent studies on observational and modeling evidence for the linkage between multidecadal AMOC varia-
bility and AMV, the relationship of this linkage with Atlantic decadal predictability and prediction, and the
origins of observed key elements of AMV.

3.1. Hypotheses for AMV Mechanisms Without an Essential Role for AMOC

Several hypotheses for AMV mechanisms without an essential role for AMOC have been proposed recently.
For example, the observed AMYV is explained mainly as a direct response of the North Atlantic SST to
changes in external radiative forcings (Bellomo et al., 2018; Bellucci et al., 2017; Booth et al., 2012;
Dunstone et al., 2013; Mann & Emanuel, 2006; Murphy et al., 2017). In particular, anthropogenic aerosols
are implicated as a prime driver of the observed AMYV, because the observed AMV index (based on linearly
detrended basin-averaged low-pass-filtered North Atlantic SST anomalies) is well reproduced in the
twentieth-century externally forced CGCM historical simulations if aerosol indirect effects are included
(Figure 4a; Booth et al., 2012). That is, an increase in the linearly detrended AMV SST index is forced by
the increased downward shortwave radiative heat flux induced by the decreased anthropogenic aerosols
through their interaction with clouds (Booth et al., 2012). However, the simulations examined by Booth
et al. (2012) substantially underestimated the observed warming trend in the North Atlantic upper ocean
heat content, suggesting that the aerosol indirect effects are strongly overestimated in the model (Zhang
et al., 2013). Furthermore, the observed decline in the subpolar AMV SST signal over the most recent decade
is inconsistent with the recently observed change (a slight decrease) in anthropogenic aerosols over the
North Atlantic region but consistent with the directly observed AMOC decline over this period (e.g.,
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Figure 4. Comparison of observations (OBS) with results from the ensemble mean externally forced historical simulation of the CGCM with aerosol indirect effects
(HadGEM2-ES) used in Booth et al. (2012). (a) Area-averaged North Atlantic SST anomalies from HadGEM2-ES (orange line: ensemble mean; shading: spread) and
from the U.S. National Oceanic and Atmospheric Administration’s Extended Reconstructed SST, that is, ERSST (black line), adapted from Booth et al. (2012).
Reprinted by permission from Springer Customer Service Centre GmbH: Springer Nature, Nature, Aerosols implicated as a prime driver of twentieth-century
North Atlantic climate variability, Booth et al., Copyright 2012. (b, c) SST difference pattern (K) between negative (1961-1980) and positive (1941-1960) AMV
epochs. (d, e) Regression of averaged tropical North Atlantic Ocean temperature anomaly at different depths on the standardized tropical North Atlantic SST
anomaly, normalized by the maximum absolute value of each regression, respectively (green shading: not statistically significant at the 90% level). (f) Detrended
subpolar North Atlantic SSS anomalies (PSU) from HadGEM2-ES (orange line: ensemble mean; shading: spread) and from observations (black line), both are
pentadally averaged and there is an anticorrelation between them (r = —0.44). Panels (b-f) are adapted from Zhang et al. (2013), © Copyright 2013 AMS.

Robson et al., 2016; Smeed et al., 2018; Yan et al., 2017). In a recent study, the high correlation between the
observed AMV index (based on linearly detrended basin-averaged low-pass-filtered North Atlantic SST
anomalies) and the simulated ensemble mean AMV index from a large ensemble of twentieth-century
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historical simulations has been shown to arise by coincidence from concurrent warming (via different
mechanisms) after the 1990s (Kim, Yeager, & Danabasoglu, 2018).

The variances of the linearly detrended AMV SST index in CGCM historical simulations are significantly
affected by the externally forced component and are larger than those in unforced simulations, leading to
the conclusion that external radiative forcings are essential in driving the observed AMV (Murphy et al.,
2017; Bellomo et al., 2017). However, the amplitudes of the unforced component of AMV and multidecadal
AMOOC variability in most CGCMs are substantially underestimated due to model deficiencies (e.g., Kim,
Yeager, Chang, & Danabasoglu, 2018; Park et al., 2016; Yan et al., 2018), and this underestimation amplifies
the relative role of external radiative forcings in AMV (Kim, Yeager, Chang, & Danabasoglu, 2018). In con-
trast to the proposed essential role of external radiative forcings in driving the observed AMV (e.g., Bellomo
et al., 2017; Bellucci et al., 2017; Booth et al., 2012; Dunstone et al., 2013; Mann & Emanuel, 2006; Murphy
et al., 2017), hindcasts with prescribed changes in external radiative forcings but no initialization in ocean
states are not able to predict the observed AMV (Hermanson et al., 2014; Kim, Yeager, & Danabasoglu,
2018; Matei et al., 2012; Msadek et al., 2014; Robson, Sutton, & Smith, 2012, 2014; Yeager et al., 2012,
2018; Yeager et al., 2018).

The aerosol-forcing mechanism for the observed AMV is supported by the close match in the linearly
detrended North Atlantic SST time series between observations and the externally forced response simulated
in some climate models (e.g., Booth et al., 2012) but is not supported by many of the observed key elements of
AMYV reviewed in section 2. For example, the simulated response to anthropogenic aerosols (Booth et al.,
2012) does not explain the observed Atlantic dipole SST pattern (Figures 4b and 4c) and the observed antic-
orrelation between multidecadal tropical North Atlantic surface and subsurface temperature variations
(Figures 4d and 4e). The simulated detrended subpolar North Atlantic SSS anomalies in Booth et al.
(2012) are anticorrelated with the observed detrended subpolar North Atlantic SSS anomalies (Figure 4f),
which have been shown to vary coherently with the observed subpolar AMV SST signal at low frequencies
(Zhang et al., 2013). The aerosol-forcing mechanism also fails to explain the observed AMV-related anticor-
related multidecadal variations between upper and deep subpolar North Atlantic temperature (Kim, Yeager,
& Danabasoglu, 2018) and the observed propagation of the extratropical AMV SST signal into the tropics. In
summary, many observed key elements of AMV reviewed in section 2 are incompatible with the hypothesis
that the observed AMYV is primarily driven by changes in external radiative forcing. Additionally, the resem-
blance in the linearly detrended basin-averaged SST-based AMV index between the observation and the
externally forced response simulated in some climate models could be an artifact of linear detrending; the
resemblance breaks down using the nonlinear detrending method with the signal associated with the global
mean SST removed (Yan et al., 2019).

Volcanic aerosols have also been proposed as an important pacemaker for AMV through their direct radia-
tive impact on tropical North Atlantic SSTs and indirect impact on the winter NAO and associated multide-
cadal AMOC changes (Ottera et al., 2010). Ensemble simulations of the last millennium using various
combinations of external forcings suggest that, in general, volcanic aerosols act to amplify AMV by inducing
positive AMOC anomalies that persist for decades (Otto-Bliesner et al., 2016). Other modeling studies sug-
gest that the influence of volcanic aerosols on AMOC variability is mainly at the bidecadal (~20-year) time-
scale through the interaction with freshwater flux entering the North Atlantic (e.g., Swingedouw et al.,
2015), and the sign of the AMOC response could be opposite depending on the size of the volcanic eruptions
(e.g., Mignot et al., 2011; Swingedouw et al., 2015). As will be discussed in section 5.1, the comparison of long
paleo reconstructed AMV index with various solar and volcanic forcing reconstructions suggest that changes
in solar and volcanic forcing have affected AMV, but their combined contribution explains less than one
third of AMV variance over the past 12 centuries (J. Wang, Yang, et al., 2017).

More recently, AMV has been proposed to be a direct red noise response of the North Atlantic SST to stochas-
tic atmospheric-induced surface heat flux forcing, without a role for ocean heat transport/circulation
changes, because the North Atlantic SST patterns associated with AMV (Figures 5a and 5b) and the North
Atlantic SST spectra are similar in CGCMs with ocean dynamics and in slab ocean models (i.e., models with
their atmospheric component coupled to a slab ocean) without ocean dynamics (Clement et al., 2015).
However, the fundamental equations and mechanisms for AMV are very different between CGCMs and slab
ocean models (Zhang et al., 2016). In contrast to slab ocean models, multidecadal net downward surface heat
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Figure 5. Comparison of results in control simulations from a subset of Coupled Model Intercomparison Project Phase 3 (CMIP3) CGCMs and slab ocean models
(i.e., models with their atmospheric component coupled to a slab ocean). (a, b) Multimodel mean regression of the 10-year low-pass-filtered (LF) North Atlantic
SST anomalies on the standardized AMV index in CGCMs (a) and slab ocean models (b) from Clement et al. (2015). Reprinted with permission from AAAS.

(c, d) Multimodel mean regression of LF North Atlantic net downward surface heat flux anomalies on the standardized AMV index with the AMV index lagged by
4 years in CGCMs (c) and slab ocean models (d) from Zhang et al. (2016). Reprinted with permission from AAAS. (e-g) Multimodel mean spatial patterns

of the most predictable component in the North Atlantic SST in CGCMs (e) and slab ocean models (f) and the corresponding predictability (g) from Yan et al. (2018).
Each spatial pattern in (e, f) has no unit, and the multiplication of the spatial pattern and its corresponding time series (which carries the unit K) gives the
temperature variations.

flux anomalies in CGCMs do not serve as a forcing for AMV but have a negative correlation/regression with
AMV over the subpolar North Atlantic to damp the effect of the anomalous ocean heat transport
convergence (Figures 5c and 5d). This negative correlation is consistent with observations (Gulev et al.,
2013) and many other recent analyses using CGCMs (Drews & Greatbatch, 2016, 2017; O'Reilly et al.,
2016). Note here the net surface heat flux is positive downward (Figures 5c and 5d), whereas the surface
turbulent heat fluxes shown in Figure 3 are positive upward. In a red noise model, without the realistic
damping of SST from subsurface ocean temperature, the negative correlation between multidecadal net
downward surface heat flux anomalies and AMV is interpreted as a result of negligible oceanic forcing
with stochastic atmospheric noise as the main AMV driver (Cane et al., 2017; Clement et al., 2016).
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However, when realistic oceanic damping is included in the equation for SST anomalies, the negative
correlation/regression between net downward surface heat flux and SST anomalies at low frequencies indi-
cates an essential role of ocean dynamics in AMV (Zhang, 2017). The slab ocean models without oceanic
damping also overestimate the amplitude of the SST response to atmospheric-induced surface heat flux for-
cing (Garuba et al., 2018). The phase relationship between the atmospheric circulation mode (e.g., winter
NAO) and the North Atlantic SST at multidecadal timescales is also very different between the slab ocean
models and the CGCMs, with ocean dynamics playing a central role in connecting the winter NAO with
multidecadal subpolar SST anomalies in CGCMs (Delworth et al., 2017).

In addition to the discrepancy in the relationship between multidecadal surface heat flux anomalies and
AMV, the hypothesis that AMV is a red noise process forced by stochastic atmospheric white noise likewise
cannot explain many other observed key elements of AMV reviewed in section 2, including the observed
Atlantic dipole SST pattern associated with AMV and the observed anticorrelation between multidecadal
tropical North Atlantic surface and subsurface temperature variations associated with AMV. The observed
monopolar AMV SST pattern with high spatial coherence over the entire North Atlantic can be simulated
in CGCMs showing a relatively strong linkage/correlation between the AMOC and AMV, whereas in slab
ocean models the SST anomalies associated with AMV over the midlatitude western North Atlantic have
an opposite sign with those over other regions of the North Atlantic (Sun et al., 2018). This red noise forcing
mechanism is incompatible with high coherence among observed subpolar North Atlantic SST, SSS, upper
ocean heat and salt content at multidecadal (but not at interannual) timescales, and decadal persistence of
observed subpolar North Atlantic SST and SSS variations and much higher multidecadal power (above a red
noise level) in their spectra (Zhang, 2017). Hence, the red noise mechanism as found in slab ocean models
implies no decadal predictability other than the simple short persistence, and the most predictable compo-
nent of the North Atlantic SST persists much longer with much higher predictability in CGCMs than in slab
ocean models (Figures 5e-5g), due to the important role of ocean dynamics in CGCMs (Yan et al., 2018).

3.2. Observational and Modeling Evidence for the AMOC-AMYV Linkage

3.2.1. Linkage Indicated by Observed AMOC Fingerprints

The AMOC strength/index generally refers to the maximum value of the meridional overturning stream-
function (i.e., the maximum Atlantic meridional volume transport) at a specific latitude. Direct continuous
full-depth observations of the AMOC strength at 26°N were first established in 2004 by the U.K.-U.S. RAPID
program (e.g., Cunningham et al., 2007; Kanzow et al., 2007; McCarthy et al., 2012; Smeed et al., 2014, 2018;
Srokosz & Bryden, 2015). Since there are no direct continuous observations of the AMOC before 2004, it is
necessary to reconstruct historical multidecadal AMOC variability using longer, observed AMOC finger-
prints to understand the linkage of AMOC with the observed AMV. As discussed above, the AMOC-induced
change in tropical North Atlantic subsurface temperature is anticorrelated with tropical North Atlantic SST
and can be used as an AMOC fingerprint to infer past AMOC changes (Zhang, 2007). This is because the
weakening of NADW formation and AMOC leads to surface cooling associated with the southward shift
of the ITCZ (to be discussed in detail in section 4.1) and subsurface warming associated with the thermocline
deepening as simulated in a CGCM. The observed detrended tropical North Atlantic surface and subsurface
temperature anomalies also exhibit anticorrelated multidecadal variations and the inferred historical multi-
decadal AMOC variability from this observed AMOC fingerprint (i.e., detrended multidecadal tropical North
Atlantic subsurface temperature anomaly) is closely linked to the observed AMV signal (Zhang, 2007).

The leading mode of detrended subsurface (e.g., 400 m) temperature (or upper ocean heat content) anoma-
lies in the extratropical North Atlantic has been proposed as another independent AMOC fingerprint
(Zhang, 2008). Low-frequency AMOC variability associated with changes in NADW formation leads to
opposite-sign anomalous horizontal gyre circulations and related dipole subsurface temperature (or upper
ocean heat content) pattern with opposite-sign anomalies in the subpolar gyre and the Gulf Stream region,
as simulated in CGCMs' control simulations (Yan et al., 2017, 2018; Zhang, 2008). A stronger AMOC at
northern high latitudes is triggered by a stronger NADW formation; a few years later, it leads to a warmer,
weaker, and contracted subpolar gyre coupled with a westward shift of the North Atlantic Current path and
a colder stronger northern recirculation gyre coupled with a southward shift of the Gulf Stream path. Hence,
meridional shifts of the Gulf Stream path are anticorrelated with AMOC strength at multidecadal timescales
(Joyce & Zhang, 2010; Nye et al., 2011; Sanchez-Franks & Zhang, 2015; Yeager, 2015; Zhang, 2008). The
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coupling between the AMOC and the horizontal gyre circulations involves the interaction between the deep
flow of NADW and the complicated bathymetry in the North Atlantic Ocean (Yeager, 2015; Zhang, 2008; R.
Zhang, Delworth, et al., 2011; Zhang & Vallis, 2007). The observed extratropical AMOC fingerprint exhibits a
similar dipole pattern (Figure 6a) and historical multidecadal AMOC variability inferred from this observed
extratropical AMOC fingerprint (weaker AMOC from mid-1960s to mid-1990s and stronger AMOC before
and afterward) is also closely linked to the observed AMV signal (Yan et al., 2017; Zhang, 2008). This is con-
sistent with the observed anticorrelated relationship between AMV and multidecadal variations in the sub-
polar gyre strength (Hatun et al., 2009).

3.2.2. Linkage Indicated by Directly Observed AMOC Changes Over the Recent Decade

The directly observed AMOC at 26°N from the RAPID program exhibits a significant downward shift over
the recent decade since 2004, which has been widely interpreted as arising from intrinsic
decadal/multidecadal AMOC variability and a reversal from the previous AMOC strengthening (e.g.,
Jackson et al., 2016; Robson, Hodson, et al., 2014; Robson et al., 2016; Smeed et al., 2014, 2018; Yan et al.,
2017, 2018). The total reduction of the directly observed AMOC at 26°N between 2004-2009 and 2009-
2014 is 2.9 Sv and is statistically significant (Frajka-Williams et al., 2016). The directly observed AMOC
downward shift at 26°N over the recent decade is reproduced in an eddy-permitting data-constrained ocean
state estimate (Jackson et al., 2016) but is less evident in a relatively coarse-resolution data-constrained
ocean state estimate, in which the AMOC variability is indistinguishable from a stationary Gaussian red
noise process (Wunsch & Heimbach, 2013). This directly observed AMOC weakening is consistent with that
inferred and predicted using the observed extratropical AMOC fingerprint (Mahajan, Zhang, Delworth,
Zhang, et al., 2011; Smeed et al., 2018; Yan et al., 2017, 2018) and the observed decline in AMV (Robson
et al., 2016; Yan et al., 2017) over this period. The recent observed cooling trend in the subpolar North
Atlantic upper ocean temperature since 2005 (Figure 6b) is closely linked to the observed decline in the
AMOC, which is supported by both observations and the control simulation of a high resolution CGCM
(Robson et al., 2016). The recent cooling trend since 2005 in the subpolar North Atlantic is also accompanied
by a warming trend over the Gulf Stream region (Figure 6b). Such a dipole pattern is consistent with an
AMOC decline indicated by the extratropical AMOC fingerprint (Figure 6a; Yan et al., 2017; Smeed et al.,
2018) and the directly observed AMOC weakening at 26°N from the RAPID program since 2004 (Figure 6c;
e.g., Frajka-Williams et al., 2016; Smeed et al., 2018). In addition to the buoyancy-driven component, the
AMOC also includes a wind-driven component that is closely coupled to horizontal gyres on seasonal time-
scales (e.g., Yang, 2015). Observations reveal an abrupt substantial weakening in the Ekman (i.e., the direct
wind-driven) component of the AMOC during 2009-2010, which recovers soon thereafter (Figure 6c; Frajka-
Williams et al., 2016; Smeed et al., 2018). Hence, over the recent decade since 2004, there is no significant
downward trend in the Ekman component of the AMOC, and the observed decadal AMOC decline is in
the non-Ekman AMOC component associated mainly with the reduced southward NADW flow at the depth
range of 3,000-5,000 m (Figure 6c; Frajka-Williams et al., 2016; Smeed et al., 2018).

