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ABSTRACT: Atlantic multidecadal variability (AMV) significantly impacts regional and global climate, as evidenced by
observations and climate model simulations. Previous sensitivity experiments investigating the AMV were mostly based on
climate model simulations in which the North Atlantic sea surface temperatures (NASSTs) were nudged to a fixed AMV
pattern. Here, the global influence of AMV is explored using an ensemble of pacemaker experiments where NASSTs are
nudged to the time-varying observational records. Ten ensemble members proved sufficient to distinguish forced signals
from internal climate variability. Using high-pass-filtered data to inform how the response to the AMV is established, we
confirm that the AMV primarily affects the global ocean through its tropical component. The oceanic response to a warm
AMV anomaly unfolds in four phases: 1) warming of the western Pacific warm pool and development of anomalous easter-
lies in the western Indo-Pacific driven by diabatic heating over the tropical Atlantic within the first 6 months, 2) eastward
propagation of equatorial thermocline anomalies and establishment of La Niña–like conditions in the eastern Pacific after
7–10 months, 3) persistence of La Niña conditions during 11–20 months via Bjerknes feedback and weakening of the Aleu-
tian low through tropical teleconnections, and 4) emergence of a negative Pacific decadal oscillation pattern in the North
Pacific after 21–25 months. Our findings highlight the importance of using time-varying SST observations in pacemaker ex-
periments to capture the full complexity of interbasin connections.

KEYWORDS: Atlantic Ocean; Atmosphere-ocean interaction; ENSO; Pacific decadal oscillation;
Climate variability; Multidecadal variability

1. Introduction

Over the past century, observed North Atlantic sea surface
temperatures (SSTs) have exhibited substantial variability on
multidecadal time scales, commonly referred to as the Atlantic
multidecadal oscillation or Atlantic multidecadal variability
(AMV). This phenomenon is characterized by a basin-scale
SST anomaly forming a coherent horseshoe-shaped pattern
across the North Atlantic, with maximum loading in the sub-
polar gyre region and smaller variations in the subtropical
ocean. The origin of AMV continues to be debated (e.g.,
Zhang et al. 2019; Robson et al. 2023). The Atlantic meridional
overturning circulation (AMOC) has been identified as a
main driver of AMV. Zhang et al. (2019) and Buckley and
Marshall (2016) provide comprehensive reviews on the link-
age between the AMOC and AMV. Stochastic atmospheric
forcing also contributes to generating AMV (Clement et al.
2015; Liu et al. 2023). There has been an increasing focus on
the role of external forcings in contributing to AMV. Both
the natural forcing (Otterå et al. 2010; Menary and Scaife

2014; Swingedouw et al. 2015) and anthropogenic forcing
(Booth et al. 2012; Bellomo et al. 2018; Bellucci et al. 2017;
Watanabe and Tatebe 2019; Murphy et al. 2021; Klavans
et al. 2022) influence the observed AMV.

Regarding impacts, many studies based on observations
and climate models have demonstrated the association be-
tween AMV and climate variability over the surrounding con-
tinental regions, including North America, Europe, and
Africa. In particular, AMV’s warm (positive) phase has been
linked to warmer and wetter summers over western Europe,
drier summers over the Mediterranean basin (Sutton and
Dong 2012; Ruprich-Robert et al. 2017), warmer and drier
summers over North America (Schubert et al. 2009; Kushnir
et al. 2010), and enhanced monsoon precipitation over the
Sahel (Zhang and Delworth 2006; Ruprich-Robert et al. 2017).
Observations suggest that a positive AMV can lead to a negative
North Atlantic Oscillation (NAO) and a southward shift of the
storm track in winter. Still, these linkages are not systemati-
cally reproduced in model simulations (Häkkinen et al. 2011;
Gastineau et al. 2013; Peings and Magnusdottir 2014; Gastineau
and Frankignoul 2015; Kwon et al. 2020; Bonnet et al. 2024).

In addition to impacting the surrounding regions, the AMV
has been found to exert substantial remote influences on the
global scale. The most notable teleconnections driven by the
AMV occur in the tropical Pacific Ocean. The abnormal ther-
mal low structure over the warming tropical Atlantic associ-
ated with the positive AMV phase reinforces the trade winds
in the tropical Pacific and the Walker circulation (Kucharski
et al. 2016; Ruprich-Robert et al. 2017). The accelerated trade
winds enhance the equatorial upwelling in the central and
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eastern Pacific, resulting in a La Niña–like cooling. In addition,
Li et al. (2016) proposed that the warming of the tropical
Atlantic Ocean triggers the warming over the western Indo-
Pacific through a Gill-like response to the subtropical SST
warming and wind–evaporation–SST feedback. This west-
ern Indo-Pacific warming might further intensify the cool-
ing in the eastern tropical Pacific by enhancing the trade
winds through the Bjerknes feedback. The driving role of
the tropical Atlantic warming in the central and eastern
tropical Pacific cooling is consistent with observations dur-
ing the 1980–2012 period that show an important tropical
Atlantic warming trend accompanied by an eastern tropical
Pacific cooling (England et al. 2014; Li et al. 2016; Kosaka
and Xie 2013). McGregor et al. (2018) argued that model
biases in the Atlantic Ocean may cause a substantially
underestimated response of the Pacific wind and surface
temperature, likely implying an even stronger Atlantic–Pacific
relationship in reality than in climate models. Dunstone et al.
(2011) and Chafik et al. (2016) highlighted the important role
of the subpolar AMV in activating the tropical AMV signal and
the teleconnections with the Pacific. Other studies suggested that
the AMV could modulate the multidecadal shifts of El Niño–
Southern Oscillation (ENSO; Levine et al. 2017) or highlighted
that the AMV influence on ENSO occurs during a negative
AMO phase but not a positive phase (Geng et al. 2020).