The recent cooling trend in the subpolar North Atlantic is mainly caused by the reduced ocean heat trans-
port at the southern boundary of the region around 46°N associated with the decreased northward North
Atlantic Current and the increased southward Labrador Current (Piecuch et al. (2017). In this analysis of
an ocean state estimate, changes in the horizontal currents are interpreted as a direct response to the anom-
alous local wind stress curl through the Sverdrup balance (Sverdrup, 1947). However, the above change in
the North Atlantic Current and the Labrador Current is near the western boundary of the Atlantic Ocean
and near a region with strong ocean currents and strong interactions between the deep flow of NADW
and the continental slope where it is known that the Sverdrup balance does not apply (e.g., Pedlosky,
2013; Wunsch & Roemmich, 1985; Yeager, 2015; Zhang & Vallis, 2007). A weaker AMOC can lead to
changes in the horizontal circulation, especially a reduction in the northward North Atlantic Current and
an increase in the southward Labrador Sea Current in an eddy-permitting CGCM (R. Zhang, Delworth,
et al., 2011). The changes in the horizontal currents are due to the bottom vortex stretching effect induced
by the interaction between the anomalous deep flow of NADW and the bathymetry over this region—an
anomalous case of the joint effect of baroclinicity and relief (JEBAR; Sarkisyan & Ivanov, 1971; Holland &
Hirschman, 1972; Myers et al., 1996). As a consequence, the AMOC variability can modulate the variability
of the horizontal gyre circulations in the North Atlantic (Kwon & Frankignoul, 2014; Zhang, 2008; R. Zhang,
Delworth, et al., 2011). Late-twentieth-century fluctuations in the strength of the intergyre gyre, at the
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Figure 6. The observed extratropical AMOC fingerprint, recent upper ocean temperature trend, and AMOC anomalies.
(a) The spatial pattern of the observed extratropical AMOC fingerprint updated from Zhang (2008), that is, the first
empirical orthogonal function (EOF1) of observed detrended subsurface ocean temperature anomalies (K) at 400 m in the
extratropical North Atlantic, derived from an objectively analyzed ocean temperature data set over the period 1955-2017
(Levitus et al., 2012). (b) Observed 0- to 700-m averaged temperature trend over 2005-2014 from Robson et al. (2016).
Reprinted by permission from Springer Customer Service Centre GmbH: Springer Nature, Nature Geoscience, A reversal
of climatic trends in the North Atlantic since 2005, Robson et al., Copyright 2016. The stippling shows where the trend
is statistically significant. (c) The 1.5-year low-pass-filtered AMOC anomaly (MOC) and components from the RAPID
program (MOC = UMO + FC + Ekman ~x—(UNADW + LNADW); UMO = upper mid-ocean transport; FC = Florida
Current; Ekman = direct wind-driven transport; UNADW and LNADW = deep mid-ocean transports at 1,100-3,000 m
and 3,000-5,000 m, respectively; positive means northward), from Frajka-Williams et al. (2016) under a CC BY 3.0 license.
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interface between the subtropical and subpolar regions of the North Atlantic, were almost entirely
buoyancy-driven in a realistic forced ocean model simulation decomposed into buoyancy- and
momentum-forced components (Yeager et al., 2015; Yeager & Danabasoglu, 2014). The recent spindown
of AMOC and associated subpolar cooling is associated with a predictable, buoyancy-forced weakening of
the subpolar gyre and associated heat transport due to the bottom vortex stretching effect that breaks the
wind-driven Sverdup balance in this region (Yeager et al., 2015).

3.2.3. Linkage Indicated by Other Indirect Observations of AMOC Components

Other indirect observations of overturning-related circulation components shed light on AMOC variabil-
ity prior to 2004. The North Brazil Current is a major pathway of the northward upper limb of the
AMOC in the tropical Atlantic. At multidecadal timescales, the geostrophic transport of the North
Brazil Current calculated from historical hydrographic data since 1950s is significantly correlated with
the observed Labrador Sea Water thickness but lags it by a few years and significantly correlated with
the observed AMV index at zero time lag (D. Zhang, Msadek, et al., 2011). Both the North Brazil
Current transport and AMV lag changes of the NADW formation at northern high latitudes by several
years due to the southward propagation of the AMOC signal (which will be discussed in section 3.2.5),
and thus, the North Brazil Current transport and AMV are positively correlated around zero time lag.
The SST pattern associated with low-frequency variations in the North Brazil Current resembles the
observed Atlantic dipole pattern associated with AMV and is consistent with that simulated in a
CGCM's control simulation, supporting the important role of AMOC in AMV and associated Atlantic
dipole SST pattern.

At basin scale, multidecadal changes in the AMOC and associated heat transport across midlatitudes—lead-
ing to steric changes of sea level—are inferred from the difference between sea level anomalies observed at
U.S. east coast tide gauges, south and north of Cape Hatteras. These changes are strongly linked to the
observed AMV, especially the warming shift in the subpolar North Atlantic in the 1990s (McCarthy
et al., 2015).

3.2.4. Linkage Indicated by Modeling Results

The linkage between multidecadal AMOC variability and AMV has been found in many unforced CGCM
control simulations (e.g., Ba et al., 2014; Brown et al., 2016; Danabasoglu et al., 2012; Delworth & Mann,
2000; Drews & Greatbatch, 2016, 2017; Keenlyside et al., 2016; Kim, Yeager, Chang, & Danabasoglu, 2018;
Knight et al., 2005; Latif et al., 2004, 2006; Park et al., 2016; Park & Latif, 2008; Roberts et al., 2013; Sun
etal., 2018; Wu et al., 2018; Yan et al., 2017, 2018) and forced historical simulations of the twentieth century
(e.g., Medhaug & Furevik, 2011; Zhang & Wang, 2013). The simulated correlation between the AMOC and
AMYV varies considerably among CGCMs (Ba et al., 2014; Keenlyside et al., 2016; Medhaug & Furevik, 2011;
Tandon & Kushner, 2015; Wu et al., 2018; Yan et al., 2018; Zhang & Wang, 2013). The linkages are more
diverse in forced historical simulations than in unforced control simulations due to the interference with
simulated response to external radiative forcing (Tandon & Kushner, 2015). The spread in the strength of
the AMOC-AMYV linkage in unforced control simulations is likely related to model biases, such as the under-
estimation of low-frequency AMOC variability in many CGCMs (Yan et al., 2018).

In many CGCMs, the anomalous Atlantic meridional heat transport induced by multidecadal AMOC varia-
bility plays a crucial role in the simulated linkage with AMV (e.g., Danabasoglu et al., 2012; Knight et al.,
2005; Wills et al., 2019; Zhang & Zhang, 2015). Similar results are also found in OGCM simulations forced
by atmospheric reanalysis data, with simulated AMV-related SST and upper ocean heat content anomalies
in the subpolar North Atlantic primarily induced by multidecadal AMOC variations, which are forced by the
anomalous surface buoyancy fluxes at northern high latitudes and propagate southward (Figures 7a and 7b;
e.g., Robson, Sutton, Lohmann, et al., 2012; Yeager & Danabasoglu, 2014). Such results indicate that the
simulated warming in the subpolar North Atlantic in the mid-1990s was directly forced by the enhanced
Atlantic meridional heat transport convergence associated with the enhanced AMOC strength
(Danabasoglu et al., 2016; Grist et al., 2010; Lohmann et al., 2009; Robson, Sutton, Lohmann, et al., 2012;
Yeager et al., 2012). In an OGCM simulation, over the subpolar North Atlantic region, the majority fraction
of the increased Atlantic meridional heat transport convergence is balanced by the enhanced ocean heat
content, and a relative small fraction is released to the atmosphere through the enhanced upward surface
heat flux (Robson, Sutton, Lohmann, et al., 2012). It is important to quantify this partitioning in future
observational studies.
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Figure 7. Simulated AMOC anomalies associated with changes in NADW and their southward propagation. (a, b) AMOC
variations induced by the anomalous buoyancy fluxes as a function of latitude and time in two different OGCMs forced
by atmospheric reanalysis data. The black (gray) circles in (b) denote the approximate origins of positive (negative)
AMOC anomalies at northern high latitudes. Panel (a) is adapted from Robson, Sutton, Lohmann, et al. (2012),

© Copyright 2012 AMS; (b) is adapted from Yeager and Danabasoglu (2014), © Copyright 2014 AMS. (c, d) Cross corre-
lations of the AMOC anomaly at 50°N with the AMOC anomalies (c) and Atlantic meridional heat transport (MHT)
anomalies (d) at different latitudes and time lags from a CGCM 1,000-year control simulation (anomalies are 10-year low-
pass filtered and positive time lags indicate the AMOC anomaly at 50°N leads), adapted from Zhang and Zhang (2015).

3.2.5. Southward Propagation of AMOC and AMYV Signal

Previous studies have suggested that AMOC anomalies have little or no simultaneous meridional coherence
across the North Atlantic (Bingham et al., 2007; Lozier, 2010, 2012; Lozier et al., 2010; Wunsch & Heimbach,
2013). The lack of simultaneous meridional coherence in low-frequency AMOC anomalies associated with
NADW formation is due to the existence of interior pathways of NADW at midlatitudes (Zhang, 2010), as
has been observed (Bower et al., 2009); low-frequency AMOC anomalies induced by changes in high-latitude
deep water formation thus propagate southward with a slow advection speed at midlatitudes and with a fast
coastal Kelvin wave speed at lower latitudes (Figure 7c). At low frequencies, Atlantic meridional heat trans-
port anomalies are closely correlated with AMOC anomalies induced by changes in high-latitude deep water
formation (Figure 7d); hence, their meridional convergences/divergences are stronger at midlatitudes
(which directly leads to the dipole upper ocean heat content anomaly) but much weaker at lower latitudes.
Other mechanisms are involved in linking low-frequency AMOC anomalies at northern high latitudes with
the tropical AMV signal (Zhang & Zhang, 2015).

Recent observational and modeling studies suggest that coupled air-sea feedbacks, such as the wind-eva-
poration-SST feedback, cloud feedback, or dust feedback, are essential for the propagation of the AMOC-
induced AMV SST signal from the subpolar to the tropical North Atlantic along the horseshoe pathway
(Figure 8a) and for amplifying the tropical AMV signal by modulating the net downward surface heat flux
(Bellomo et al., 2016; Brown et al., 2016; Smirnov & Vimont, 2012; Wang et al., 2012; Yuan et al., 2016).
In particular, the wind-evaporation-SST feedback involves the interaction between surface wind speed
and SST anomalies through anomalous evaporation and is characterized by a horseshoe-shaped pattern
for the propagated SST anomalies (e.g., Chang et al., 1997; Smirnov & Vimont, 2012; Xie & Philander,
1994). The warm midlatitude SST anomaly induces a cyclonic circulation over lower latitudes and weakens
the trade winds, leading to reduced dust emission over the Sahara and dust transport toward the tropical
Atlantic and reduced low cloud cover over the tropical North Atlantic (Figure 8a); both feedbacks
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Zzonal storm
track

Figure 8. Schematic diagrams for the air-sea feedbacks associated with a positive AMV. (a) The warm midlatitude SST
anomaly induces a cyclonic circulation over lower latitudes and weakens trade winds, which reduce dust emission

over the Sahara and dust transport toward the tropical Atlantic and reduce low cloud cover over the tropical North
Atlantic. Both feedbacks contribute to the warm tropical AMV signal from Yuan et al. (2016). (b) A positive AMV phase
associated with a stronger AMOC is characterized by a warm anomaly over the subpolar gyre and a cold anomaly over
the northern recirculation gyre north of the Gulf Stream, and the decreased meridional SST gradient leads to a

negative winter NAO response (i.e., weaker subtropical high and subpolar low over the North Atlantic) from

Sutton et al. (2018), © Copyright 2018 AMS.

contribute to the warm tropical AMV signal (Yuan et al., 2016). In CGCMs with relatively stronger low-
frequency AMOC variability, there is a significant positive correlation between AMOC strength and the
net downward surface heat flux over the tropical North Atlantic, which is consistent with the above
coupled air-sea feedbacks and indicates the indirect influence of AMOC on the tropical AMV SST signal
(Yan et al., 2018). Most CGCMs are still not capable of simulating these feedbacks and the associated
tropical AMV SST signal adequately (e.g., Martin et al., 2014; Yuan et al., 2016).

3.2.6. Role of Ocean-Atmosphere Coupling in Multidecadal AMOC Variability and Its
Relationship With AMV

One crucial question is: What is the role of ocean-atmosphere coupling in multidecadal AMOC variability
and the relationship between multidecadal AMOC variability and AMV? Modeling studies have not reached
a consensus on whether multidecadal AMOC variability associated with changes in NADW formation is a
dynamic ocean response to the atmospheric forcing (e.g., Danabasoglu, 2008; Delworth & Greatbatch,
2000; Dong & Sutton, 2005; Eden & Jung, 2001; Griffies & Tziperman, 1995; Mecking et al., 2014) or an
ocean-atmosphere coupled mode of variability (e.g., Timmermann et al., 1998; Vellinga & Wu, 2004;
Weaver & Valcke, 1998).

There is, however, a consensus that anomalous surface buoyancy fluxes over NADW formation sites are cri-
tical contributors to changes in NADW formation and associated multidecadal AMOC variability.
Numerous modeling results suggest that Labrador Sea deep water formation is sensitive to winter NAO-
induced anomalous surface heat flux. In these simulations, AMOC variability is dominated by changes in
the Labrador Sea deep water formation; thus, a positive winter NAO associated with stronger westerlies
can induce enhanced surface heat loss and stronger deep water formation over the Labrador Sea, leading
a positive phase in AMOC and associated AMV by about a decade (e.g., Danabasoglu et al., 2012;
Delworth et al., 2016, 2017; Delworth & Greatbatch, 2000; Delworth & Zeng, 2016; Eden & Jung, 2001;
Kwon & Frankignoul, 2012; Latif & Keenlyside, 2011; Medhaug et al., 2012; Ortega et al., 2017; Ottera
et al., 2010; Robson, Sutton, Lohmann, et al., 2012; Yeager & Danabasoglu, 2014). Meanwhile, both observa-
tional and modeling studies have shown that a positive AMV (associated with a stronger AMOC) can also
induce a negative winter NAO response in the atmosphere as illustrated in the schematic diagram
Figure 8b (to be discussed in detail in section 4.3), which will weaken the Labrador Sea deep water formation
and associated AMOC strength. Hence, there might be important coupled interactions between the NAO,

ZHANG ET AL.

17



nnnnnnnnnnnnnn
'AND SPACE SCiENCE

Reviews of Geophysics 10.1029/2019RG000644

AMOC, and AMV (e.g., Grossmann & Klotzbach, 2009; Farneti & Vallis, 2011; J. Li, Sun, & Jin, 2017; Sutton
et al., 2018; Sun et al., 2018).

In reality, multidecadal AMOC variability may also be affected by changes in the Nordic Seas deep water for-
mation and associated overflow transport variability, which is not well represented in standard CGCMs, and
may not necessarily be dominated by changes in the Labrador Sea deep water formation alone (e.g., Baetal.,
2014; Hawkins & Sutton, 2007; Lohmann et al., 2014; Lozier et al., 2019; Pickart & Spall, 2007; Smeed et al.,
2014, 2018). The influence of the winter NAO on deep water formation in the Nordic Seas is opposite to that
in the Labrador Sea because the former is favored by cold and dry air masses during negative winter NAO
associated with fewer storms, while the latter is favored by positive winter NAO associated with more storms
(e.g., Dickson et al., 1996; Drinkwater et al., 2014; Grossmann & Klotzbach, 2009; Marsh, 2000; Medhaug
et al., 2012). The Nordic Seas overflows are governed by the density difference between the Nordic Seas
source waters and the ambient interior waters on the Atlantic side of the Greenland-Iceland-Scotland ridge,
and an explicit Nordic Seas overflow parameterization based on this density difference has been implemen-
ted in a widely used CGCM (Danabasoglu et al., 2010). In the CGCM simulation with parameterized over-
flows, although the Nordic Seas source water density leads the AMOC by a few years, its variability is too
weak and the density difference is dominated by that of the ambient interior waters on the Atlantic side
of the Greenland-Iceland-Scotland ridge, which lags the AMOC by several years. Hence, the simulated
Nordic Seas overflow product water also lags the AMOC by several years (Danabasoglu et al., 2012). Only
when the low-frequency variability of the Nordic Seas source water density is much stronger than that of
the ambient interior water density on the Atlantic side of the Greenland-Iceland-Scotland ridge, it is possible
for the Nordic Seas overflows to lead the AMOC.

Both observational and modeling studies suggest that NADW formation and AMOC strength can also be
affected by anomalous freshwater/sea ice exported from the polar region into the North Atlantic (e.g.,
Delworth et al., 1997; Dima & Lohmann, 2007; Frankcombe et al., 2010; Frankcombe & Dijkstra, 2011;
Grossmann & Klotzbach, 2009; Hawkins & Sutton, 2007; Hodson et al., 2014; Holland et al., 2001; Ionita
et al., 2016; Jungclaus et al., 2005; Oka et al., 2006; Ortega et al., 2017; Yang & Neelin, 1993, 1997; Zhang
& Vallis, 2006), as occurred during the observed Great Salinity Anomaly events (Belkin et al., 1998;
Dickson et al., 1988, 1996). The AMOC and associated AMV could also affect the Arctic freshwater export
through their impacts on the oceanic/atmospheric circulation changing the Arctic salinity and Fram
Strait freshwater/sea ice export, and this coupled Arctic-North Atlantic interaction might also be an impor-
tant driver for multidecadal AMOC variability (e.g., Dima & Lohmann, 2007; Frankcombe et al., 2010;
Frankcombe & Dijkstra, 2011; Jungclaus et al., 2005).