Although interbasin interactions are typically associated
with tropical regions, some studies suggested teleconnections
within the midlatitudes. The AMV seems to have a significant
correlation with the Pacific decadal oscillation (PDO), the
leading mode of natural SST variability in the North Pacific,
when AMV leads PDO (d’Orgeville and Peltier 2007; Marini
and Frankignoul 2014) and may provide a source of multide-
cadal variability to the North Pacific through atmospheric tel-
econnections amplified by ocean dynamics (Zhang and
Delworth 2007). On the other hand, recent studies challenged
these Indo-Pacific connections with the internal AMV. Using
two different climate models, as well as observations, and
more advanced methods to separate internal and forced var-
iability, Frankignoul et al. (2017) found no significant low-
frequency Indo-Pacific connections with internal AMV.
Fenske and Clement (2022) suggested with a large ensemble
of climate models that internal connections between low-
frequency climate modes in the Northern Hemisphere oce-
anic basins are indistinguishable from random noise. Deser
and Phillips (2023) further found that the internal Atlantic–
Pacific link can be artificially induced by improper removal
of global warming.

The wide-ranging impacts of AMV and the controversy on
the Pacific–AMV teleconnection highlight the need to better
understand AMV’s role in the global climate. Due to the lim-
ited observational records, many studies have relied on cli-
mate models to address the circumglobal AMV influence.
However, the AMV characteristics (variance or spectrum)
simulated in free-running climate models often differ substan-
tially from the observed AMV (Coburn and Pryor 2021). To
circumvent this issue, one approach is to nudge the North
Atlantic SSTs toward the observational temperature records
in coupled general circulation models, while allowing the

SSTs outside the North Atlantic to evolve freely. All other
variables follow the standard equations of the climate
model. The North Atlantic SSTs can be restored to either a
time-invariant AMV pattern (Ruprich-Robert et al. 2017;
Meehl et al. 2021) or time-evolving North Atlantic tempera-
tures (Si et al. 2023). The former is often referred to as ide-
alized pacemaker experiments, and the latter is often
referred to as transient. Using idealized pacemaker experi-
ments with a fixed AMV pattern derived from observations and
focusing on the quasi-equilibrium model response, Ruprich-
Robert et al. (2017) found in two climate models a winter La
Niña–like response to the winter-to-spring positive AMV
occurring through Walker circulation changes triggered by
the tropical part of the AMV. Meehl et al. (2021) further con-
firmed weak opposite-sign SST changes in the tropical Pacific
when a fixed AMV pattern is specified in the Atlantic. How-
ever, Kim et al. (2020) and O’Reilly et al. (2023) noted that
the nudging applied in the tropical Atlantic when using a
fixed AMV pattern leads to an unrealistic positive surface
heat input into the atmosphere. This may result in overesti-
mated precipitation changes in the tropical North Atlantic
and exaggerated teleconnections with other tropical basins.
The challenges in interpreting the impact of AMV using ide-
alized pacemaker experiments call for alternative methods
to explore the AMV’s influences. Si et al. (2023) used tran-
sient experiments with North Atlantic SSTs nudged toward
time-varying SST observations and found that the AMV im-
pacts on midlatitude climates resemble the observations to a
certain degree. They noted that the geographical positions
of action centers for precipitation and surface air tempera-
ture anomalies generally match observations, although not
for the sea level pressure (SLP). However, the mechanisms
linking the Atlantic Ocean to other basins were not dis-
cussed in detail by Si et al. (2023).

Here, we explore the interbasin teleconnections linked to
the AMV and associated mechanisms with transient pace-
maker experiments using time-varying SSTs in the North
Atlantic. The paper is organized as follows. Section 2 intro-
duces the pacemaker experiments and the AMV. In section 3,
the main features of the pacemaker experiments are de-
scribed. Section 4 investigates the responses of the Indian
and Pacific Oceans to the tropical AMV, and section 5 pro-
vides a summary and discussion.

2. Methodology

a. The pacemaker experiments

The experiments are performed with the IPSL-CM6A-LR
climate model, which is the Coupled Model Intercomparison
Project phase 6 (CMIP6) version of the IPSL climate model
(Boucher et al. 2020). Its atmospheric component LMDZ6
has a resolution of 1.268 3 2.58 and 79 levels with a top level
at 1 Pa. The ocean model NEMO uses the ORCA1 grid with
75 levels and a resolution of;18, refined to 1/38 in the equato-
rial and polar regions. The land component is ORCHIDEE in
the same horizontal grid as the atmosphere model. The sea
ice module LIM3.6 adopts five sea ice categories. We also use
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a 32-member ensemble of historical simulations extended af-
ter 2014 using shared socioeconomic pathway (SSP) 245 forc-
ings and covering the period 1850–2059 (Bonnet et al. 2021)
and a 500-yr preindustrial control simulation from the same
model.

The Atlantic pacemaker experiment follows the protocol of
the component C of the Decadal Climate Prediction Project
(DCPP-C; Boer et al. 2016). Among the experiments de-
scribed in DCPP-C, the one used is referred to as dcppC-
atl-pacemaker. The North Atlantic SSTs are restored to a
target constructed as the sum of the model’s climatological
seasonal cycle in the 1950–2014 period and observed monthly
SST anomalies that are relative to the same 1950–2014 period
from ERSSTv4 (Huang et al. 2016). The anomalies are
smoothed with a 12-month running mean before being used
for nudging. The nudging is applied to the Atlantic between
108 and 658N, with two additional 88 buffer zones along the
meridional boundaries to prevent discontinuities between
the restored and unrestored regions (see DCPP-C techni-
cal note I: https://www.wcrp-climate.org/wgsip/documents/
Tech-Note-1.pdf). Outside the restoring region, the SST is
free to evolve. SST nudging is applied with a moderate
strength of 40 W m22 K21, equivalent to a restoring time
scale of about 60 days for a 50-m mixed layer depth (see
DCPP-C technical note II: https://www.wcrp-climate.org/
wgsip/documents/Tech-Note-2.pdf). The pacemaker en-
semble simulation comprises 10 ensemble members, start-
ing on 31 December 1919 from initial conditions taken from
10 historical simulations. The simulation is run from 1920 to
2014 using external forcing from CMIP6 historical simulations.

Additional experiments are produced by nudging SST
anomalies only in the subpolar Atlantic (808W–08, 308–608N,
with 58 buffer zones in the northern and southern frontiers).
These simulations, referred to as subpolar pacemaker experi-
ments, run from 1950 to 2021 and consist of 20 members with
initial conditions from existing historical simulations. The
pacemaker experiments discussed in the following denote the
experiment with nudging fully applied from 108 to 658N unless
otherwise specified.

To focus solely on internal climate variability, we remove the
effect of external forcing by subtracting the ensemble mean of
the 32 extended historical simulations from all pacemaker simu-
lations. Although this method may introduce biases in estimat-
ing internal Atlantic–Pacific connections due to slight differences
in forced warming trends between pacemaker and historical sim-
ulations (Bonnet et al. 2021; see also Fig. S1 in the online supple-
mental material), the impact is expected to be minimal when
focusing on changes that occur within a few years. The sea-
sonal cycle is removed at each grid point before the analysis.

In each pacemaker simulation, SST anomalies are driven
by both the nudging and the internal model variability. The
latter is uncorrelated between realizations, and averaging
over multiple ensemble members can reduce this internal var-
iability, thus emphasizing response to the nudged SSTs and
external forcings. However, when the ensemble size is small,
it needs to be verified whether the internal variability is effi-
ciently removed by ensemble averaging. This issue is investi-
gated in section 3. We also used signal-to-noise pattern

filtering from pacemaker and historical simulations (Wills
et al. 2020) as an alternative to ensemble averaging, but the
results were nearly identical (not shown).

b. Definition of AMV

The AMV index is defined as the 10-yr low-pass-filtered SST
anomalies averaged in the North Atlantic (08–758W, 08–658N).
We employ a third-order Butterworth filter with a 10-yr cut-
off period for low-pass filtering. Reflective padding is used
at the beginning and the end of time series to account for
edge effects introduced by filtering. The associated AMV
pattern is obtained by regressing 10-yr low-pass-filtered SST
anomalies on the standardized AMV index. Figure 1a com-
pares the mean AMV index of the pacemaker experiments
(108–658N Atlantic nudged) with the corresponding one de-
rived from observations (ERSSTv4), where the global
warming signal at each grid point is estimated and removed
by regression onto the area-weighted global-mean SST.
Both AMV indices display similar behavior with pro-
nounced multidecadal variability, including a peak around
1945 followed by a drop through 1950 (Fig. 1a), also evident
in the global-mean SST (Fig. S1). This midcentury decline
may partly reflect observational biases present in early his-
torical datasets (Chan et al. 2024). The simulated AMV ex-
hibits a somewhat weaker amplitude before the 1970s. The
associated simulated SST pattern (Fig. 1c) also shows a
smaller amplitude (;0.68C) in the subpolar gyre compared
to the observed one (0.88C, Fig. 1b). In the tropical Atlantic,
the SST magnitudes are similar, ;0.38C, but the simulation
underestimates warming on the western side. The overall
AMV underestimation likely results from the relatively
moderate nudging strength, which does not fully restore
model SST anomalies to the observed values.

To understand the respective contributions of the extra-
tropical and tropical parts of the AMV in pacemaker experi-
ments, we divide the AMV domain into subpolar and tropical
domains. We define thereby three AMV time series, namely,
Tfull, Ttrop, and Tsubp by projecting the raw monthly SST onto
the AMV pattern in the full, tropical, and subpolar domains,
respectively (see Fig. 1c). For example, Tfull is defined with

Tfull(t) 5
∑
x
wfull(x)TAMV(x)SST(x, t)

∑
x
wfull(x)TAMV(x)TAMV(x)

, (1)

where x and t are the horizontal grid and time indices, respec-
tively. The TAMV(x) denotes the AMV pattern, and SST(x, t)
denotes the SST. The wfull(x) is the gridpoint area over the
full domain and is zero elsewhere. The subpolar AMV (Tsubp)
is identical but uses wsubp(x) with nonzero spanning from 08 to
708W and from 308 to 658N, while the tropical part (Ttrop) ex-
tends from 08 to 708W and from 58 to 288N. With such a pro-
jection, an index of one corresponds to a typical AMV
magnitude. The simulated raw full AMV index (Fig. 1d,
black) consists of low-frequency variations on the multideca-
dal scale and high-frequency fluctuations. The subpolar
AMV index (Fig. 1d, blue) closely resembles the full one, as
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the low-frequency SST variance is largest in the subpolar
domain. Conversely, the simulated tropical AMV (Fig. 1d,
orange) fluctuates on shorter time scales than the full
AMV, and its amplitude often exceeds that of the extra-
tropical or full AMV.