3.2.7. Relationship With Observed Key Elements of AMV

The simulated linkage between multidecadal AMOC variability and AMV is consistent with all observed key
elements of AMV reviewed in section 2. For example, over the entire Atlantic, the observed dipole SST pat-
tern associated with AMV is similar to the simulated AMOC-induced dipole patterns in SST and surface air
temperature at multidecadal timescales in the control simulations of CGCMs (e.g., Park & Latif, 2008;
Roberts et al., 2013). This dipole SST pattern also resembles that following an abrupt change in the
AMOC and associated Atlantic meridional heat transport in CGCMs (e.g., Dahl et al., 2005; Dong &
Sutton, 2002, 2007; LeGrande et al., 2006; Stouffer et al., 2006; Timmermann et al., 2007; Vellinga &
Wood, 2002; Zhang & Delworth, 2005). Over the North Atlantic, the observed high spatial coherence of
the SST pattern associated with AMYV also exists in CGCMs' control simulations showing a relatively strong
linkage between the AMOC and AMV (e.g., Sun et al., 2018). The observed relatively strong subpolar AMV
SST signal is consistent with direct forcing by multidecadal AMOC variability and associated anomalous
meridional heat transport convergence (e.g., Danabasoglu et al., 2016; Grist et al., 2010; Robson, Sutton,
Lohmann, et al., 2012; Yeager et al., 2012; Zhang & Zhang, 2015); the observed relatively weak, lagged tro-
pical AMV SST signal is consistent with the southward propagation of AMV SST signal from the extratropics
into the tropics along the horseshoe pathway through coupled air-sea feedbacks, such as wind-evaporation-
SST feedback, cloud feedback, or dust feedback (e.g., Bellomo et al., 2016; Brown et al., 2016; Smirnov &
Vimont, 2012; Wang et al., 2012; Yuan et al., 2016).

The observed coherence between AMV and multidecadal upward surface turbulent heat flux variations over
the midlatitude North Atlantic Ocean (Gulev et al., 2013) is consistent with that found in many CGCMs' con-
trol simulations and can be explained by invoking a role for ocean dynamics, especially the anomalous ocean
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Figure 9. Multimodel ensemble mean correlation maps between the AMOC index at 26°N and the North Atlantic SST, SSS, 0- to 700-m upper ocean heat content
(UOHC), 0- to 700-m upper ocean salt content (UOSC), and net downward surface heat flux (Fsgc) in control simulations of Coupled Model Intercomparison

Project Phase 5 (CMIP5) CGCMs with relatively stronger (upper panels) and weaker (lower panels) low-frequency AMOC variability from Yan et al. (2018). All
variables are 10-year low-pass filtered.

heat transport convergence induced by multidecadal AMOC variability (Drews & Greatbatch, 2016, 2017;
O'Reilly et al., 2016; Yan et al., 2018; Zhang, 2017; Zhang et al., 2016). The observed coherence among
subpolar North Atlantic SST, SSS, and upper ocean heat and salt content anomalies at low frequencies,
which is closely linked to the observed extratropical AMOC fingerprint, is also found in many modeling
studies, and these simulated coherent variations are attributable to multidecadal AMOC variability (e.g.,
Robson et al., 2016; Robson, Sutton, Lohmann, et al., 2012; Yan et al., 2018; Yeager & Danabasoglu, 2014;
Zhang, 2008, 2017). The correlation between the AMOC and AMV-related subpolar signal in SST, SSS,
upper ocean heat and salt content, and net downward surface heat flux is much stronger (weaker) in
CGCMs with relatively stronger (weaker) low-frequency AMOC variability (Figure 9). However, most
CGCMs underestimate the amplitude of low-frequency AMOC variability, leading to underestimation of
the linkage/correlation between the AMOC and AMV as well (Yan et al., 2018).

Observed AMV-related anticorrelated multidecadal variations between upper and deep subpolar North
Atlantic temperature have been linked to multidecadal AMOC variability in an OGCM hindcast forced
with atmospheric reanalysis data and in a CGCM control simulation (Kim, Yeager, & Danabasoglu,
2018). The observed anticorrelation between multidecadal tropical North Atlantic surface and subsurface
temperature variations associated with AMV resembles the response to AMOC changes simulated in
CGCMs (Chiang et al., 2008; Zhang, 2007) and recorded in paleo proxies (Parker et al., 2015;
Schmidt et al., 2012; Wurtzel et al., 2013). The anticorrelation is also present in many CGCMs and is
linked to multidecadal AMOC variability (Wang & Zhang, 2013). The decadal persistence in the auto-
correlations of the observed subpolar North Atlantic SST and SSS variations and the corresponding
enhanced power at low frequencies in their spectra (i.e., higher than that expected from a red noise pro-
cess) is also manifested in a CGCM that exhibits enhanced low-frequency power in AMOC variability
(Zhang, 2017).

3.2.8. Relationship Between AMOC, AMV, and Atlantic Decadal Predictability and Prediction
Decadal predictability and prediction studies are powerful tools for understanding the mechanisms of the
observed AMV, and they support the close linkage between AMV and multidecadal AMOC variability.
Many recent studies have demonstrated that multidecadal AMOC variability is a significant source for the
enhanced decadal predictability and prediction skills of AMV signal (e.g., Hermanson et al., 2014; Matei
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Figure 10. Results from decadal prediction experiments. (a, b) The latitude-time evolution of AMOC anomalies (Sv) for the hindcasts starting in 1994 from the U.K.
Met Office's Decadal Prediction System (DePreSys) hindcast initialized with observed ocean states (a) and from the NoAssim hindcast with changes in external
radiative forcings but no initialization in ocean states (b), adapted from Robson, Sutton, and Smith (2012). Black contours: significant anomalies with p < 0.05
(dashed) and p < 0.01(dotted). (c, d) Atlantic meridional heat transport anomalies across 50°N (c) and SST anomalies in central subpolar gyre (SPG; d) from the
National Center for Atmospheric Research (NCAR) decadal prediction (DP) experiments with initialized ocean states, adapted from Yeager et al. (2015). Orange
line: ensemble mean; shading: spread; blue dotted line: observation; black lines: OGCM simulation forced by atmospheric reanalysis data (CORE); purple
dashed lines: ensemble mean of uninitialized twentieth-century historical simulations (20C) using the same CGCM as DP. (e, ) Pattern of the most predictable
component in SST internal residuals (differences between initialized predictions and uninitialized historical simulations) from the Geophysical Fluid Dynamics
Laboratory (GFDL) experiments (e) and predicted SST over the subpolar North Atlantic (green box in e) with initializations every 10 years from 1965 (f), adapted
from Yang et al. (2013), © Copyright 2013 AMS. Black line: ensemble mean; gray shading: spread; red lines: observations from ERSST; blue lines: uninitialized
historical simulations using the same CGCM.

et al., 2012; Msadek et al., 2014; Robson, Sutton, & Smith, 2012, 2014; Trenary & DelSole, 2016; Yan et al.,
2018; Yang et al., 2013; Yeager et al., 2012, 2015, 2018; Yeager & Robson, 2017; Zhang, 2017; Zhang &
Zhang, 2015). In particular, recent CGCM decadal prediction experiments using observationally based
ocean initial conditions exhibit a positive AMOC anomaly at northern high latitudes in the mid-1990s
(Figure 10a), whereas uninitialized hindcasts including changes in external radiative forcings do not have
this positive AMOC anomaly (Figure 10b). As a result, initialized experiments simulated an increase in
the Atlantic meridional heat transport into the subpolar region (Figure 10c) and successfully predicted the
observed decadal warming shift in the subpolar North Atlantic (Figures 10d-10f), whereas uninitialized
hindcasts cannot predict the observed positive AMV shift (Figures 10d and 10f; e.g., Robson, Sutton, &
Smith, 2012; Yeager et al., 2012, 2015, 2018; Matei et al., 2012; Yang et al., 2013; Hermanson et al., 2014;
Msadek et al., 2014). Similarly, initializing a negative anomaly in the AMOC and associated Atlantic
meridional heat transport at northern high latitudes leads to a successful prediction of the observed
decadal cooling shift in the subpolar North Atlantic in the 1960s (Robson, Sutton, & Smith, 2014) and
over the last decade (Hermanson et al., 2014; Yeager et al., 2015).
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The southward propagation of AMOC anomalies from NADW formation sites at northern high latitudes to
the subtropics with a slow advection speed (Figure 7c) is crucial for inducing the anomalous Atlantic mer-
idional heat transport convergence and the associated enhanced decadal predictability of the temperature
signal in the subpolar North Atlantic (Zhang & Zhang, 2015). In experiments that prohibit the southward
propagation of AMOC anomalies, there is no predictable temperature signal in the subpolar North
Atlantic. The subpolar North Atlantic is a critical region for driving the predictability of the tropical AMV
signal through the coupled air-sea feedbacks (Dunstone et al., 2011). The Atlantic decadal predictability is
much higher in CGCMs with relatively stronger low-frequency AMOC variability, providing further evi-
dence for the critical role of AMOC in AMV and associated Atlantic decadal predictability (e.g., Collins
et al., 2006; Griffies & Bryan, 1997a, 1997b; Yan et al., 2018).

The enhanced Atlantic decadal prediction skill in the above-mentioned decadal prediction experiments is
achieved primarily by initializing AMOC anomalies instead of predicting AMOC anomalies at northern high
latitudes. In principle, multidecadal AMOC anomalies themselves should be predictable at the decadal time-
scale due to their long persistence and lagged response to the surface heat and freshwater buoyancy flux for-
cing affecting NADW formation. In many CGCM control simulations, the AMOC indeed exhibits enhanced
decadal potential predictability, which is sensitive to the amplitudes of simulated multidecadal AMOC varia-
bility in individual models and the initial oceanic conditions (e.g., Branstator & Teng, 2014; Collins et al.,
2006; Griffies & Bryan, 1997a, 1997b; Hawkins & Sutton, 2008; Hermanson & Sutton, 2010; Msadek et al.,
2010; Persechino et al., 2013; Pohlmann et al., 2004; Teng et al., 2011). However, it is challenging for current
climate models to simulate realistic multidecadal AMOC variability and its linkages with surface heat and
freshwater buoyancy flux forcing. An improved understanding and modeling of the linkages between
AMOC and surface heat and freshwater buoyancy fluxes over NADW formation sites is important to
advance the prediction of AMOC, AMV, and associated climate impacts in the real climate system at rela-
tively longer lead times.

3.3. Summary

There is strong observational and modeling evidence that multidecadal AMOC variability is a key driver for
observed AMYV, consistent with all observed key elements of AMV reviewed in section 2 and that it is an
important source for the enhanced decadal predictability and prediction skills of AMV. It is crucial to use
multivariate metrics to understand the observed AMV, and the mechanisms proposed for AMV should be
able to account for all observed key elements of AMV. The hypothesis that changes in external radiative for-
cing or stochastic atmospheric forcing is a prime driver of AMV disagrees with many observed key elements
of AMV reviewed in section 2 and is inconsistent with hindcast experiments with and without ocean state
initialization (section 3.2.8). Multidecadal variability in the AMOC and associated Atlantic meridional heat
transport have leading order contributions for the subpolar North Atlantic SST and upper ocean heat con-
tent anomalies at low frequencies and should not be neglected in any mathematical representations of the
system. A mechanism that invokes multidecadal AMOC variability as a critical driver of the observed
AMV does not mean that only ocean dynamics is involved, as it includes coupled air-sea feedbacks in
response to the AMOC-induced changes in subpolar North Atlantic, which are very important for the pro-
pagation of AMV SST signal from the subpolar to the tropical North Atlantic along the horseshoe pathway.

4. Climate Impacts of Multidecadal AMOC Variability and AMV

This section reviews observational and modeling studies of the impacts of multidecadal AMOC variability
and AMV on various regional- and hemispheric-scale climate phenomena with important societal and eco-
nomic implications. Not all studies draw a direct connection between multidecadal AMOC variability and
the specific climate impacts, for example, AMOC variability is explicitly simulated in CGCMs but not in
uncoupled AGCMs. However, the synthesis of related studies with a wide range of different approaches
on a particular climate phenomenon offers a compelling body of evidence for the role of multidecadal
AMOOC variability in AMV-related climate impacts.

4.1. Impact on ITCZ and Related Phenomena

The ITCZ is a band of converging trade winds and rising air that produces intense rainfall in the tropics.
Statistical analyses of observational and reanalysis data sets suggest that AMV is correlated with
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multidecadal fluctuations of ITCZ position and Sahel summer rainfall (Folland et al., 1986; Martin &
Thorncroft, 2014a; Ward, 1998), rainy season (March to May) rainfall over northeast Brazil (Folland et al.,
2001), and Atlantic major hurricane frequency (Goldenberg et al., 2001; Gray, 1990; Klotzbach et al., 2015;
Klotzbach & Gray, 2008; Landsea, 2005; Landsea et al., 1999) during the twentieth century. AMV is anticor-
related with multidecadal variability of hurricane season vertical wind shear over the Atlantic hurricane
main development region (MDR; Gray, 1990; Landsea et al., 1999; Goldenberg et al., 2001; Wang et al.,
2006; Nigam & Guan, 2011). Strong (weak) vertical wind shear can suppress (enhance) the axisymmetric
organization of deep convection and thus the formation and intensification of Atlantic hurricanes (Gray,
1968) during a negative (positive) AMV phase. As discussed below, the multidecadal variability of hurricane
season vertical wind shear over the MDR is closely linked to the AMV-related ITCZ shifts.

These observational analyses are supported by modeling studies. For example, in the extended control simu-
lation of a CGCM (Knight et al., 2006), AMV is correlated with multidecadal variations of wet season ITCZ
position, Sahel and North East Brazilian rainfall, and anticorrelated with multidecadal variations of hurri-
cane season vertical wind shear over the Atlantic hurricane MDR, consistent with observational analyses.
The causal linkage between AMV and multidecadal ITCZ shifts and related phenomena is shown in a hybrid
CGCM, in which the prescribed positive AMV phase is associated with an implied increase of the Atlantic
meridional heat transport across the equator induced by AMOC strengthening and a reduced atmospheric
meridional heat transport across the equator in compensation (Zhang & Delworth, 2006). The prescribed
positive AMV phase leads to an anomalous anticlockwise Hadley circulation (i.e., the meridional atmo-
spheric circulation in the tropics), a northward shift of the ITCZ, enhanced summer monsoon rainfall over
the Sahel and India (Figures 11a and 11b), and reduced hurricane season vertical wind shear over the MDR
for Atlantic hurricanes. The simulated response has a comparable amplitude to observations. These results
are consistent with another CGCM simulation of the compensation between anomalous ocean and atmo-
sphere meridional heat transport across the equator and associated change in the Hadley
circulation/ITCZ shift induced by an abrupt AMOC change (Zhang & Delworth, 2005). These results are also
supported by idealized modeling studies of the ITCZ response to interhemispheric asymmetric thermal for-
cing associated with implied changes in the meridional ocean heat transport (Broccoli et al., 2006; Kang
et al., 2008) and more recent observational and modeling studies linking the asymmetric mean ITCZ loca-
tion to the AMOC and associated ocean heat transport (Frierson et al., 2013; Marshall et al., 2014). AMV
explains a significant portion of multidecadal variability in global Hadley circulation, ITCZ position, and
interhemispheric tropospheric temperature contrast in observations (Green et al., 2017), consistent with
modeling results of an essential role of the AMOC, AMYV, and associated ocean heat transport in modulating
multidecadal ITCZ migrations.

The linkage between AMV and multidecadal fluctuations of ITCZ position and Sahel summer monsoon
rainfall is also found in AGCM experiments forced by prescribed SST anomalies associated with the observed
AMV pattern (i.e., AGCM-AMYV experiments; Mohino et al., 2011), in the internal variability component of
CGCM simulations with varying external forcings (Han et al., 2016; Ting et al., 2011, 2014), and in CGCM
simulations with the North Atlantic SST restored to the estimated internal component of the observed
AMV pattern (i.e., CGCM-AMYV experiments; Figures 11c and 11d; Ruprich-Robert et al., 2017). The decadal
prediction skill of Sahel rainfall depends crucially on the simulated AMV and associated linkage with the
Sahel rainfall (Gaetani & Mohino, 2013; Garcia-Serrano et al., 2015; Martin & Thorncroft, 2014b; Mohino
et al., 2016; Monerie et al., 2018; Mueller et al., 2014; Sheen et al., 2017; Yeager et al., 2018). Initializing a
weaker AMOC is crucial for predicting the cooling in the subpolar AMV signal and associated southward
shift of the ITCZ in the 1960s (Robson, Sutton, Lohmann, et al., 2012) and vice versa in the 1990s
(Msadek et al., 2014; Robson et al., 2013; Robson, Sutton, & Smith, 2012). The AMV-induced multidecadal
variability in the ITCZ position and Sahel rainfall is also reflected in the observed SSS variability over the
tropical North Atlantic, which is anticorrelated with the observed Sahel rainfall at multidecadal timescales
(Friedman et al., 2017).

The observed AMV SST signal is identified as the primary driver for the anticorrelated multidecadal varia-
tions in hurricane season vertical wind shear over the Atlantic hurricane MDR in AGCM-AMYV experiments
(Latif et al., 2007; Sutton & Hodson, 2007; Wang et al., 2008a). This mechanism/relationship has been attrib-
uted mostly to internal variability associated with Atlantic meridional heat transport variations rather than
changes in external radiative forcing, using combined observational and modeling analyses (Zhang &
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Figure 11. Summer (JJAS) precipitation anomalies associated with AMV. (a, b) Observed (OBS) and modeled regression
of 10-year low-pass-filtered summer precipitation on the standardized AMV index, normalized by the standard
deviation of the first principal component of 10-year low-pass-filtered summer precipitation anomalies over the region,
respectively, adapted from Zhang and Delworth (2006). (c, d) Simulated summer precipitation response to the prescribed
AMV-like forcing in two CGCMs, Geophysical Fluid Dynamics Laboratory (GFDL) CM2.1 and National Center for
Atmospheric Research (NCAR) CESM1, and stippled regions are below the 95% significant level, adapted from
Ruprich-Robert et al. (2017), © Copyright 2017 AMS.