To investigate how the AMV influences other basins on
relatively short time scales, we apply a high-pass filter to the
AMV indices (Fig. 1e) by subtracting the 10-yr low-pass
fluctuations from the raw time series. The same high-pass fil-
tering is applied to the other fields of interest.

FIG. 1. (a) Observed (blue) and ensemble-mean pacemaker simulated (orange) AMV time series (8C). (b) Ob-
served AMV pattern (8C). (c) As in (b), but for pacemaker simulations. Two blue boxes indicate the definition of the
subpolar and tropical AMV regions used in this study. (d) Ensemble-mean monthly full (black), subpolar (blue), and
tropical (orange) AMV indices (dimensionless) in the pacemaker simulation, defined by projecting the monthly SST
anomalies onto the entire, subpolar, and tropical AMV patterns in (c), respectively. (e) As in (d), but for 10-yr high-
pass-filtered AMV indices.
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c. Statistical analysis

To investigate the response to the simulated AMV, we use
lead–lag correlations and regressions, with lag measured in
months. The level of significance for correlation based on
ensemble-mean time series is estimated using a t test, thus as-
suming a Gaussian distribution. To account for the time auto-
correlation, the effective degree of freedom for the test is
determined using the method of Pyper and Peterman (1998).
When averaging the correlations among individual ensemble
members, we calculate the confidence interval of the mean
correlation based on Gaussian distribution.

3. Evaluation of simulations

a. Subpolar and tropical AMVs

Assuming that the processes leading to interbasin connec-
tions can be best understood by investigating the short-term
variability, we focus on 10-yr high-pass-filtered variables. As
illustrated in Fig. 2, lead–lag regressions of the ensemble-
mean SST anomalies onto the AMV indices in pacemaker
simulations suggest limited short time-scale links between
Tsubp and SST in other basins (Figs. 2b,e,h). In the North
Atlantic Ocean, regressions on Tfull (Figs. 2a,d,g) resemble the
weighted superposition of those on the subpolar (Figs. 2b,e,h)
and tropical (Figs. 2c,f,i) indices. This similarity also occurs
at larger lags (not shown). On short time scales, the subpolar
AMV thus appears to have limited global teleconnections.

Consistently, the lead–lag correlations between the Niño-3
SST index (area-weighted SST anomalies averaged over
58S–58N and 1508–908W; denoted as Niño-3) and Tsubp are
negligible, with correlations ranging between 20.12 and 0.1
(Fig. 3a, black curve). The same holds in the subpolar pace-
maker experiments (Fig. 3a, red curve), confirming the lack
of significant global teleconnections with the subpolar AMV
at short time scales. On the other hand, Ttrop shows significant

links with the tropical Indo-Pacific (Figs. 2c,f,i). In the follow-
ing, we therefore focus solely on the global links with the
tropical AMV.

In the pacemaker simulations, warming in the equatorial
Pacific, with maximum anomalies in the eastern Pacific, is
observed in phase (lag 5 0) with the tropical Atlantic SST
(Fig. 2f). It is significant at the 5% level between 2 months
before (Fig. 2c) and 2 months after Ttrop (Fig. 2i). The links
between the tropical AMV and the equatorial Pacific at
larger lags are illustrated by the lag correlation between
Niño-3 and Ttrop (Fig. 3b, black curve). There is a small but
significant positive peak around lag 0 (correlation r 5 0.18)
and a larger negative correlation (r 5 20.35) when Niño-3
follows Ttrop by ;14 months. In contrast, the tropical AMV
exhibits the largest correlation when Niño-3 leads by 6 months
in observations (blue curve, r 5 0.48), although there is
also a significant negative correlation when Niño-3 lags by
;12 months. The same analysis in the preindustrial control
simulation shows similar features, but the correlation when
Niño-3 leads by 6 months is smaller than when it lags (orange
curve). Considering that the autocorrelation of Niño-3 reaches
a minimum of 20.49 at lag 17 in the preindustrial control run
and 20.46 around lag 20 in observations (not shown), the lag
difference between the positive and negative peaks in Fig. 3b
(17 and 19 months, respectively) closely matches the autocor-
relation minima of Niño-3. This may broadly reflect the oscil-
latory character of Niño-3 in the control run and observations.
It is nevertheless difficult to distinguish the cause and effect
when the entire ocean is free to evolve. In pacemaker experi-
ments, however, ENSO forcing of the tropical Atlantic is
strongly damped by the SST nudging, which explains the dif-
ferent cross-correlation shape and the much smaller correla-
tion when Niño-3 leads. Nonetheless, Fig. 3b also shows a
strong negative correlation when Ttrop leads Niño-3. This
raises two questions about the pacemaker experiments: 1) Is
the tropical AMV still affected by ENSO despite the nudging?