Delworth, 2009). The subpolar North Atlantic variability is critical for the multiyear predictability and
prediction of the hurricane season vertical wind shear over the Atlantic hurricane MDR and associated
tropical storm frequency (Dunstone et al., 2011; Smith et al., 2010). Initialized decadal prediction
experiments also predicted a reduction of Atlantic tropical storms over the most recent decade due to
reduced AMOC and associated ocean heat transport convergence (Hermanson et al., 2014).

Based on some CGCM historical simulations with aerosol indirect effects included as discussed in section 3.1
, changes in anthropogenic sulfate aerosols have been proposed as the prime driver for anticorrelated
changes in AMV and associated Atlantic tropical cyclone frequency (Booth et al., 2012; Dunstone et al.,
2013). However, as discussed earlier, the simulated aerosol indirect effects might be overestimated, and this
mechanism is inconsistent with many observations (Figure 4; Zhang et al., 2013). The observed decline of the
Atlantic major hurricane frequency over the period 2005-2015 (Figures 12a and 12b) is associated with the
directly observed AMOC weakening rather than the observed modest decrease in anthropogenic sulfate
aerosols over the North Atlantic over this period (Yan et al., 2017). These results, from both observations
and a CGCM control simulation with improved AMOC structure, reveal an essential role of the inferred
AMOC variability in AMV, multidecadal variability of hurricane season vertical wind shear over the
Atlantic hurricane MDR (Figures 12c and 12d), and associated Atlantic major hurricane frequency. There
is an increase in the hurricane season vertical wind shear over the Atlantic hurricane MDR when the
AMOC declines (Figures 12c and 12d), favoring the reduction of the Atlantic major hurricane frequency,
consistent with earlier modeling studies showing that AMV leads to anticorrelated changes in the

ZHANG ET AL.

23



Ar |

"IV . .
100 Reviews of Geophysics 10.1029/2019RG000644
(a) Major hurricane density (2001—-2005) (b) Major hurricane density (2011-2015)
- < -
40N — = 40N — =
= 30N - z £ 30N
@ 3 @
= - = —3
2 o~ E
S 20N — TR S 20N -
= 8 2 naf™ 2 Category 3+ - Category 3+
-1 o 1 = 1
oy -2 m 2
10N — m 3 10N — m 3
T T T T T T T T T T T T T T T T T 1
100w 80W 60w 40W 20w (o] 100W 80w 60W 40w 20W [}
Longitude (%) Lonaitude (%)
(C) Observed trend regression of (d) GFDL ESM2G simulated 11-year trend regression of
inverted vertical wind shear on AMOC inverted vertical wind shear on AMOC
35N 35N
30N | g 30N
T ey < 25N -
§ N :qgj 20N
= 20N =
8 3
15N - 15N
10N - 10N
5N T T T T T 1 T T SN —
80W 60W 40W 20W 80W 60W
Longitude () met sy Longitude (°) ms! sv-!
RN [T T 1 [ [ Y
-1 -08 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1 -05 -04 -03 -02 -0.1 0 0.1 0.2 0.3 0.4 0.5
(e) Wind Shear, NoNAT (f) Wind Shear, NoTROPAT
45N A 45N
[¢] o]
'vvooooxs°°
135w oow 45W o} 135W Q0w 45W o]
—0.9 —0.6 —0.3 (e} 0.3 0.6 O.9

Figure 12. Atlantic major hurricane frequency and the linkage with AMOC through the hurricane season (JJASON) vertical wind shear over the Atlantic hurricane
Main Development Region (MDR). (a, b) Observed Atlantic major hurricane track density maps (i.e., total number of major hurricanes that occurred at each
grid box for the periods 2001-2005 and 2011-2015, respectively. (c, d) Observed and modeled 11-year trends of inverted hurricane season vertical shear of zonal
wind (m/s) regressed on the corresponding 11-year trends of AMOC index at 26°N (Sv). The observed AMOC index at 26°N is reconstructed from the
extratropical AMOC fingerprint. The modeled results are from the control simulation of a CGCM—Geophysical Fluid Dynamics Laboratory (GFDL) ESM 2G. The
regressions are derived from all available 11-year segments sampled from the observation and the control simulation respectively. Positive values represent an
increase in hurricane season vertical wind shear when AMOC declines. (e, f) Predictability skill for hurricane season vertical shear of zonal wind at years 2 to 6 for
experiments with ocean assimilation removed from the extratropical North Atlantic (NONAT, e) or from the tropical Atlantic (NoTROPAT, f), stippled regions
have correlations significant at the 95% level. The blue boxes in (c-f) denote the Atlantic hurricane MDR. (a-d) are adapted from Yan et al. (2017) under a CC BY 4.0
license and (e, f) are adapted from Dunstone et al. (2011).

hurricane season vertical wind shear over the MDR (e.g., Latif et al., 2007; Sutton & Hodson, 2007; Wang
et al., 2008a; Zhang & Delworth, 2006). The suggested remote influence of the AMOC-induced subpolar
North Atlantic variability on the hurricane season MDR vertical wind shear at multidecadal timescales
(Yan et al., 2017) is consistent with previous decadal predictability and prediction studies (Dunstone et al.,
2011; Hermanson et al., 2014; Smith et al., 2010). The multiyear predictability skill of hurricane season
vertical wind shear over the MDR is lost when ocean is not initialized in the extratropical North Atlantic
(Figure 12e) but remains when ocean is initialized in the extratropical North Atlantic but not in the
tropical Atlantic (Figure 12f). This result indicates the importance of initializing subpolar ocean states,
and the tropical vertical wind shear response to subpolar ocean states is closely related to the responses in
Hadley circulation and ITCZ position (Dunstone et al., 2011).

4.2. Impact on Pacific Climate Variability

Many observational and modeling studies indicate that AMV may have substantial impacts on climate varia-
bility in the Pacific, where the Pacific Decadal Oscillation (PDO) or Pacific Decadal Variability (PDV) is the
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Figure 13. Observed and simulated PDV and AMYV indices and the schematic diagram of the impact of AMV on PDV, adapted from Zhang and Delworth (2007).
(a) Observed PDV index, a positive phase corresponds to warm anomalies over the western and central North Pacific. (b) Modeled PDV index in response

to the prescribed AMV-like forcing. PDV indices in (a, b) are 10-year low-pass filtered. (c) Modeled AMV index induced by the prescribed AMV-like forcing.

(d) Schematic diagram: a positive AMV phase leads to a weakening in midlatitude winter storm track and Aleutian low and associated Pacific/North

America (PNA) pattern (1) and thus warming over the western North Pacific through the westward oceanic Rossby wave propagation (2), which leads to even
stronger SLP anomalies and PNA pattern and the coupled air-sea interaction over the North Pacific provides a positive feedback (3).

leading mode of the North Pacific SST variability (Deser et al., 2012; Mantua et al., 1997). Observational
statistical analyses suggest that the multidecadal component of PDV lags AMV by a decade and the lagged
relationship provides a potential for the prediction of future PDV changes (Chylek, Dubey, et al., 2014;
d'Orgeville & Peltier, 2007; S. Wu, Liu, et al., 2011; Zhang & Delworth, 2007), though these results are
limited by short observational records. Here the sign of the PDV index is chosen so that a positive PDV
phase corresponds to an anomalous warming over the western and central North Pacific (d'Orgeville &
Peltier, 2007; Zhang & Delworth, 2007). Observational statistical analyses also indicate that at
multidecadal timescales PDV leads the negative AMV by ~17 years (d'Orgeville & Peltier, 2007). However,
when the externally forced signal is removed, the correlation when PDV leads the negative AMV becomes
much weaker and thus is not robust, whereas the correlation when AMV leads PDV remains unaffected
(Frankignoul et al., 2017; Marini & Frankignoul, 2014).

The causal linkage between AMV and PDV is simulated in a hybrid CGCM with prescribed AMV-related
surface heat flux anomalies associated with implied changes in the Atlantic meridional heat transport and
AMOC, whereby AMV contributes to the multidecadal component of PDV (with AMV leading PDV by sev-
eral years, Figures 13a-13c) and the associated Pacific/North America pattern (Zhang & Delworth, 2007).
The positive (negative) AMV phase associated with the enhanced (reduced) Atlantic meridional heat trans-
port leads to a weakening (strengthening) in the atmospheric meridional eddy heat transport, midlatitude
winter storm track, and Aleutian low and thus leads to the warming (cooling) over the western North
Pacific through westward oceanic Rossby wave propagation, which further weakens the Aleutian low
(Figure 13d). Hence, AMV provides a source of multidecadal variability to the Pacific through atmospheric
teleconnections amplified by the ocean dynamics and coupled air-sea feedbacks in the North Pacific
(Figure 13d; Zhang & Delworth, 2007). This teleconnected impact of AMV is seen in recent multimodel
CGCM-AMV experiments (e.g., Ruprich-Robert et al., 2017) and is consistent with the simulated impact
of AMOC weakening on the cooling over the western and central North Pacific through the extratropical
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atmospheric bridge in CGCMs (e.g., Wu et al., 2008; Zhang & Delworth, 2005; Zhang & Zhao, 2015). In addi-
tion to the above extratropical pathway for the impact of AMV on PDV, a tropical pathway for this telecon-
nected impact has also been proposed, which will be discussed later in this section. The relative
contributions of the two different pathways are likely sensitive to the details of model and forcing structure.

AMYV also has significant impacts on the tropical Pacific variability. In CGCM-AMYV experiments, the posi-
tive AMV phase leads to stronger trade winds and Walker circulation (i.e., the zonal atmospheric circulation
in the tropics) and La Nifia-like cooling over the eastern tropical Pacific (Dong et al., 2006; Kucharski et al.,
2016; Ruprich-Robert et al., 2017), similar to the changes induced by a weakening of the AMOC in CGCMs
but with an opposite sign (e.g., Dong & Sutton, 2002; Zhang & Delworth, 2005). The AMV-induced anoma-
lous atmospheric circulation over the tropical Pacific is also found in AGCM-AMYV experiments (Sutton &
Hodson, 2007). Initializing ocean states in the North Atlantic plays a vital role in predicting the positive
AMV phase and associated response in the Pacific, that is, the La Nifia-like SST pattern observed in the equa-
torial Pacific, during the late 1990s (Chikamoto et al., 2012). The teleconnection is also consistents with
simulated enhanced trade wind and surface cooling over the central and eastern equatorial Pacific forced
by the specified observed surface warming over the tropical North Atlantic in recent decades (Li et al.,
2016; McGregor et al., 2014). The tropical AMV signal is important for generating the out-of-phase SST
response in the central tropical Pacific in a CGCM forced by the idealized tropical AMV signal
(Zanchettin et al., 2016), whereas the subpolar AMV signal plays an essential role in triggering the tropical
AMYV signal and the subsequent teleconnection between the tropical Atlantic and Pacific in observations
(Chafik et al., 2016). The strengthened Walker circulation and La Nifa-like condition over the equatorial
Pacific induced by the positive AMV phase can further lead to an increase in the vertical wind shear and
a reduction of the tropical cyclone frequency over the western North Pacific (Zhang et al., 2018), as well
as a northward shift in the Pacific ITCZ (Levine et al., 2018).

AMYV further influences the North Pacific through the tropical pathway. For example, in an AGCM-AMV
experiment, descending motion over the central tropical Pacific induced by the positive AMV phase can
excite a Rossby wave train that extends into the extratropics, weakening the Aleutian low and enhancing
the subtropical high over the eastern North Pacific in winter (Lyu et al., 2017). In CGCM-AMYV experiments,
the AMV-induced response in both the tropical and North Pacific (e.g., anomalous SST over the central tro-
pical Pacific and the Pacific/North America pattern revealed by anomalous 500-mb geopotential height over
the North Pacific) is mainly due to the tropical AMYV forcing (Figures 14a-14d); the North Pacific response is
relayed and amplified by the tropical Pacific response through the Rossby wave propagation into the North
Pacific (Figures 14a and 14b; Ruprich-Robert et al., 2017).

The above tropical pathway for the teleconnection between the North Atlantic and the North Pacific (Lyu
et al., 2017; Ruprich-Robert et al., 2017) is consistent with the response induced by the tropical North
Atlantic surface cooling associated with AMOC weakening in previous studies (Okumura et al., 2009;
Zhang & Zhao, 2015). In CGCM experiments forced by a multimodel SST cold bias (related to weak
AMOC bias) in either the extratropical North Atlantic or the tropical North Atlantic, there is a cooling
response over the western and central North Pacific (Figures 14e and 14g) and associated anomalous 500-
mb geopotential height response over the North Pacific (Pacific/North America pattern, Figures 14f and
14h). This result suggests that both the extratropical and tropical pathways for the teleconnection between
the North Atlantic and the North Pacific are possible (Figures 14e-14h; Zhang & Zhao, 2015). On the other
hand, the simulated impact of the AMOC weakening on the North Pacific (i.e., the strengthening of the
Aleutian low and midlatitude westerlies and surface cooling over the northwestern Pacific) in a CGCM
almost disappears when the air-sea coupling over the extratropical North Atlantic is disabled but it is mostly
unaffected when the air-sea coupling over the tropical North Atlantic is disabled (Wu et al., 2008). That is,
the extratropical pathway dominates the teleconnection. Hence, the relative contribution of the two differ-
ent pathways for the North Atlantic and North Pacific teleconnection might be sensitive to the different
models and the detailed structure of the Atlantic forcing used in various experiments.

Similar spatiotemporal features of a global scale multidecadal climate mode appear in both observations and
a CGCM control simulation (Barcikowska et al., 2017). The center of action of this multidecadal climate
mode is over the Atlantic and resembles AMV. A positive AMV phase is teleconnected with warming over
the western tropical Pacific and North Pacific through both extratropical and tropical pathways, as also
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Figure 14. Simulated surface temperature and geopotential height response over the Pacific to the prescribed Atlantic for-
cing. (a-d) Simulated winter (DJFM) response in surface air temperature (a, c), 500-mb geopotential height (shading) and
200-mb streamfunction (SF, contour; b, d) to the prescribed tropical (a, b) or subpolar (c, d) component of AMV-like
forcing (positive minus negative) in a CGCM—National Center for Atmospheric Research (NCAR) CESML1. Stippled
regions are below the 95% significant level, adapted from Ruprich-Robert et al. (2017), © Copyright 2017 AMS. (e-h)
Simulated response in SST (e, g) and 500-mb geopotential height (f, h) to the prescribed tropical (e, f) or extratropical (g, h)
SST forcing (associated with an AMOC weakening) in the same CGCM (NCAR CESM1), adapted from Zhang and Zhao
(2015).

simulated in an AGCM-AMYV experiment (Sun et al., 2017). This multidecadal climate mode is closely linked
to multidecadal AMOC variability and associated tropical AMOC fingerprint (i.e., the anticorrelation
between multidecadal tropical North Atlantic surface and subsurface temperature anomalies) in the
CGCM, suggesting an essential role of the AMOC as a pacemaker for the interbasin teleconnected
multidecadal climate mode (Barcikowska et al., 2017).

Observational and modeling studies also show that AMV has modulated the amplitude of the El Nifio—
Southern Oscillation (ENSO) variability (a large-scale climate variability over the tropical Pacific peaking
at interannual timescales) at multidecadal timescales (Dong et al., 2006; Kang et al., 2014; Levine et al.,
2017; Ruprich-Robert et al., 2017). A positive AMV phase leads to a reduced ENSO variability through the
background cooling over the central equatorial Pacific (Dong et al., 2006; Kang et al., 2014; Levine et al.,
2017), consistent with CGCM simulations in which the weakening of the AMOC leads to an enhanced
ENSO variability due to changes in the background state in the tropical Pacific (Dong & Sutton, 2007;
Timmermann et al., 2007) and an enhanced ENSO-south Asian summer monsoon interaction (Lu et al.,
2008) through atmospheric teleconnections. In an AGCM-AMYV experiment, the positive AMV phase leads
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to a weakening of the Aleutian low and a strengthening of the subtropical high over the eastern North
Pacific, which extends southwestward to the central equatorial Pacific through the wind-evaporation-SST
feedback and strengthens the trade wind over the central equatorial Pacific (Yu et al., 2015). This change
in the background state results in more frequent occurrence of the central Pacific type of El Nifio events, that
is, a westward shift of the warm SST anomaly associated with El Nifio events from the eastern Pacific to the
central Pacific. Hence, the shift of El Nifio events to the central Pacific type in recent decades can be partly
attributed to the shift of AMV to a positive phase in mid-1990s (Yu et al., 2015).

4.3. Impact on Extratropical Atmospheric Circulation

Bjerknes' (1964) seminal paper hypothesized that variations in the Atlantic meridional heat transport asso-
ciated with the AMOC can induce anticorrelated atmospheric meridional heat transport anomalies at low
frequencies, if variations in the ocean heat storage and the top-of-atmosphere radiative fluxes are small.
This anticorrelation between oceanic and atmospheric meridional heat transport anomalies is often referred
to as Bjerknes compensation. Bjerknes compensation exists in the northern extratropics at decadal time-
scales in a CGCM's control simulation in which the decadal oceanic meridional heat transport is dominated
by the AMOC variability (Shaffrey & Sutton, 2006). Similar results appear in many other CGCMs' control
simulations at decadal timescales (e.g., Farneti & Vallis, 2013; Jungclaus & Koenigk, 2010; Koenigk &
Brodeau, 2014; Van der Swaluw et al., 2007) and Bjerknes compensation becomes stronger at multidecadal
timescales (e.g., Zhang, 2015; Outten & Esau, 2017; D. Li, Zhang, & Knutson, 2018).