FIG. 2. Lead–lag regression of the ensemble-mean pacemaker high-pass-filtered SST anomalies (8C), onto normalized ensemble-
mean high-pass-filtered (a),(d),(g) AMV Tfull, (b),(e),(h) subpolar AMV Tsubp, and (c),(f),(i) tropical AMV Ttrop from pacemaker
simulations. The lag is in months. AMV leads at positive lag. Lags (top) 22, (middle) 0, and (bottom) 2. Dots indicate statistical sig-
nificance at the 5% level.
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2) Can one interpret the negative correlation near lag 14 as a
tropical Pacific response to the tropical AMV? In other words,
is the internal variability in the pacemaker experiments suffi-
ciently damped by averaging over 10 ensemble members? To
address these questions and evaluate the performance of the
pacemaker experiments, we develop next a simple statistical
model.

b. Simplified SST model

Here, the tropical AMV index for each ensemble member,
its ensemble average, and the deviation of each member from
the ensemble average are examined. These indices are de-
noted by Ttrop(t), Ttrop(t) and T′

trop(t), respectively. The over-
bar denotes the ensemble averaging, while the prime designates
deviation from the ensemble mean. The same convention ap-
plies to other indices.

Based on a classical slab mixed layer ocean model
(Frankignoul and Hasselmann 1977), an oceanic mixed layer
of constant depth h is forced by SST nudging and a heat flux
linked to the internal atmospheric variability. This model can
be used in a first approximation in the tropical AMV domain
(08–708W, 58–288N) because this domain largely excludes equa-
torial waves and the strong currents associated with the coastal
upwelling in the Gulf of Guinea. The rate of change of Ttrop is
approximated by

­tTtrop(t) 5 k[utrop(t) 2 Ttrop(t)] 2 lTtrop(t) 1 f (t) 1 R(t),
(2)

where t is the time in month and l represents the SST damp-
ing via air–sea fluxes, diffusion, and entrainment. The utrop(t)
is the observed tropical AMV time series obtained by projec-
ting the observed SST onto the observed tropical AMV

pattern derived as in Eq. (1). The nudging strength,
k5 g/rCph, is expressed in s21, where g 5 40 W m22, r is the
seawater density, Cp is the specific heat capacity, and h is the
mixed layer depth. The f(t) represents the heat flux forcing
from the atmosphere, which can arise either from local or re-
mote variability. We use h 5 30 m for the tropical Atlantic
based on the mean mixed layer depth (de Boyer Montégut
et al. 2004) and l 5 (6 months)21, consistent with the e-folding
scale of Ttrop (not shown). A residual term R(t) is added to
Eq. (2) to account for the oversimplifications of the slab model,
which neglects seasonality, horizontal advection, and entrain-
ment processes. Using a centered finite difference to approxi-
mate the time derivative, Eq. (2) is reformulated as

[Ttrop(t 1 1) 2 Ttrop(t 2 1)]/2Dt 5 ku(t) 2 (l 1 k)Ttrop(t)
1 f (t) 1 R(t): (3)

Hereafter, all terms of Eq. (3) are high-pass filtered to focus
on the short-term response to the tropical AMV.

We now investigate possible components of f(t). As sug-
gested by Fig. 2c, the tropical Pacific and Indian Ocean warm-
ing leads the tropical AMV, indicating potential forcing
roles of Pacific (Fig. 3b) and Indian Ocean SSTs. The tropi-
cal Pacific SSTs are characterized by the Niño-3 index, here-
after noted P(t). Similarly, the Indian Ocean SSTs are
represented by an SST index I(t), defined as area-weighted
SST anomalies averaged over 08–208N and 408–1208E. Addi-
tionally, the NAO and other modes of internal atmospheric
variability also influence the tropical AMV (e.g., Gastineau
and Frankignoul 2015). To account for the atmospheric circu-
lation’s forcing on the tropical AMV, we regress the
concatenated SLP in each member onto the concatenated
Ttrop(t) index. The resulting mean SLP pattern (Fig. 4a)

FIG. 3. (a) Lead–lag correlations between Tsubp and Niño-3 in ensemble-mean pacemaker simulations (black) and
ensemble-mean subpolar pacemaker experiments (red). No correlation is significant at the 5% level. (b) Lead–lag cor-
relations between Ttrop and Niño-3 in ensemble-mean pacemaker simulations (black), preindustrial control simulation
(orange), and observations (blue). Circles indicate 5% significance.
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broadly resembles a negative phase of the NAO. Time series
of the local atmospheric forcing, denoted AF(t), are derived
by projecting the monthly SLP onto this pattern over the re-
gion 58–358N, 708–108W in each ensemble member as in
Eq. (1). As we are seeking to characterize the local tropical
atmospheric forcing, AF(t) is defined using a relatively nar-
row tropical region.

To estimate these various contributions, we analyze devia-
tions from the ensemble average in the 10-member pace-
maker simulations. This provides T′

trop(t), P′(t), I′(t), and
AF′(t) indices for the 10 ensemble members, which primarily
represent internal variability. As shown in Fig. 4b, the aver-
aged cross correlation between T′

trop(t) and P′(t) displays a
positive peak at lag 23, indicating significant ENSO forcing
on the T′

trop(t). The atmospheric forcing AF′(t) also signifi-
cantly leads T′

trop(t) by 0–1 month, consistent with the ex-
pected time lag between stochastic atmospheric forcing and
SST response when the mixed layer is shallow (Frankignoul
and Hasselmann 1977). In contrast, the correlation between
T′
trop and the Indian Ocean SST index I′(t) peaks at positive

lags and is small when I′(t) leads. This suggests that the Indian
Ocean responds to the AMV rather than forces it.

Based on these analyses, the atmospheric forcing in Eq. (2)
is approximated by f(t) 5 aP(t 2 3) 1 b AF(t), where a and b
are two constants. For simplicity, we choose a time lag of
3 months for the P forcing, though the results below are
not very sensitive to this lag. Equation (2) can now be writ-
ten as

TRD(t 1 1) 5 ku(t) 1 aP(t 2 3) 1 bAF(t) 1 Rs(t), (4)

where TRD represents the rate of change of Ttrop and its
damping:

TRD(t 1 1) 5 Ttrop(t 1 1) 2 Ttrop(t 2 1)
2Dt

1 (l 1 k)Ttrop(t):
(5)

Here, Rs is the residual R from Eq. (2), augmented by the
additional forcing factors not represented by AF and P. Sub-
tracting the ensemble mean from each member removes the
nudging term since it does not vary between members,
yielding

TRD′(t 1 1) 5 aP′(t 2 3) 1 bAF′(t) 1 R′
s(t): (6)

Here, R′
s is uncorrelated with both P′ and AF′ across ensem-

ble members (not shown), except for a very weak correlation
(;20.08) between R′

s(t) and P′(t 2 3) in a single member,
which is unlikely to influence the regression results. There-
fore, the coefficients a and b are estimated using bivariate re-
gression in each member. Their averaged values across the
10 members are 0.3048C21 month21 (ranging from 0.2348 to
0.3428C21 month21) and 0.169 month21 (ranging from 0.164
to 0.18 month21), respectively, different from zero at 5%
significance level. The averaged variance of TRD′(t 1 1),
aP′(t 2 3), bAF′(t), and R′(t) is, in units of month22, 1.18,
0.07, 0.5, and 0.613, respectively. Local atmospheric forcing
dominates while ENSO plays a minor role. The residual ac-
counts for about half of the variance of the right-hand side of
Eq. (6), as R′

s represents unresolved processes such as sea-
sonal effects, horizontal advection, vertical diffusion, entrain-
ment, and potential additional forcings not captured by
AF′(t) and P′(t 2 3). Given its simplicity, the SST model is
adequate to assess whether internal atmospheric variability
in the pacemaker experiments is sufficiently reduced by

FIG. 4. (a) In phase regression of concatenated SLP in each ensemble member (Pa), on the concatenated high-pass
tropical AMV, Ttrop. (b) Lead–lag correlation between the high-pass T′

trop and Niño-3 index P′ (blue), atmospheric
forcing AF′ (orange), and Indian SST index I′ (black). Solid lines show the averaged correlations over all ensemble
members, and shadings indicate the 95% confidence interval. The T′

trop leads at positive lag. Both panels are based on
the pacemaker experiments.
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ensemble averaging, thereby enabling a robust attribution of
AMV-induced impacts on other basins.

When Eq. (4) is applied to the ensemble means, however,
the variance of TRD(t1 1), ku(t), aP(t2 3), and bAF(t) is
2.16, 1.07, 0.01, and 0.06 month22, respectively. The nudging
largely dominates the AMV evolution, with ENSO and SLP
forcing explaining only 3% of the variance of TRD(t1 1), re-
flecting that natural forcing is uncorrelated between members.
Nonetheless, as discussed in section 3a, the significant correla-
tion between ensemble-mean Niño-3 and tropical AMV
(Fig. 3b, black curves) still implies that internal variability is
not entirely eliminated by the ensemble average of 10 mem-
bers, although it does not play an important role in forcing
the tropical AMV.

This can be further validated by constructing a new tropical
AMV index Tc(t), obtained by integrating Eq. (4) without our
estimates of the two internal forcing terms aP(t 2 3) and
bAF(t). For numerical stability, we use a forward form of the
time derivative. Taking ensemble mean leads to the recon-
structed Tc (t) which estimates Ttrop with a strongly reduced
imprint of internal variability. Figure 5a confirms that Tc (t)
and Ttrop are very close, but the positive correlation peak be-
tween Niño-3 and the tropical AMV at short lags is reduced
by using Tc , mostly losing statistical significance (orange line).
Similar results are found in the regression maps of ensemble-
mean SST on Tc (Figs. 5b,c): At lag 22, the tropical Pacific
warming is strongly reduced (cf. with Fig. 2c). This suggests
that the significant tropical Pacific regressions in Fig. 2c
mainly reflect the forcing of the tropical AMV by internal var-
iability rather than a response to the AMV. In addition, the

tropical Indian Ocean warming is barely affected and keeps
growing from lag 22 to lag 2 (Figs. 2f–i and 5c,d) or 3 (not
shown) and then slowly decreasing at larger lags, which con-
firms that the Indian Ocean warming is a response to tropical
atmospheric circulation changes driven by the tropical AMV.
On the other hand, the negative correlation when Niño-3 lags
Ttrop by about 14 months appears largely unaffected by inter-
nal variability (cf. black and orange lines in Fig. 5a), suggest-
ing a robust Pacific response to the tropical AMV. Given that
both the short-lag Indian Ocean warming (lags 0–2 months)
and the delayed Pacific cooling (;14 months) are robust fea-
tures, the following section investigates the mechanisms link-
ing these responses}particularly how the early Indian
warming may initiate the subsequent development of La
Niña–like conditions in the tropical Pacific. Furthermore, as
the ensemble mean effectively suppresses internal variability
(Fig. 5a), the mechanisms can be safely diagnosed using the
ensemble mean of the pacemaker simulation.