In addition to the above hypothesis, Bjerknes (1964) also proposed that (as introduced in section 1) at low
frequencies, AMOC variability plays an active role in the AMV-like SST anomaly and associated NAO-like
SLP anomaly over the North Atlantic through air-sea coupling. The NAO index is often defined as the lead-
ing mode of SLP anomalies over the North Atlantic sector north of 20°N or the normalized SLP difference
between the station-based subtropical high and the subpolar low; a positive NAO index is associated with
stronger westerlies over the midlatitude North Atlantic (Hurrell, 1995). Many more subsequent observa-
tional analyses have consistently suggested that AMYV is associated with multidecadal variations of the win-
ter NAO, with a positive AMV index leading a negative winter NAO index by a few years and vice versa
(Deser & Blackmon, 1993; Gastineau & Frankignoul, 2015; Hodson et al., 2014; Kushnir, 1994; Omrani
et al., 2014, 2016; Peings et al., 2016; Peings & Magnusdottir, 2014; Sutton & Hodson, 2003; Ting et al.,
2014; Zhang & Vallis, 2006).

In AGCM simulations forced by observed global SST and sea ice extent data, the pattern of the multidecadal
winter atmospheric response over the North Atlantic region resembles the winter NAO, and the anticorre-
lated AMV signal has been identified as a critical contributor to the winter NAO response (Sutton & Hodson,
2003). Bjerknes' hypothesis is further supported by recent studies showing that the natural variability of the
AMOC leads AMV-like SST anomalies and the anticorrelated multidecadal winter NAO signal (weak but
significant) in some CGCMs' unforced control simulations (Frankignoul et al., 2015; Gastineau et al.,
2013, 2016; Gastineau & Frankignoul, 2012; Msadek et al., 2011; Ortega et al., 2017) as well as the internal
variability component of externally forced simulations (Ting et al., 2014). In these control simulations, an
intensification of the AMOC leads to a positive AMV phase, an enhanced heat loss over the subpolar
North Atlantic, a southward shift of lower tropospheric baroclinicity, a weakened eddy activity in the
North Atlantic storm track and thus a negative winter NAO response. The winter NAO response has also
been simulated in AGCM experiments (Gastineau et al., 2016; Msadek et al., 2011) forced by the prescribed
AMV signal simulated in CGCMs, and the above-identified mechanism is consistent with an observational
analysis (Gastineau & Frankignoul, 2015). However, the amplitude of the simulated winter NAO signal asso-
ciated with AMV in CGCM simulations is much weaker than observed (Ting et al., 2014). Initializing the
ocean component of CGCMs with a weak AMOC state, that is, a negative AMOC anomaly, is crucial for pre-
dicting the cooling in the subpolar AMV signal and associated positive winter NAO response in the 1960s
(Robson, Sutton, & Smith, 2014).

Some recent AGCM-AMYV experiments suggest that the observed AMV can induce a winter NAO response
with an amplitude comparable to that observed (Figure 15a) at low frequencies (Omrani et al., 2014). A rea-
listic winter NAO response to AMYV exists in a high-top AGCM with well-resolved stratosphere (Figure 15b)
but not in a low-top AGCM (Figure 15c) that has poorly resolved stratosphere and implements a sponge
layer in the upper levels that inhibits the upward propagation of planetary waves (Omrani et al., 2014). In
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Figure 15. Observed and simulated winter NAO response associated with AMV, adapted from Omrani et al. (2014). (a) Observed winter (JFM) SLP anomalies (in
pascals) associated with AMV (positive minus negative AMV phase), regions with anomalies significant at the 90% level are shaded. (b, c) Simulated winter 1,000~
mb geopotential height (m) response to the prescribed SST anomalies associated with a positive AMV phase in high-top (b) and low-top (c) AGCMs (MPI-
ECHAMS), respectively, regions significant at the 95% (90%) level are shaded in color (gray). Reprinted by permission from Springer Customer Service Centre
GmbH: Springer Nature, Climate Dynamics, Stratosphere key for wintertime atmospheric response to warm Atlantic decadal conditions, Omrani et al., Copyright

2014.

this high-top AGCM experiment, a positive AMV not only leads to the reduced baroclinicity/eddy activity
and weakened westerly winds but also induces an increase in the upward propagation of planetary waves
and thus the weakening of the stratospheric polar vortex and warming in high-latitude stratosphere. The
stratosphere warming signal further propagates downward to the troposphere and enhances the negative
NAO response in winter. A similar mechanism also appears in CGCMs with well-resolved stratosphere
(Omrani et al., 2016), and this mechanism might be sensitive to the strength and structure of the
background westerly winds that control the upward propagation of planetary waves (Keenlyside &
Omrani, 2014; Omrani et al., 2014). A realistic winter NAO response to the observed AMV is also
simulated in a different low-top AGCM (Peings & Magnusdottir, 2014, 2016). This low-top AGCM result
is different from Omrani et al. (2014) and might be due to the turbulent mountain stress parameterization
included in this low-top AGCM, which can improve the upward propagation of planetary waves into the
stratosphere and the frequency of sudden stratospheric warming events (Peings & Magnusdottir, 2016)
that are often underestimated in low-top AGCMs (Charlton-Perez et al., 2013). The stratosphere-
troposphere interaction could amplify the winter NAO response but remains also sensitive to the details
of the surface forcing (Peings & Magnusdottir, 2016).

Some AGCM simulations suggest that the tropical AMV signal is the primary driver of the winter NAO
response (Davini et al., 2015), while many other observational and modeling studies found that the extratro-
pical AMV signal is also very important in forcing the winter NAO response (Frankignoul et al., 2015;
Gastineau et al., 2016; Gastineau & Frankignoul, 2012; Msadek et al., 2011; Omrani et al., 2014; Peings &
Magnusdottir, 2016; Ruprich-Robert et al., 2017). The phase of the NAO is closely linked to the frequency
of atmospheric blocking events (a quasi-stationary high-pressure system) over the Euro-Atlantic region
(Davini et al., 2012; Rimbu et al., 2014; Woollings et al., 2008, 2010) and the North Atlantic jet stream
(Hurrell, 1995; Simpson et al., 2018), and AMV is positively correlated with multidecadal variations of late
winter North Atlantic jet stream (Simpson et al., 2018) and winter atmospheric blocking frequency over
the Euro-Atlantic region (Hékkinen et al., 2011; Rimbu et al., 2014) in observations. Consistently, in
AGCM simulations a positive AMV leads to more frequent winter blocking episodes over the Euro-
Atlantic region along with a negative winter NAO response (Davini et al., 2015; Peings & Magnusdottir,
2014), which could promote more winter cold extremes over Europe (Cattiaux et al., 2010; Rimbu
et al., 2014).

4.4. Impact on Climate Over Europe, North America, and Asia

Both observational and modeling studies suggest that AMV has a significant impact on the climate over
Europe, North America, and Asia. The positive AMV can lead to warmer and wetter summers over western
Europe, in both observations and AGCM-AMYV experiments (Figures 16a-16d; Sutton & Hodson, 2005). A
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Figure 16. Observed and simulated summer (JJA) climate associated with AMV (positive minus negative AMV phase).
(a-d) Observed (a, b) and simulated (c, d) summer precipitation (a, c, mm/day) and surface air temperature (b, d, °C)
associated with AMV, adapted from Sutton and Hodson (2005). Reprinted with permission from AAAS. (e, f) Observed
detrended summer anomalies in precipitation (e, % of the climatology) and SLP (f, mb) between the warm AMV phase
(1996-2009) and the cold AMV phase (1964-1993), adapted from Sutton and Dong (2012). Reprinted by permission from
Springer Customer Service Centre GmbH: Springer Nature, Nature Geoscience, Atlantic Ocean influence on a shift in
European climate in the 1990s, Sutton and Dong, Copyright 2012. In (a-d), regions not significant at the 90% level are
shaded white. Solid black contours in (f) indicate the 90% significant level.

similar relationship between AMYV (associated with multidecadal AMOC variability) and western European
summer climate exists in a CGCM (Knight et al., 2006). More recent observational analyses (Sutton & Dong,
2012) reveal that a shift toward the positive AMV phase during the 1950s and the 1990s is associated with a
shift toward wetter summers over western and northern Europe, drier summers over southern Europe
(Figure 16e), and lower SLP over western Europe (Figure 16f), indicating that AMV is the critical driver
for the decadal shifts in summertime European climate. The observed dipole summer precipitation response
over Europe (noted above) is also simulated in CGCM-AMYV experiments (Ruprich-Robert et al., 2017).
Observational analyses additionally suggest that AMV is anticorrelated with glacier surface mass balance
(Huss et al., 2010) and spring snowfall (Zampieri et al., 2013) in the Alps at multidecadal timescales,
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consistent with the observed warmer spring/summer temperature over Europe during the positive AMV
phase (Sutton & Dong, 2012). Initializing the ocean states properly in climate prediction simulations is cri-
tical for predicting the positive shift in AMV and associated European summer climate shifts in the 1990s
(Msadek et al., 2014; Robson et al., 2013; Robson, Sutton, & Smith, 2012; Yeager et al., 2018) and the early
twentieth century (Mueller et al., 2014).

In CGCM control simulations, models with strong correlations between AMV and multidecadal surface tur-
bulent heat flux anomalies over the midlatitude North Atlantic have also similarly strong summer warming
over Europe during the positive AMV phase; in contrast, the positive AMV simulated in slab ocean models
cannot lead to a warmer summer over Europe (O'Reilly et al., 2016). These results agree with previous obser-
vational and modeling studies (Knight et al., 2006; Sutton & Dong, 2012; Sutton & Hodson, 2005) and are
supported by more recent observational analyses (Ghosh et al., 2017) showing coherent multidecadal varia-
tions in European summer temperature and midlatitude North Atlantic surface turbulent heat fluxes asso-
ciated with AMV. These studies (Ghosh et al., 2017; O'Reilly et al., 2016) reveal the essential role of ocean
dynamics and associated anomalous surface turbulent heat fluxes in AMV's impact on European summer
temperature. Consistently, across multiple CGCM simulations whose variability is purely internal, the tele-
connection between AMV and European summer temperature is stronger in models with greater AMV per-
sistence, variance, and basin-scale spatial coherence (Qasmi et al., 2017) than otherwise. In contrast, the
observed multidecadal variations of European winter temperature are not correlated with the observed
AMV, because the thermodynamic response is masked by the anticorrelated dynamic NAO response to
AMYV in winter (Yamamoto & Palter, 2016).

AMV is anticorrelated with the central U.S. rainfall and river flows and positively correlated with the central
U.S. drought frequency at multidecadal timescales in observations (Enfield et al., 2001; McCabe et al., 2004).
In an AGCM-AMYV experiment (Sutton & Hodson, 2005, 2007), AMV is an essential driver of multidecadal
summer climate variability over North America: A positive AMV phase leads to warmer and drier summer
climate (Figures 16a-16d) and lower SLP over central North America as observed. However, different sets of
AGCM-AMV simulations appear to show different responses to AMV over central North America: One set
has a consistency in the precipitation response but agrees less on the surface temperature response (Schubert
et al., 2009), whereas another set agrees in the summer surface temperature and SLP response but not in the
summer precipitation response (Hodson et al., 2010).

Observational analyses (Hu & Feng, 2008; Liu et al., 2015; Nigam et al., 2011; Wang et al., 2006) reveal the
important role of AMV in driving regional atmospheric circulation and summer precipitation changes over
North America; this linkage is also found in AGCM-AMV and CGCM-AMYV experiments (Hu et al., 2011;
Ruprich-Robert et al., 2018; Wang et al., 2008b). In particular, the positive AMV phase weakens the North
Atlantic subtropical high pressure system and leads to a weaker low-level southerly flow and reduced moist-
ure transport from the Gulf of Mexico into the U.S. Great Plains and thus below-normal precipitation and
drier conditions over central North America. In a high-resolution regional atmospheric model, the strength-
ened (weakened) low-level southerly flow from the Gulf of Mexico into the U.S. Great Plains during the
negative (positive) AMV phase enhances (reduces) precipitation (Veres & Hu, 2013). In both observations
and AGCM-AMV experiments, the positive AMV phase can reduce the multidecadal mean as well as the
variance of the ENSO-related winter precipitation over the southwest United States through a reduced
moisture supply to this region (Lee et al., 2018).

AMV has been used as an important predictor for the surface air temperature and precipitation over the
southwestern United States in observation-based multiple linear regression analyses (Chylek, Dubey,
et al., 2014), consistent with initialized decadal predictions (Msadek et al., 2014; Robson et al., 2013;
Robson, Sutton, & Smith, 2012). A similar AMV impact on the central North American summer climate is
also simulated in CGCM-AMYV experiments (Ruprich-Robert et al., 2018). In these simulations, a positive
AMYV favors increased summer heat waves over northern Mexico and the southern United States directly
and indirectly from the La Nifa-like Pacific response to AMV forcing.

A positive AMV phase can also lead to stronger southeast and east Asian summer monsoons through a
coupled air-sea feedback over the Indo-western Pacific region, as shown in a CGCM-AMV experiment (Lu
et al., 2006). This finding is consistent with changes induced by a weakening of the AMOC in CGCMs but
with an opposite sign (Zhang & Delworth, 2005). The simulated warmer east Asian summer surface air

ZHANG ET AL.

31



'AND SPACE SCiENCE

Reviews of Geophysics 10.1029/2019RG000644

temperature and enhanced precipitation response to a positive AMV phase agrees with the station observa-
tions in China. A delayed withdrawal of the Indian monsoon rainfall is associated with the increased tropo-
spheric meridional temperature contrast between Asia and the Indian Ocean during a positive AMV phase
(Lu et al., 2006). This is consistent with observational analyses (Goswami et al., 2006), AGCM-AMV experi-
ments (Li et al., 2008; Wang et al., 2009), and a CGCM control simulation with AMV linked to multidecadal
AMOOC variability (Luo et al., 2011). Observational analyses (Feng & Hu, 2008; Wang et al., 2009) and
AGCM-AMV experiments (Wang et al., 2009) suggest that a positive AMV phase leads to enhanced summer
warming over the Tibetan Plateau and enhanced meridional temperature contrast between the Tibetan
Plateau and the tropical Indian Ocean, which contributes to increased Indian summer monsoon rainfall.
A positive AMV phase also leads to warmer and wetter winters over northeast China at multidecadal time-
scales in both observations and AGCM-AMYV experiments (Li & Bates, 2007; Wang et al., 2009). The east
China winter climate response to AMV is further amplified by air-sea coupling in AGCM-AMYV experiments
coupled to a slab ocean (Zhou et al., 2015). The atmospheric Rossby wave propagation from the North
Atlantic to Asia is involved in the teleconnection between AMV and Asian climate (Li et al., 2008; Luo
et al., 2011; Wang et al., 2009). The primary source of the multiyear prediction skill (and skill enhancement
over uninitialized but externally forced simulations) of summer surface air temperature over the northeast
Asia comes from AMV and associated atmospheric Rossby wave propagation (Monerie et al., 2018; Yeager
et al., 2018).

4.5. Impact on Polar and High Latitude Climate

Substantial multidecadal variations in Arctic surface air temperature have been observed over the twentieth
century (Bengtsson et al., 2004; Johannessen et al., 2004; Polyakov, Alekseev, et al., 2003; Semenov &
Bengtsson, 2003) and anticorrelated multidecadal sea ice variability is also found in Arctic marginal seas
based on Russian historical observational records over the twentieth century (Polyakov, Bekryaev, et al.,
2003). Both observational and modeling studies suggest that the Arctic sea ice change is crucial for the antic-
orrelated Arctic surface air temperature change at multidecadal timescales (Bengtsson et al., 2004;
Johannessen et al., 2004; Screen & Simmonds, 2010; Semenov & Latif, 2012; Serreze et al., 2009). The
observed AMYV is highly correlated with the observed multidecadal surface air temperature variations over
the Arctic (Chylek et al., 2009, 2010) and the Atlantic-Arctic boundary (Wood et al., 2010). The AMOC
and AMV are significantly correlated with the Arctic surface air temperature and anticorrelated with the
Arctic sea ice extent at multidecadal timescales in a CGCM control simulation (Mahajan, Zhang, &
Delworth, 2011), consistent with observational analyses; the strongest linkage is found in winter. The simu-
lated winter Arctic sea ice decline associated with an intensified AMOC and a positive AMV phase
(Figure 17a) resembles the satellite-observed winter Arctic sea ice decline pattern over the recent decades
(Figure 17b), suggesting a possible role of the AMOC and AMV in the recently observed winter Arctic sea
ice decline. Similar anticorrelations between AMV/AMOC and the Arctic sea ice extent exist in control
simulations of multiple CGCMs, and in all these models, the anticorrelations are stronger in winter than
in summer (Day et al., 2012).

Winter Arctic sea ice, especially in the Barents Sea, is strongly influenced by the Atlantic heat transport
across the Barents Sea opening at multidecadal timescales (e.g., Arthun et al., 2012; Delworth et al., 2016;
D. Li, Zhang, & Knutson, 2017; Smedsrud et al., 2013; Yeager et al., 2015; Zhang, 2015). The multidecadal
variability of the Atlantic water temperature in the Barents Sea has also been observed over the twentieth
century and is correlated with the observed AMV index (Arthun et al., 2018; Drinkwater et al., 2014;
Levitus et al., 2009). At multidecadal timescales, the AMOC and associated Atlantic heat transport across
the Arctic Circle lead the Atlantic inflow temperature in the Barents Sea, as well as the Atlantic heat trans-
port across the Barents Sea opening by several years; furthermore, they contribute to the anticorrelated var-
iations in both Barents Sea winter sea ice extent and Arctic summer sea ice extent in a CGCM's extended
control simulation (Zhang, 2015). If the AMOC and associated Atlantic heat transport into the Arctic were
to weaken in the near future due to natural variability, there might be a hiatus in the decline of September
Arctic sea ice (Zhang, 2015). Similar results appear in other CGCMs with different mean states of Arctic sea
ice; models with thicker mean Arctic sea ice exhibit stronger Arctic sea ice thickness response to the
anomalous Atlantic heat transport associated with multidecadal AMOC variability (D. Li, Zhang, &
Knutson, 2018).
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Figure 17. Observed and simulated winter Arctic sea ice concentration changes. (a) Simulated regression of 10-year low-
pass-filtered winter Arctic sea ice concentration (%) on the standardized AMV index from the control simulation of a
CGCM—Geophysical Fluid Dynamics Laboratory (GFDL) CM2.1. (b) Observed trend (1979-2008) of winter Arctic sea ice
concentration (% per decade). (c, d) Simulated trends (1997-2007) of winter Arctic sea ice concentration (% per decade)
from the National Center for Atmospheric Research (NCAR) OGCM forced with atmospheric reanalysis data

(CORE; ¢) and from the ensemble mean of NCAR decadal prediction (DP) experiments with initialized ocean states (d).
Panels (a, b) are adapted from Mahajan, Zhang, and Delworth (2011), © Copyright 2011 AMS. Panels (c, d) are adapted
from Yeager et al. (2015).

In addition to ocean processes, AMV-related stratosphere-troposphere coupling may drive changes in the
polar vortex and air temperatures; specifically, the recent warm AMV phase appears to have led to weaken-
ing of the polar vortex, Arctic warming, and decreased winter sea ice extent in the Barents Sea (F. Li.
Orsolini, et al., 2018). The PDV could also induce changes in the polar vortex and have important impacts
on Arctic surface warming (Svendsen et al., 2018). Both AGCM and CGCM experiments suggest that a com-
bination of AMV and PDV phases could have contributed substantially to the early-twentieth-century Arctic
surface warming, while the contribution in the fully coupled system is stronger (Tokinaga et al., 2017).
Atmospheric teleconnections arising from the imposition of AMV-like SST anomalies in CGCM-AMV
experiments are also shown to drive low-frequency Arctic sea ice fluctuations (Castruccio et al., 2019).
Specifically, positive AMV phases lead to thinner and less extensive sea ice cover in the Arctic through both
dynamic and thermodynamic effects, without any oceanic heat transport changes. The dynamic effects
include a weakening of the Beaufort Sea High and an increased prevalence of an Arctic Dipole-like SLP pat-
tern in late winter/early spring with the resulting anomalous winds driving anomalous ice motions. The
thermodynamic effect includes warmer surface temperatures in response to increased low cloud cover.

Multidecadal AMOC variability is a significant driver for the decadal predictability of Arctic sea ice thickness
in the Atlantic sector (Koenigk et al., 2012). Initializing with a weak AMOC is critical for predicting the shift
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to a cool subpolar AMV signal and associated enhanced winter Arctic sea ice cover over the Atlantic side in
the 1960s (Robson, Sutton, & Smith, 2014) and vice versa in the 1990s (Msadek et al., 2014; Yeager et al.,
2015). The predicted decadal winter Arctic sea ice decline since the late 1990s (Figure 17d) is very similar
to that simulated in the OGCM hindcast (Figure 17c) due to a strengthening in the AMOC (Figure 7b)
and associated Atlantic meridional heat transport (Figures 10c; Yeager et al., 2015). Initialized decadal pre-
dictions also suggest that a weakening of the AMOC that began in the early 21st century will continue and
result in a slowdown in the rate of winter sea ice loss in the Atlantic sector of the Arctic in the near future
(Yeager et al., 2015).

Pronounced multidecadal surface air temperature variability over the Greenland ice sheet has also been
observed during the twentieth century (e.g., Chylek et al., 2006; Box, 2013; Box et al., 2009; Drinkwater
et al., 2014) and is significantly correlated with the observed AMV index (Drinkwater et al., 2014). Many
observational studies suggest that the warming of the subpolar AMV signal in the mid-1990s contributed
to the rapid mass loss of the Greenland ice sheet over the recent decades (Holland et al., 2008; Howat
et al., 2008; Seale et al., 2011; Straneo et al., 2010; Straneo & Heimbach, 2013). The observed number and
season length of icebergs drifting south of 48°N in the western North Atlantic over the twentieth century also
exhibit multidecadal variations (Peterson et al., 2015). These variations can be attributed to a combination of
changes in the NAO, Labrador Sea SST, and the surface mass balance of Greenland (Bigg et al., 2014)—the
relative importance of these factors has varied at low frequencies throughout the twentieth century (Zhao
et al., 2016). At multidecadal timescales, the observed season length of icebergs off eastern Newfoundland
is significantly anticorrelated with the observed AMV index over the twentieth century, that is, during a posi-
tive (negative) AMV phase the length of iceberg season is shorter (longer; Peterson et al., 2015).

The observed multidecadal variations in Arctic surface air temperature, which are highly correlated with the
observed AMV index, are also anticorrelated with the observed multidecadal variations in Antarctic surface
air temperature, suggesting an essential role of multidecadal AMOC variability and associated AMV in the
observed bipolar seesaw over the twentieth century (Chylek et al., 2010). A bipolar seesaw pattern similar to
that observed also appears in the most predictable AMV-like pattern in decadal prediction experiments with
initialized ocean states (Figure 10e; Yang et al., 2013) and is associated with multidecadal AMOC variability
in a CGCM control simulation (Zhang et al., 2017).

4.6. Impact on Hemispheric-Scale Surface Temperature

Observational analyses reveal a clear AMV imprint on global mean surface temperature (Schlesinger &
Ramankutty, 1994). Multidecadal AMOC variability, which is closely linked to AMYV, is significantly corre-
lated with multidecadal variations of global and Northern Hemisphere mean surface temperature in the
control simulation of a CGCM (Knight et al., 2005). The linkage between the AMOC and surface tempera-
ture is strongest in the Northern Hemisphere. In a hybrid CGCM with prescribed AMV-related surface heat
flux anomalies associated with implied changes in the Atlantic meridional heat transport and AMOC, AMV
could contribute to multidecadal Northern Hemispheric mean surface temperature fluctuations similarly to
those of observations over the twentieth century, in addition to the long-term warming trend (Zhang et al.,
2007). A substantial AMV impact on the Northern Hemisphere surface temperature is simulated in an
AGCM coupled to a slab ocean and forced by prescribed AMV-related surface heat flux anomalies over
the North Atlantic-Arctic sector (diagnosed from a CGCM control simulation; Semenov et al., 2010).

The AMV imprint on global and Northern Hemisphere mean surface temperature has also been identified in
many studies with different statistical analysis methods applied to both observations and modeling results
(Barcikowska et al., 2017; Chen et al., 2017; Chen & Tung, 2017; Cheung et al., 2017; Chylek, Klett, et al.,
2014; Chylek et al., 2016; DelSole et al., 2011; Kravtsov et al., 2014; Kravtsov & Spannagle, 2008; Steinman
et al., 2015; Stolpe et al., 2017; Tung & Zhou, 2013; Z. Wu, Huang, et al., 2011; Wyatt et al., 2012; Zhou &
Tung, 2013). These statistical studies are consistent with the above-mentioned AGCM/hybrid CGCM experi-
ments (Semenov et al., 2010; Zhang et al., 2007), illustrating that the enhanced surface heat flux released
from the ocean to the atmosphere during a positive AMV and AMOC phase leads to the hemispheric-scale
anomalous surface warming and vice versa. Multidecadal AMOC variability is a key player in AMV's impact
on global and Northern Hemisphere mean surface temperature in CGCMs' control simulations
(Barcikowska et al., 2017; Park et al., 2016; Stolpe et al., 2017; Wu et al., 2018; Yan et al., 2018), consistent
with the simulated impact of multidecadal AMOC change or collapse on global and Northern
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Hemisphere mean surface temperature in CGCMs' internally perturbed or externally forced simulations
(Delworth et al., 2016; Delworth & Zeng, 2016; Drijfhout, 2015; Stolpe et al., 2018). The linkage between
AMYV and the Northern Hemisphere mean surface temperatures is stronger (weaker) in CGCMs with rela-
tively stronger (weaker) low-frequency AMOC variability (Yan et al., 2018). The impact of the AMOC on
the Northern Hemisphere mean surface temperature is stronger in some CGCMs with the mean state
North Atlantic SSS biases artificially corrected than otherwise (Park et al., 2016; Wu et al., 2018).

4.7. Summary and Discussion

This synthesis of many recent observational and modeling studies consistently suggests an essential role of
the AMOC in AMV-related regional and hemispheric-scale climate impacts. In particular, the AMOC-
induced anomalous Atlantic meridional heat transport and surface heat fluxes released into the atmosphere
over middle- to high-latitude North Atlantic is critical for the impacts of AMV on many climate phenomena.
Initializing observed ocean states, especially the AMOC anomalies, is essential in predicting observed AMV
decadal shifts and many associated climate impacts in CGCM decadal prediction experiments.

Some important issues in understanding AMV-related climate impacts remain unresolved. For example,
observational analyses reveal a decadal time lag between PDV and AMV. However, such decadal time lag
that is longer than the Rossby wave propagation timescale (Figure 13d) is not well understood and simulated
in modeling studies. Furthermore, observational records are too short to test the robustness of the lagged
relationship between PDV and AMV. Some regional climate impacts (e.g., the North American climate
response to AMV, the linkage between PDV and AMV) are primarily found in AGCM/hybrid CGCM simu-
lations with the prescribed, observation-based AMV-like forcing but are absent in many unforced CGCM
simulations. Some simulated AMV-related climate impacts (e.g., ITCZ and NAO) are often much weaker
in CGCMs than those found in AGCM/hybrid CGCM simulations forced by the observed AMV-like forcing.

Some of these challenging issues are very likely related to the deficiencies in simulating the pattern and
amplitude of the observed AMV (especially in the tropical North Atlantic), the pattern and amplitude of
the observed AMV-related anomalous surface heat fluxes released into the atmosphere over middle- to
high-latitude North Atlantic, and the associated timescale and amplitude of AMOC variability in current
CGCMs. Meanwhile, the simulations using different AGCMs, but forced by the same observed SST anoma-
lies associated with AMV, do not necessarily produce the same pattern and amplitude of AMV-related sur-
face heat flux anomalies as in observations of the real world, which are crucial for many climate impacts of
AMYV. By studying the atmospheric response to the anomalous ocean heat transport convergence prescribed
in the extratropical North Atlantic using an AGCM coupled to a slab ocean, Sutton and Mathieu (2002) have
shown that the atmospheric response to the specified SST anomalies in a given AGCM does not necessarily
provide a reliable understanding of the role of the extratropical ocean in climate in the real world. That is,
the influence of the extratropical ocean on climate is mainly through surface heat flux anomalies, not
through SST anomalies (Sutton & Mathieu, 2002).

5. Paleoclimate Evidence of AMV, Multidecadal AMOC Variability, and
Associated Climate Linkages

The brevity of available instrumental data limits our understanding of AMV. Paleoclimate proxy-derived
reconstructions of AMV-related signals that extend beyond the instrumental era provide an important basis
for understanding the nature and stationarity in time of AMV and associated climate impacts. This section
briefly reviews the paleoclimate reconstructions of AMV and inferred linkages with multidecadal AMOC
variability and associated regional- and hemispheric-scale climate phenomena.

5.1. Paleoclimate Proxies for AMV and Multidecadal AMOC Variability

5.1.1. AMV Reconstructions Primarily Based on Terrestrial Proxies

The large spatial scale of AMV, and its diverse set of associated climate impacts, means that it can, in prin-
ciple, be reconstructed using both terrestrial and marine proxies. A reasonable paleo reconstruction of AMV,
however, needs to be carefully calibrated to the instrumental AMV record. A pioneering reconstructed AMV
index using tree ring records from regions that are influenced by AMV is strongly correlated with the instru-
mental AMV index and exhibits robust multidecadal variability extending back to the sixteenth century
(Gray et al., 2004). Another, longer (past 1,500 years), terrestrial-dominated reconstruction of the AMV
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index (Mann et al., 2009) includes multiproxy records (tree rings, ice cores, corals, speleothems, sediments,
etc.) with broad spatial coverage, although some proxy records included have a realtively low temporal (dec-
adal) resolution. This reconstruction has few spatial degrees of freedom before the seventeenth century and
as such may not be able to resolve AMV well in space. It is calibrated against the instrumental records and is
broadly comparable with AMV reconstruction from Gray et al. (2004). The more recent J. Wang, Yang, et al.
(2017) AMV reconstruction using terrestrial proxy records (tree rings, ice cores, etc.) over the past 1,200 years
has both broad spatial coverage and high temporal (annual) resolution. It is largely consistent with the
instrumental AMV index and the reconstructions of Gray et al. (2004) and Mann et al. (2009) during their
respective overlapping periods. However, this reconstruction exhibits a stronger and more persistent AMV
signal before the sixteenth century compared with the reconstruction of Mann et al. (2009), which is likely
related to the higher temporal resolution of J. Wang, Yang, et al. (2017). The reconstruction exhibits a broad
band of enhanced multidecadal variability significantly above a red noise background (Figure 18a), incon-
sistent with the mechanism that AMYV is a direct SST response induced by the atmospheric white noise (sec-
tion 3.1; Clement et al., 2015, 2016; Cane et al., 2017).

The analyzed AMV index from the Last Millennium Reanalysis (Hakim et al., 2016; Steiger et al., 2014),
which employs data assimilation to reconstruct climate fields from a diverse set of terrestrial-dominated
proxy time series (Ahmed et al., 2013), has an extremely high correlation (r = 0.97) and very similar
amplitude to reconstructed multidecadal global mean surface temperature anomalies over the last 2,000
years from this reanalysis (Singh et al., 2018), including the instrumental period. The global-scale spatial
pattern of surface temperature regressed on this analyzed AMV index is centered over the northern North
America and Europe, whereas the much weaker signal in the Atlantic Ocean is indistinguishable from
that in other ocean basins (Singh et al., 2018). The above results suggest that this mode mainly reflects
the global mean surface temperature and does not represent AMV. Many studies have pointed out the
importance of removing the global-scale signal in the AMV definition (e.g., Frajka-Williams et al.,
2017; Frankignoul et al., 2017; Sutton et al., 2018; Trenberth & Shea, 2006; Yan et al., 2019). When the
component regressed on the global-scale signal is removed, there is essentially not much AMV signal
in this reanalysis, in contrast to the pronounced multidecadal variations exhibited in the instrumental
AMV index (Figure 2).

5.1.2. AMV Reconstructions Based on Marine Proxies

Studies focusing on North Atlantic marine proxy records also reveal persistent multidecadal variability
prior to the instrumental period, at least back to the eighteenth century (e.g., Kilbourne et al., 2008,
2014; Saenger et al., 2009; Svendsen et al., 2014; Vasquez-Bedoya et al., 2012). A Caribbean SST recon-
struction based on the average of SST-related proxy records from four Caribbean sites correlates signifi-
cantly with local instrumental SST anomaly, as well as with the instrumental AMV index, during their
overlapping period (Kilbourne et al., 2014). The extended Caribbean SST reconstruction back to the four-
teenth century exhibits significant power at multidecadal timescales above a red noise background.
However, it does not correlate well with the two terrestrial-dominated AMV reconstructions (Gray
et al., 2004; Mann et al., 2009) prior to the instrumental period. Another marine-based AMV reconstruc-
tion since 1781 (Svendsen et al., 2014) is estimated through an optimally weighted average of five pub-
lished marine coral-based proxy records for SST from the western tropical North Atlantic, where large
and long-lived massive growing coral colonies exist. The reconstructed AMV signal, which correlates with
the instrumental AMV index, is stationary and persists over the entire period (Svendsen et al., 2014). It is
comparable with the two terrestrial-dominated AMV reconstructions (Gray et al., 2004; Mann et al., 2009)
but lags them by about 11-12 years. It exhibits stronger multidecadal variability than the reconstruction
from Kilbourne et al. (2014).

The choice and weighting of proxies can substantially affect marine-based AMV reconstructions. For exam-
ple, the coral growth record from the Yucatan peninsula in the Atlantic Warm Pool (Visquez-Bedoya et al.,
2012) compares well with the instrumental local SST and AMV index and all three terrestrial-dominated
AMV reconstructions (Gray et al., 2004; Mann et al., 2009; J. Wang, Yang, et al., 2017) since 1775. This record
has the largest weight in the Svendsen et al. (2014) reconstruction, which uses an optimally weighted aver-
age of records, but has a much smaller weight in the Kilbourne et al. (2014) reconstruction which uses equal
weighting across all records. In contrast to this coral growth record, the Sr/Ca ratio records included in both
Kilbourne et al. (2014) and Svendsen et al. (2014) reconstructions have difficulties in representing SST and
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Figure 18. Reconstructed AMV index and the comparison with reconstructed combined solar and volcanic forcings. (a)
The spectral density of the reconstructed North Atlantic basin-averaged SST over the period 800-2010, from J. Wang,
Yang, et al. (2017). The 95%/90% confidence level (C.L.) is tested against a red noise background (dashed blue/red lines).
The band at multidecadal timescales that is significant above the 90% confidence level (dashed red line) is marked with
green numbers. (b) The normalized Gray et al. (2004) AMV reconstruction (black line, left axis) and one reconstruction
(solid green line) and the spread of nine possible reconstructions (light green shading) of combined solar and volcanic
forcings (right axis) since the mid-sixteenth century (11-year running mean) from Knudsen et al. (2014) under a CC BY 3.0
license. (c) The J. Wang, Yang, et al. (2017) AMV reconstruction and the composite (red) and spread (orange) of four
reconstructions of externally forced component of AMV based on multiple linear regressions (30-year low-pass filtered),
along with the correlation between the reconstructed AMV and the composite of reconstructed externally forced com-
ponent of AMV and the variance explained, adapted from J. Wang, Yang, et al. (2017). Panels (a, c) are reprinted by
permission from Springer Customer Service Centre GmbH: Springer Nature, Nature Geoscience, Internal and external
forcing of multidecadal Atlantic climate variability over the past 1,200 years, J. Wang, Yang, et al., Copyright 2017.

compare poorly with instrumental SST records (Vasquez-Bedoya et al., 2012) and thus degrade the two
reconstructions that use multiproxy marine based records. In addition to the location, type, and weighting
of proxies, differences between reconstructions also arise due to temporal resolution, dating uncertainties,
and differences in analysis methods.