4. Response to AMV

We now explore the transient mechanisms through which
tropical AMV influences the Indo-Pacific climate. High-
pass-filtered ensemble averages from the pacemaker simula-
tions are used to focus on the short-term response to the tropical
AMV. Regressions of key atmospheric and oceanic fields onto
the tropical AMV index are presented to reveal the sequence
of responses across basins.

We first focus on responses within the first 2 months, pre-
sented in Figs. 2 and 6. In phase with Ttrop , the warmer

FIG. 5. (a) Lead–lag correlations between high-pass-filtered Niño-3, P, and actual (Ttrop ; black) and reconstructed
(Tc ; orange) tropical AMV index in the ensemble-mean pacemaker simulation. (b)–(d) Regression of SST on Tc at
lag22, 0, and 2, as indicated. Lag is in months. AMV leads at positive lag. Circles in (a) or dots in (b)–(d) indicate sta-
tistical significance at the 5% level.
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tropical Atlantic Ocean (Fig. 2f) drives increased latent heat
flux (Fig. 6c), consistent with the negative heat flux feedback
(Frankignoul and Kestenare 2002; Park et al. 2005). The re-
sulting diabatic heating intensifies convection and drives a
large-scale atmospheric response, as captured by the regres-
sions of the 850-hPa zonal wind and SLP onto Ttrop (Figs. 6a,b).
This response resembles the linear response to an off-equatorial
heat source, as discussed by Gill (1980), with a low pressure
center located slightly west of the tropical heating over the
Atlantic Ocean and weakened trade winds associated with
equatorial Rossby wave propagation over a region extending
from the western tropical Atlantic to the eastern tropical
Pacific. Meanwhile, westerlies weaken around 508N over the
North Atlantic. Anomalous equatorial easterlies linked to
damped Kelvin wave propagation are also visible east of the
tropical North Atlantic heat source, reaching as far as the
western equatorial Pacific. These easterlies drive poleward
Ekman transport on both sides of the equator, inducing
equatorial upwelling, consistent with the shallower thermo-
cline in the central Pacific (Fig. 6e). Over the Indian Ocean
north of the equator, the climatological wind speed weakens
(Fig. S2) and reduces local evaporation, which leads to down-
ward heat flux (Fig. 6c) and northward Ekman transport,
promoting positive SST anomalies (Figs. 2f,i). In contrast,
the accelerated winds south of the equator tend to enhance
evaporation (Fig. 6c), but its impact on SST might be largely
balanced by southward Ekman advection. A similar mecha-
nism connecting tropical North Atlantic heating to positive
SST anomalies in the north Indian Ocean was discussed by
Li et al. (2016). In addition, positive latent heat flux anoma-
lies are simulated on both sides of the equator in the eastern
tropical Pacific (Fig. 6c), promoting local cooling at the sur-
face. However, this expected cooling is not reflected in the

subsequent SST changes (Fig. 2i), likely due to the equator-
ward Ekman flow driven by the weakened easterly winds
(Fig. 6a). Residual internal variability in the eastern tropical
Pacific might also offset the effect of the heat flux anomalies.

Changes in the large-scale tropical circulation are illus-
trated by the velocity potential at 300 hPa (Fig. 6d). The Lap-
lacian of the upper-troposphere velocity potential is equal to
the negative of horizontal wind divergence. Therefore, a neg-
ative (positive) velocity potential anomaly indicates large-
scale ascending (subsiding) air. In the pacemaker experiment,
the negative velocity potential over the tropical Atlantic sug-
gests rising motions driven by more frequent atmospheric
convection, while the broad positive velocity potential anom-
aly above the Pacific Ocean indicates slightly weakened con-
vection. In the western-to-central Pacific, elongated positive
SLP anomalies with maximum amplitude around 308 off the
equator and weak values along the equator (Fig. 6b) are con-
sistent with reduced atmospheric convection and the ocean–
atmosphere feedback linking the Indo-Pacific warm pool SST
to the western Pacific subtropical high (Wang et al. 2013; Gan
et al. 2022).

As illustrated for a lag of 6 months, the tropical Atlantic
warming decreases with increasing lag (Fig. 7a), and corre-
spondingly, atmospheric diabatic heating (not shown), anom-
alous westerlies above the eastern equatorial Pacific (Fig. 7c),
and large-scale ascent (Figs. 7d,e) over the Atlantic Ocean
have weakened. The early warming in the northern Indian
Ocean persists, likely leading to the onset of ascending motion
over India (Figs. 7d,e), and it has extended into the northwest-
ern tropical Pacific (Fig. 7a) due to an anomalous convergence
of ocean heat transport. The easterlies above the Indo-Pacific
have weakened but propagated eastward to 1208W (Fig. 7c),
shifting the thermocline shallowing eastward (Fig. 7b).