The above marine-based AMV reconstructions are all from the tropical North Atlantic. Recently, a combined
marine record of growth rates and Mg/Ca ratios from a coralline alga collected off the Labrador coast in the
western extratropical North Atlantic has been used as a proxy for local SST over the past six centuries (Moore

ZHANG ET AL.

37



nnnnnnnnnnnnnn
'AND SPACE SCiENCE

Reviews of Geophysics 10.1029/2019RG000644

et al., 2017). The correlation of this record with the instrumental local SST over the twentieth century is ~0.5.
The record exhibits amplified multidecadal variability along with a centennial warming trend after 1825
compared to the prolonged cold period before. This is interpreted as an evidence for an amplification of
AMYV since the end of the Little Ice Age (Moore et al., 2017). However, as also shown in Moore et al.
(2017), there is no evidence of such an amplification of AMV in the Svendsen et al. (2014) AMV reconstruc-
tion from the tropical North Atlantic or in the terrestrial Gray et al. (2004) AMV reconstruction with much
broader spatial coverage. The Mann et al. (2009) AMV reconstruction has a reduced amplitude during the
seventeenth to eighteenth centuries, but the amplitude increases again during the fifteenth to sixteenth cen-
turies (Moore et al., 2017). The prolonged cold period and the reduced multidecadal variability off the
Labrador coast before 1825 might reflect a local change due to the enhanced transport of cold fresh Arctic
water into this region through the Canadian Arctic Archipelago (i.e., enhanced Arctic influence and reduced
North Atlantic influence), as indicated by many surrounding regional paleo evidence (Keigwin et al., 2003).
5.1.3. External Forcing and Paleoclimate AMV

Several studies have analyzed paleoclimate data to investigate whether AMV is internally or externally dri-
ven. Correlations between the Gray et al. (2004) and Mann et al. (2009) AMV reconstructions and recon-
structed combined solar and volcanic forcing are enhanced since 1775 (Knudsen et al., 2014). The AMOC
is suggested to be important for linking changes in external forcing with AMV, based on the spatial cross-
covariance pattern between the North Atlantic SST and the combined solar and volcanic forcing at different
time lags over the instrumental period (Knudsen et al., 2014). However, the amplitude of the reconstructed
combined external forcing (solar and volcanic) anomalies after the early nineteenth century is on the same
order as the range of their reconstruction uncertainties and much smaller than the extreme low anomaly
associated with the Dalton Minimum of solar activity and the 1815 Tambora volcanic eruption
(Figure 18b). Meanwhile, the amplitude of the reconstructed AMV does not exhibit an apparent change
throughout the entire period since 1775 (Figure 18b), inconsistent with the nonstationary anomalies in
the combined external forcing.

Over the past 12 centuries, the reconstructed solar and volcanic forcing do correlate with the much longer
J. Wang, Yang, et al. (2017) AMV reconstruction, but their combined contribution explains less than one
third (28%) of the total AMV variance (Figure 18c); the reconstructed AMV is dominated by internal
variability (J. Wang, Yang, et al., 2017. The internal variability component of the J. Wang, Yang, et al.
(2017) AMV reconstruction also reveals significant signals at multidecadal timescales above a red noise
background and its amplitude during the preindustrial period, especially before the Little Ice Age, is on
the same order as that found in the instrumental AMV index.

5.1.4. Paleo Proxies for Multidecadal AMOC Variability and Linkage With AMV

Because the AMOC is composed of many separate pathways and dynamical regimes, reconstructions of
AMOC variability at multidecadal timescales are challenging. The near-bottom flow speed of the Iceland
Scotland Overflow Water (ISOW), one major deep component of the AMOC, has been reconstructed over
the past 230 years using the sortable silt mean grain size from a marine sediment core in the Iceland
Basin (Boessenkool et al., 2007). Higher values in this proxy (i.e., larger mean grain size) indicate relatively
stronger near-bottom flow speeds and vice versa. The reconstructed ISOW speed exhibits pronounced multi-
decadal variability over the past 230 years and generally covaries with the instrumental AMV index during
their overlapping period.

The reconstruction of ISOW speed has been extended to the past 600 years using the sortable silt mean grain
size from a different sediment core in the Iceland Basin with a high accumulation rate (Mjell et al., 2016).
Their reconstructed ISOW exhibits coherent variations with that reconstructed by Boessenkool et al.
(2007) during their overlapping period, and the multidecadal variability extends back to the past ~600 years.
Periods of stronger ISOW are associated with warmer periods in the North Atlantic as indicated by the AMV
reconstructions (Gray et al., 2004; Mann et al., 2009; Svendsen et al., 2014). The precise phasing between the
ISOW vigor and various AMV reconstructions is challenging to determine because of dating uncertainties in
ISOW speed reconstructions. Using new constraints on the core top age of the sediment core, the ISOW vigor
and the Gray et al. (2004) AMV reconstructions vary coherently during their overlapping period (Figure 19;
Ulysses Ninnemann and Nil Irvali, personal communication, 2018). The result indicates the existence of a
persistent relationship between AMV and one major deep component of the AMOC prior to the
instrumental period.
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Figure 19. The multidecadal variability observed in the Iceland Scotland
Overflow Water (ISOW) compared with the Gray et al. (2004) AMV recon-
struction, adapted from Mjell et al. (2016). At top, the detrended sortable silt
(SS) data from core GS06-144-09MC-D (thin gray line with three-point
smoothing in black), is a proxy for changes in the bottom water flow speed
along the southward flow path of ISOW interpreted to reflect changes in
the strength of ISOW (Langehaug et al., 2016; Mjell et al., 2016). The age
model for the SS record uses published dates from Mjell et al. (2016) but is
updated with new constraints on the core top age using the carbon isotope
Suess effect (Irvali et al., in preparation/personal communication). The
bottom curve illustrates multidecadal changes in North Atlantic climate
based on a 20-year smoothing of the detrended tree ring based AMV
reconstruction by Gray et al. (2004; blue curve). There is still uncertainty in
the age model such that the precise phasing of climate and deep southward
transport still needs further work to resolve. Figure provided by Ulysses
Ninnemann and Nil Irvali (personal communication, 2018).

An indirect proxy for the AMOC may be obtained using 8'*0 ratios from
shells of the long-lived marine bivalve Arctica Islandica. Samples have
been used to reconstruct temperatures within the inner North Icelandic
Irminger Current, continuously over the last millennium (Reynolds
et al., 2016). The relative warmth of the North Icelandic Irminger
Current covaries with the AMOC; variability in this proxy thus indicates
a leading role for the AMOC in Northern Hemisphere climate variability
on multidecadal timescales. Specimens collected from the Tiree Passage,
located on the western fringes of the Hebridean continental shelf, north-
west Scotland, provides a proxy for mean summer temperature variability
associated with changes in subpolar gyre dynamics and the North Atlantic
Current over 1799-2010 (Reynolds et al., 2017).

5.2. Paleo Proxies for Associated Climate Linkages

Here we briefly review studies investigating climate linkages associated
with AMV prior to the instrumental period using paleoclimate proxy
records, and the comparison with the climate impacts of AMV inferred
from instrumental records and climate model simulations (section 4).
5.2.1. Linkage With ITCZ and Related Phenomena

Multidecadal West African monsoon and regional ITCZ migrations recon-
structed using sediment cores from Lake Bosumtwi, Ghana, exhibit a sig-
nificant coherent relationship with the Gray et al. (2004) AMV
reconstruction during their overlapping period (Shanahan et al., 2009).
The sediment record indicates that significant multidecadal variability
persisted over the past three millennia, suggesting that multidecadal
ITCZ migrations and long-lasting episodes of wet/dry conditions over
West Africa were a regular feature prior to the instrumental period and
possibly indicating an AMYV influence. Reconstructions indicate that per-
iods of high precipitation over West Africa (suggestive of a northward

ITCZ shift) are associated with periods of positive AMV, consistent with observations over the instrumental
period and climate model simulations (section 4.1).

Spectral analyses of tropical Atlantic precipitation proxy records from the Yucatan Peninsula and the
Cariaco Basin, which are linked to AMV and associated Atlantic ITCZ during the instrumental period, indi-
cate a significant quasi-persistent AMV-related tropical Atlantic ITCZ signal over the past 8,000 years that is
not dominated by the reconstructed solar forcing (Knudsen et al., 2011). The comparison of tree ring-based
Indian summer monsoon rainfall reconstructions (Borgaonkar et al., 2010; Pant et al., 1988; Shi et al., 2014)
with AMV reconstructions (Gray et al., 2004; Mann et al., 2009; Svendsen et al., 2014) suggests that the
observed and modeled impact of AMV on Indian summer monsoon rainfall (e.g., Goswami et al., 2006; Li
et al., 2008; Lu et al., 2006; Luo et al., 2011; Wang et al., 2009; Zhang & Delworth, 2006) persists back to
around 1800 (Sankar et al., 2016). Prior to 1800, the large spread among tree ring reconstructions for
Indian summer monsoon rainfall makes it very difficult to assess the relationship with AMV, and data with
improved quality are needed to be conclusive (Sankar et al., 2016).

5.2.2. Linkage With Pacific Climate Variability

To study the linkage between AMV and multidecadal variability in the North Pacific beyond the instrumen-
tal period, the Gray et al. (2004) AMV reconstruction is compared with a low-pass-filtered marine record
(1818-1967) of Mg/Ca ratios from a coralline alga collected in the western Bering Sea-Aleutian Island
region, a proxy for local SST (Hetzinger et al., 2012). This proxy record is positively correlated with the local
instrumental SST record, the instrumental AMV index, and the Gray et al. (2004) AMV reconstruction dur-
ing their respective overlapping periods. The implied linkage between AMV and multidecadal variability in
the northern North Pacific prior to the instrumental period is consistent with the teleconnection observed
during the instrumental period (d'Orgeville & Peltier, 2007). Despite this evidence, preinstrumental relation-
ships between AMV and PDV remain unclear (compared to the relationship discussed in section 4.2 for the
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twentieth century), because paleo reconstructions of PDV index over the last several centuries differ substan-
tially among themselves prior to the instrumental period (Newman et al., 2016).

5.2.3. Linkage With Extratropical Atmospheric Circulation

At multidecadal timescales over the nineteenth and twentieth centuries, the instrumental winter NAO index
is significantly anticorrelated with the speed of ISOW (one major deep component of the AMOC) recon-
structed from the marine sediment core in the Iceland Basin since 1824 (Boessenkool et al., 2007).
Because the reconstructed ISOW speed generally covaries with the instrumental AMV index, the result is
consistent with the anticorrelated relationship between AMV and multidecadal winter NAO variability
observed over the instrumental period (section 4.3). The relationship between the reconstructed multideca-
dal ISOW speed (Mjell et al., 2016) and winter NAO (Trouet et al., 2009) over the past 600 years appears
anticorrelated during the fifteenth century, but it does not hold during the sixteenth to eighteenth centuries
(Mjell et al., 2016). Meanwhile, periods of stronger ISOW are associated with warmer periods in the North
Atlantic in AMV reconstructions. Hence, the results suggest that the relationship between reconstructed
AMV (or multidecadal ISOW speed) and multidecadal variability of winter NAO reconstructed from
precipitation/drought proxies (Trouet et al., 2009) over the past several centuries is more complicated than
that found during the instrumental period. The impact of AMV on multidecadal winter NAO variability
might be sensitive to the background atmospheric state (Keenlyside & Omrani, 2014; Omrani et al., 2014),
which could have been very different and contributed to a more complicated AMV and NAO relationship
in the past. However, the large spread in winter NAO reconstructions prior to the instrumental period
(Cook et al., 2002; Glueck & Stockton, 2001; Luterbacher et al., 2002; Ortega et al., 2015; Trouet et al.,
2009) limits the ability to assess this hypothesis. If the location of the background jet stream shifted in the
past, the contemporary definition of the NAO index implicitly used in these paleo reconstructions might
not be accurate.

5.2.4. Linkage With Climate over Europe, North America, and Asia

The Gray et al. (2004) AMYV reconstruction varies in phase with the extended instrumental summer air tem-
perature record from the Greater Alpine Region (Auer et al., 2007) at multidecadal timescales since 1765,
consistent with the observed anticorrelated relationship between glacier surface mass balance in the Swiss
Alps and the AMV index during the instrumental period (Huss et al., 2010). Compared with the long-
observed record of glacier length change in the Alps (since 1765; Holzhauser & Zumbiihl, 1999), the local
minima in AMV and Alpine air temperature are followed by glacial advances with a decadal time lag, sug-
gesting that AMV had an impact on the Alpine glacier changes over the last 250 years (Huss et al., 2010). The
rock magnetic properties of sedimentary records over the last 2,500 years from two high Alpine lakes are
substantially influenced by climate conditions (Hirt et al., 2003; Lanci et al., 1999, 2001), and the only spec-
tral peak in each record that is significantly above a red noise background is at multidecadal timescales
(Lanci & Hirt, 2015). There is also high coherence between the two independent sedimentary records at mul-
tidecadal timescale, and this frequency band is quite similar to that found for the instrumental AMV index
and cannot be explained by variations of the total solar irradiance (Lanci & Hirt, 2015). The multidecadal
climate signal recorded in the two lake sediments also varies in phase with the instrumental AMV index over
the last 110 years and consistently suggests that AMV played a significant role in the past multidecadal varia-
bility of the Alpine climate (Lanci & Hirt, 2015). The above linkage between AMV and the central European
climate during the preindustrial period agrees with that observed over the instrumental period and simu-
lated in climate models (section 4.4).

The imprint of AMV signal is detectable in North American climate proxies. Across western North
America since late sixteenth century, fire scars on tree rings tends to be synchronous over a vast region
(from the southwest to the northern Rockies) that experiences drought conditions (reconstructed from
tree rings) during the positive AMV phase inferred from the Gray et al. (2004) AMV reconstruction; this
evidence suggests that AMV drives broad patterns in drought and thus wildfire synchrony over the wes-
tern North America at multidecadal timescales during the preindustrial period (Kitzberger et al., 2007).
Reconstructions of the Palmer Drought Severity Index (based on tree ring records) averaged over the
Great Plains or southwest North America are significantly anticorrelated with the Gray et al. (2004)
AMYV reconstruction, and drought over the two regions is associated with a positive AMV phase (Feng
et al., 2011). These results are consistent with the observed and simulated impact of AMV on the
North American drought (section 4.4).
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Moisture availability in northeastern Asia reconstructed using regional high resolution tree ring widths
since 1568 exhibits coherent multidecadal variations with the instrumental AMV index and the Gray et al.
(2004) AMYV reconstruction during their respective overlapping periods (Wang et al., 2011). The linkage seen
in this proxy record is consistent with previously observed and modeled results of warmer and wetter con-
ditions over northeast China during the positive AMV phase (Li & Bates, 2007; Wang et al., 2009; Zhou
et al., 2015) and decadal prediction experiments (Monerie et al., 2018). The tree ring-based summer surface
temperature reconstruction over the eastern Tibetan Plateau is significantly correlated with local instrumen-
tal records as well as with the instrumental AMV index and has a fragile direct relationship with solar for-
cing at multidecadal timescales but a robust in-phase relationship with the Mann et al. (2009) AMV
reconstruction over the last millennium (J. Wang, Yang, & Ljungqvist, 2015). This result suggests a vital role
of AMV in multidecadal summer surface temperature variability over the eastern Tibetan Plateau, consistent
with that observed over the instrumental period (Feng & Hu, 2008; Wang et al., 2009) and simulated in cli-
mate models (Wang et al., 2009).

5.2.5. Linkage With Polar and High Latitude Climate

Pronounced multidecadal Arctic temperature variability associated with AMV is evident in ice core records
from Greenland and the Canadian Arctic since the fourteenth century (Chylek et al., 2011). A robust AMV-
related climate signal with a significant peak around 70-year exists in the ice core records from Greenland
and Canadian Arctic throughout the past 1,200 years (Zhou et al., 2016). Spectral analyses of ice core records
from Greenland and the Canadian Arctic show a significant, quasi-persistent, AMV-related climate signal
over the Arctic region during the last ~8,000 years that is not explained by solar forcing (Knudsen et al.,
2011). These Arctic ice core records are closely linked to the AMV index during the instrumental period, con-
sistent with AMV-related multidecadadal variability in Arctic surface air temperature observed during the
twentieth century and simulated in climate models (section 4.5).

Historical records of Arctic sea ice from the North Icelandic shelf over the Holocene (Moros et al., 2006) and
the western Nordic Seas since 1200 (Macias Fauria et al., 2010) have been synthesized to infer winterspring
Arctic sea ice conditions, and they exhibit persistent multidecadal variability prior to the instrumental per-
iod (Miles et al., 2014). Over the twentieth century, these reconstructed multidecadal sea ice fluctuations are
consistent with the observed sea ice records from the Russian Arctic seas (Polyakov, Alekseev, et al., 2003).
The reconstructed multidecadal variations of winter Arctic sea ice at the Atlantic side are anticorrelated with
the instrumental AMV index and the Gray et al. (2004) AMV reconstruction during their overlapping peri-
ods, consistent with the impact of AMV on multidecadal winter Arctic sea ice variability found in climate
models (e.g., Day et al., 2012; Mahajan, Zhang, & Delworth, 2011) and decadal prediction experiments
(Msadek et al., 2014; Robson, Sutton, & Smith, 2014; Yeager et al., 2015).

5.2.6. Linkage With Hemispheric-Scale Surface Temperature

The reconstructed Northern Hemisphere mean surface temperature spanning the past 1,500 years by Mann
et al. (2009) correlated well with their AMV reconstruction at multidecadal timescales. However, this result
might be limited by the low spatial degree of freedom in their reconstruction, especially before the seven-
teenth century. There is a significant correlation between the J. Wang, Yang, et al. (2017) AMV reconstruc-
tion and a composite of Northern Hemisphere summer temperature-sensitive tree ring records, as well as a
composite of published Northern Hemisphere mean surface temperature reconstructions over the past 1,200
years. Both the reconstructed AMV index and Northern Hemisphere mean surface temperature are domi-
nated by internal variability at multidecadal timescales, and thus a significant correlation also exists even
after estimates of external forced components are removed from both reconstructions. The suggested linkage
between AMV and the Northern Hemisphere mean surface temperature through internal climate variability
over the extended reconstruction period is consistent with that observed over the twentieth century and
simulated in climate models (section 4.6).

5.3. Summary and Discussion

Paleo reconstructions largely indicate that AMV is a persistent phenomenon that retains enhanced power at
low frequencies significantly above the background red noise level through the preindustrial period. The
reconstructed AMV is not primarily driven by external forcing. Paleo proxies also support the existence of
the AMOC-AMY linkage over the past several centuries. Various climate linkages associated with AMV in
modern climate, such as the linkages with the Atlantic ITCZ, Western African Monsoon, climate over
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Figure 20. Climate model biases in AMV, low-frequency winter NAO, and their correlations. (a, b) Power spectra of the
annual subpolar North Atlantic SST (a) and winter (DJFM) NAO (b) from the large ensemble of a CGCM's historical
simulations—National Center for Atmospheric Research (NCAR) CESM-LE, adapted from Kim, Yeager, Chang, and
Danabasoglu (2018), © Copyright 2018 AMS. Blue shading: ensemble spread; blue line: ensemble mean; solid red line:
observations; red dashed line: observations with the simulated externally forced response removed. The simulated exter-
nally forced response is removed from each ensemble member. The yellow shading highlights the low frequency band
where the model substantially underestimates the observed variance. (c) Lead-lag correlations between the basin-wide
SST-based AMYV index and the decadal winter NAO index (with the high-frequency component removed) in individual
CMIP5 models and observations (black line). Negative (positive) lags indicate that the winter NAO precedes (follows)
AMV. Crosses indicate where the correlation is significant at the 95% level. Adapted from Peings et al. (2016).

Europe, North America, Asia, and Arctic, as well as Northern Hemisphere mean surface temperature, also
appear to be imprinted in paleo proxy records prior to the instrumental period. These linkages are largely
consistent with the climate impacts of AMV and multidecadal AMOC variability indicated in instrumental
records and simulated in climate models that are reviewed in section 4. There are, however, substantial
uncertainties in reconstructions of PDV and NAO, making it challenging to assess their relationship with
AMV in the past.

6. Conclusions and Challenging Issues

Understanding the linkage between the AMOC and AMV and associated climate impacts is crucial for inter-
preting the past record and for predicting future climate change and variability. In this review, we have
synthesized paleo evidence, modern observations, and climate simulations to provide a comprehensive pic-
ture of our current understanding of this linkage. The following summarizes our key findings:

1. The observed key elements of AMV are critical for understanding the mechanisms of AMV and its link-
age with the AMOC. The observed AMYV is associated with a dipole SST pattern over the entire (North
and South) Atlantic and a monopolar pattern over the North Atlantic with high spatial coherence. As
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AMYV evolves, subpolar SST signals propagate into the tropical North Atlantic along a horseshoe-shaped
pathway. The observed AMV is correlated with multidecadal variations in the ocean-driven surface tur-
bulent heat fluxes over the midlatitude North Atlantic. There is a high coherence among observed sub-
polar North Atlantic SST, SSS, and upper ocean heat and salt content variations but only at low
frequencies (decadal and longer timescales). Multidecadal variations in upper and deep subpolar
North Atlantic temperature are anticorrelated. Tropical North Atlantic surface and subsurface tempera-
ture variations associated with observed AMV are significantly anticorrelated. The observed subpolar
North Atlantic SST and SSS exhibit decadal persistence and much higher multidecadal power in their
spectra than that expected from a red noise process, consistent with the significant multidecadal variabil-
ity above the background red noise level found in many extended paleo proxies of AMV-related signals.

2. Observational and modeling results are consistent with a central role for multidecadal AMOC variability
in AMV. In particular, this AMOC-AMYV linkage is consistent with all the above observed key elements of
AMYV and underlies the enhanced decadal predictability and prediction skills of AMV. Multidecadal
variability in the AMOC and associated Atlantic meridional heat transport are leading-order contributors
to the subpolar North Atlantic SST and upper ocean heat content anomalies at low frequencies and
should not be neglected in any mathematical representations of the system. Coupled air-sea feedbacks
in response to changes in the subpolar North Atlantic are important for the propagation of AMV SST sig-
nal from the subpolar to the tropical North Atlantic along the horseshoe pathway. The hypothesis that
changes in external radiative forcing or stochastic atmospheric forcing is the primary driver of AMV dis-
agrees with many observed key elements of AMV. It is also inconsistent with the paleo evidence that
AMYV has enhanced multidecadal power significantly above a red noise background and is not dominated
by the external forcing. It is critical to use multivariate metrics to understand the key drivers of the
observed AMV.

3. There is an essential role for AMOC in many AMV-related regional and hemispheric-scale climate phe-
nomena, such as the ITCZ, Sahel/Indian monsoons, Atlantic Hurricanes, ENSO, PDV, NAO, climate
over Europe, North America, and Asia, Arctic sea ice and surface air temperature, and Northern
Hemisphere/global mean surface temperature. In particular, AMOC-induced anomalous Atlantic meri-
dional heat transport and surface heat flux released into the atmosphere over middle- to high-latitude
North Atlantic are crucial for many AMV-related climate impacts. Initializing the AMOC anomalies at
northern high latitudes is critical in predicting the observed AMV decadal shifts and associated climate
impacts.

4. Paleo reconstructions largely indicate that AMV is a phenomenon that existed prior to the instrumental
period, with enhanced power at multidecadal timescales significantly above a red noise background and
not dominated by solar and volcanic forcing. Paleo proxies indicate that the linkage between AMV and
multidecadal AMOC variability also existed in the preindustrial era. Various climate linkages associated
with AMV, such as the linkages with the ITCZ, Western African Monsoon, climate over Europe, North
America, Asia, and Arctic, as well as Northern Hemisphere mean surface temperature, are also
imprinted in paleo proxy records prior to the instrumental period and are consistent with the climate
impacts of AMV and multidecadal AMOC variability indicated in instrumental records and simulated
in climate models.

Despite the above key findings, our understanding of the linkage between the AMOC and AMV and asso-
ciated climate impacts is hindered by substantial biases in most climate models. Most CGCMs have difficulty
simulating observed pattern and amplitude of AMV and associated impacts. For example, the amplitudes of
internal variability in subpolar North Atlantic SST and associated winter NAO in a CGCM's historical simu-
lation are much weaker than observed at multidecadal timescales (Figures 20a and 20b), which are linked to
the underestimated low-frequency internal AMOC variability (Kim, Yeager, Chang, & Danabasoglu, 2018).
Correcting the mean state North Atlantic SSS and AMOC biases in CGCMs might improve the pattern and
amplitude of AMV-related SST and surface turbulent heat fluxes (Drews & Greatbatch, 2016, 2017; Park
et al., 2016). The impact of AMV on the anticorrelated multidecadal variability in winter NAO is substan-
tially underestimated in most CGCMs (e.g., Peings et al., 2016; Ting et al., 2014), due to the underestimated
internally generated AMV signal and associated surface turbulent heat flux anomalies (Peings et al., 2016).
This is consistent with the underestimation of internal multidecadal winter NAO/North Atlantic jet stream
variability in many CGCMs' historical simulations (Kravtsov, 2017; X. Wang, Li, Sun, & Liu, 2017; Kim,
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Yeager, Chang, & Danabasoglu, 2018; Simpson et al., 2018; Xu et al., 2018). At low frequencies, most CGCMs
simulate a stronger-than-observed positive correlation when the winter NAO index leads AMV by ~5 years
despite their underestimated amplitudes, and the observed strong anticorrelation with the winter NAO
index is almost absent when AMYV leads by several years (Figure 20c; Peings et al., 2016). The impact of
AMYV on the European summer surface air temperature is underestimated in many CGCMs (Qasmi et al.,
2017), especially in those CGCMs that have particularly weak correlations between AMV and multidecadal
surface turbulent heat flux anomalies over the midlatitude North Atlantic (O'Reilly et al., 2016).

Most current CGCMs lack both the critical trade wind speed response to the midlatitude AMV signal and the
positive low cloud feedback over the tropical Atlantic (Figure 8a; Martin et al., 2014; Yuan et al., 2016). As a
result, the tropical AMV SST signal and its teleconnection with the subpolar AMV SST signal simulated in
most CGCMs are much weaker than observed; the North American precipitation response to AMV is mostly
absent, in additional to the much weaker than observed Sahel rainfall response to AMV (Kavvada et al.,
2013; Kim, Yeager, Chang, & Danabasoglu, 2018; Martin et al., 2014; Ruiz-Barradas et al., 2013; Sheffield
et al., 2013; Yuan et al., 2016). The tropical Atlantic is a region with substantial mean state model biases
in CGCMs (e.g., Cabos et al., 2017; Farneti, 2017; Harlaf3 et al., 2018; Koseki et al., 2018; McGregor et al.,
2018; Richter et al., 2014; Xu et al., 2014). CGCMs with smaller mean state SST biases in the tropical
Atlantic simulate a more realistic subpolar-tropical AMV teleconnection and thus stronger tropical AMV
signal and associated climate impacts (e.g., ITCZ shift, changes in the vertical wind shear over the
Atlantic hurricane MDR; Martin et al., 2014). Mean state SST biases in the tropical Atlantic in most
CGCMs also weaken the tropical Pacific response to tropical Atlantic warming in recent decades
(McGregor et al., 2018). Enhanced horizontal and vertical resolutions in the atmosphere and ocean compo-
nents in CGCMs may partially alleviate the tropical Atlantic mean state biases (e.g., Harlaf} et al., 2018; Xu
et al., 2014) and improve teleconnections between the subpolar and the tropical AMV signal and associated
coupled air-sea feedbacks.

The simulated AMOC-AMV linkage varies considerably among CGCMs (Ba et al., 2014; Keenlyside et al.,
2016; Medhaug & Furevik, 2011; Wu et al., 2018; Yan et al., 2018; Zhang & Wang, 2013). The diverse
AMOC-AMYV linkage in unforced CGCM simulations is likely affected by the spread of mean state model
biases in the North Atlantic (Ba et al., 2014; Brown et al., 2016; Menary et al., 2015; Wang et al., 2014; Wu
et al., 2018). Artificially improving the mean state North Atlantic SSS and AMOC structure in some
CGCMs leads to a stronger AMOC-AMV linkage (Park et al., 2016). The AMOC-AMYV linkage depends on
the amplitudes of low-frequency AMOC variability (Figure 9) and thus is likely much weaker in most
CGCMs than in the real world due to the underestimated low-frequency AMOC variability (Yan et al.,
2018). The underestimated low-frequency AMOC variability amplifies the relative role of external radiative
forcing or stochastic atmospheric forcing in AMV (Kim, Yeager, Chang, & Danabasoglu, 2018). The low-
frequency winter Arctic sea ice variability in CGCMs is much weaker than observed, likely related to the
underestimated low-frequency variability in AMOC, Atlantic heat transport and surface winds (D. Li,
Zhang, & Knutson, 2017, 2018). The linkage between AMV and Northern Hemisphere mean surface tem-
perature is also weak in most CGCMs' unforced simulations due to the underestimated low-frequency
AMOC variability (Yan et al., 2018). This is consistent with evidence that internal low-frequency variability
of Northern Hemisphere surface air temperature is underestimated in many CGCMs' historical simulations
(Wang et al., 2017) and that the CGCMs with smaller mean state biases in the North Atlantic SST/SSS and
AMOC structure may have stronger AMOC-AMV linkage and higher multiyear predictability in the
Northern Hemisphere surface air temperature (Wu et al., 2018).

The above model deficiencies are a serious challenge when using the current CGCMs for understanding and
attributing observed AMV and AMV-related climate impacts during the industrial era. On the other hand,
they also pose great opportunities for future research. For example:

1. Itisessential to improve CGCMs' mean state AMOC structure and North Atlantic SST and SSS for more
realistic simulations of low-frequency AMOC variability and for achieving more realistic linkages
between the AMOC and AMV and associated climate impacts and much higher Atlantic decadal pre-
dictability. The CGCMs coupled with an isopycnal-coordinate ocean component or including an over-
flow parameterization are promising in simulating a more realistic mean state AMOC structure and
associated North Atlantic SST due to improved Nordic Seas overflows.
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2. Itisimportant to understand the relative roles of Labrador Sea versus northeastern North Atlantic deep
water formation versus Nordic Seas overflows in low-frequency AMOC variability, both by using long-
sustained observations and improved climate models.

3. The improvements of the anticorrelated relationship between AMV and winter NAO as well as the
coupled Arctic-North Atlantic interaction at multidecadal timescales in CGCMs might be critical for
improving the amplitude of multidecadal variability in surface heat and freshwater buoyancy fluxes
over NADW formation sites and thus the amplitude of multidecadal AMOC variability. The strength
of two-way ocean-atmosphere coupling remains uncertain and is an important area for future research.

4. Currently, enhanced Atlantic decadal prediction skill is achieved primarily by initializing AMOC
anomalies instead of predicting AMOC anomalies at northern high latitudes. A better understanding
of the linkages between surface heat and freshwater buoyancy fluxes over NADW formation sites and
the AMOC is important for predicting AMOC anomalies at northern high latitudes and for improving
prediction at longer lead times.

5. The pattern and amplitude of AMOC-driven multidecadal fluctuations in surface heat flux released into
the atmosphere over the middle- to high-latitude North Atlantic, which are crucial for many AMV-
related climate impacts (e.g., ITCZ, vertical wind shear over the Atlantic hurricane MDR, winter
NAO, and European summer climate), are poorly simulated in CGCMs and should be targeted for
future understanding and improvements.

6. Itis essential to apply realistic AMV-related surface heat flux anomalies associated with the anomalous
ocean heat transport convergence to simulate more realistic climate impacts of AMV in hybrid CGCMs
and to compare results across different models with similar surface heat flux anomalies.

7. The propagation of the subpolar AMV SST signal into the tropics and associated coupled air-sea feed-
backs are significantly hampered by the substantial mean state SST biases in the tropical Atlantic in
most CGCMs and are likely to be improved in CGCMs with enhanced horizontal and vertical resolu-
tions in the atmosphere and ocean components due to partially reduced tropical Atlantic mean state
biases. Mechanisms for the propagation of the subpolar AMV SST signal into the tropical North
Atlantic deserve more detailed investigations.

8. Simulated AMV-related climate impacts (e.g., ITCZ, vertical wind shear over the Atlantic hurricane
MDR, winter NAO, and European and North American summer climate) are much weaker or absent
in unforced CGCM simulations than those found in AGCM/hybrid CGCM simulations forced by the
observed AMV-like forcing. It is important to understand the key factors causing the deficiencies in
modeling these climate impacts in unforced CGCM simulations for future improvements.

9. The observed decadal time lag between PDV and AMYV is not well understood and needs to be better
simulated in climate models. The observational records are too short to test the robustness of the lagged
relationship between PDV and AMV. Improved paleo reconstructions of PDV with substantial smaller
uncertainties might help to assess its relationship with AMV in the past.

10. Many paleo reconstructions are focused on terrestrial and marine surface temperature signals and direct
proxies of AMOC strength are limited. Paleo reconstructions using other marine signals (e.g., subpolar
North Atlantic SSS and subsurface North Atlantic temperature, coastal sea level, and current speed)
might provide valuable information to compare with modern observations and modeling results, parti-
cularly with respect to AMV and multidecadal AMOC variability, and should be encouraged.

Given the substantial modeling biases and the difficulties in addressing these biases in current CGCMs, it
would be valuable to employ a hierarchy of models. A better understanding of the linkages also requires
the expansion of high-resolution paleo records and sustained long-term instrumental observations in the
future. More comprehensive uncertainty quantification in paleoclimate reconstructions of both AMV and
AMOC would facilitate the understanding of their linkage over the past. Deficiencies in modeling the
observed AMOC, AMV, and associated climate impacts, especially the underestimated linkage between
the AMOC and AMV and associated climate impacts in most current CGCMs, lead to a substantial degree
of uncertainty in current studies but also indicate a great potential for future improvements in understand-
ing and predicting AMV and associated climate impacts. With such improvements, decadal prediction skill
associated with multidecadal AMOC variability can ultimately be extended beyond the subpolar North
Atlantic to the tropical North Atlantic, the South Atlantic, and the Pacific, as well as the surrounding con-
tinents, cryosphere, and atmosphere.
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Glossary
AGCM  atmosphere general circulation model
AGCM-AMV  AGCM (or AGCM coupled to a slab ocean outside the North Atlantic) experiment
experiment forced by prescribed SST anomalies associated with the observed AMV
AMOC Atlantic Meridional Overturning Circulation
AMO  Atlantic Multidecadal Oscillation
AMV  Atlantic Multidecadal Variability
CGCM  coupled general circulation model
CGCM-AMV  CGCM experiment with the Atlantic (or North Atlantic) SST restored to the observed
experiment AMYV (or estimated internal component of the observed AMV)
CMIP3  Coupled Model Intercomparison Project, phase 3
CMIP5 Coupled Model Intercomparison Project, phase 5
ENSO El Nifio-Southern Oscillation
ERSST U.S. National Oceanic and Atmospheric Administration's Extended Reconstructed
SST
HADISST Hadley Centre Sea Ice and Sea Surface Temperature data set
ISOW  Iceland Scotland Overflow Water
ITCZ Intertropical Convergence Zone
JEBAR Joint Effect of Baroclinicity and Relief
MDR main development region
NADW  North Atlantic Deep Water
NAO North Atlantic Oscillation
OGCM  ocean general circulation model
PDO  Pacific Decadal Oscillation
PDV  Pacific Decadal Variability
RAPID Rapid Climate Change, a program to understand the causes of sudden changes in the
Earth's climate and monitor the AMOC at 26°N
SLP  sea level pressure
SSS  sea surface salinity
SST  sea surface temperature
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