FIG. 6. Simultaneous regression in pacemaker experiments on the tropical AMV index, Ttrop (t), of 10-yr high-pass-
filtered ensemble-mean (a) zonal wind at 850 hPa (shading; m s21), (b) SLP (Pa), (c) latent heat flux, positive upward
(W m22), (d) velocity potential at 300 hPa (shading; 105 m2 s21), and (e) depth of the 208C isotherm (m). In (a), only
5% significant anomalies are shown, and vectors indicate climatological surface wind at 850 hPa. In (d), solid (dashed)
contours represent positive (negative) climatological velocity potential at 300 hPa, starting at 610 3 105 m2 s21 with
an interval of 103 105 m2 s21, and zero contour is omitted. Stipples indicate 5% significance.
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Between lag 6 and lag 10, the North Atlantic tropical SST
anomaly (Fig. 7f) and the associated large-scale atmosphere
ascent (Figs. 7i,j) gradually vanish. However, the anomalous
ascent over the northern Indian Ocean and midlatitude
Eurasia intensifies and coincides with increased descent over
the eastern Pacific (Fig. 7j). This east–west overturning pattern
strengthens the Walker Circulation, promoting the anomalous
easterlies in the western and central equatorial Pacific (Fig. 7h).
The intensification and eastward movement of the easterlies
lead to a further eastward shift of the equatorial thermocline
and cooling in most of the equatorial Pacific (Fig. 7g). These
changes lead to the establishment of a La Niña–like SST
anomaly (Zhu et al. 2015).

The La Niña conditions continue to intensify probably via
the Bjerknes feedback and reach a peak around lag 14, consis-
tent with the cross correlation between AMV and the Niño-3
index (Fig. 3b), alongside the negative phase of the Southern
Oscillation (Figs. 8a,d). The anomalous tropical Pacific easter-
lies have extended westward above Indonesia (Fig. 8c), while
the equatorial Pacific thermocline becomes shallower in the
east and deeper in the west (Fig. 8b). Positive thermocline
anomalies in the west Pacific on both sides of the equator are
typical of the Rossby wave response during ENSO events (Jin
1997), confirming the important role of ocean dynamics in

sustaining the surface cooling in the eastern Pacific (Fig. 8a).
East of the La Niña anomaly, over the equatorial South
America and the equatorial Atlantic, anomalous equatorial
westerlies have appeared, consistent with the circulation ad-
justment to ocean temperature changes proposed by Gill
(1980). Also noteworthy is an anticyclonic SLP perturbation
and dipolar wind anomalies off northwestern America that
have some resemblance with the weakening of the Aleutian
low by La Niña teleconnections, although these features are
too small and located too far southeast. Nonetheless, they
may contribute to the weak warming in the western and cen-
tral North Pacific (Fig. 8a).

As suggested by the cross correlation between Ttrop and
Niño-3 (Fig. 3b), the La Niña SST anomaly then gradually de-
cays. By lag 21, much of the negative SST anomalies in the
eastern tropical Pacific have lost significance, although equa-
torial cooling remains significant in the central and western Pa-
cific (Fig. 9a), and the weakening of the Aleutian low (Fig. 9b)
has driven cold air southward advection and coastal upwell-
ing along northwestern America, so that the SST anomaly
has started resembling a negative PDO pattern, albeit with
too weak warming in the Kuroshio–Oyashio extension region
(Fig. 9a) compared to the typical PDO pattern (Mantua et al.
1997). Lag correlation between Ttrop and the PDO time series

FIG. 7. As in Fig. 6, but at a lag of (a)–(e) 6 months and (f)–(j) 10 months for (first row) SST, (second row) thermo-
cline depth, (third row) U850, (fourth row) SLP, and (fifth row) velocity potential at 300 hPa, based on 10-yr high-
pass-filtered ensemble-mean pacemaker experiments.
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(defined as the first principal component of ensemble-mean
SST anomalies in the North Pacific 208–708N) shows that the
PDO significantly lags the tropical AMV by 21–25 months, with
a peak at lag 23 (Fig. 9c, black curve). The PDO pattern is
more evident at lag 23 (not shown), by which time the Aleutian
low has slightly dissipated, as expected from the typical lag be-
tween atmospheric forcing and oceanic response. The PDO
thus follows the fast La Niña response by about 10 months.
A similar negative correlation between tropical AMV and

PDO is found in (observed) nudging SST after removal of
global warming, albeit without 5% significance (Fig. 9c, red
curve), presumably because our use of ensemble means had
strongly reduced unrelated natural PDO variability.

It should be noted that the 2-yr lag between the tropical
AMV and the PDO is not inconsistent with the relationships
obtained with 10-yr low-pass-filtered data (Fig. 10), albeit
with slightly different patterns than in Figs. 8 and 9 as the
dominant warming appears in the western extratropical Pacific
and cooling off North America is negligible (Fig. 10a), while
the negative correlation consistently peaks when tropical
AMV leads by about 22 months (Fig. 10b). However, the
persistence of the SST patterns in the low-pass-filtered anal-
ysis provides little physical insight and stresses that the
chain of events could be better established through the use
of high-pass-filtered data.

In addition, we applied a bootstrap-style subsampling ap-
proach (Deser et al. 2017, 2018) to validate the robustness of
responses and mechanisms described above. Specifically, we
generated 100 randomly selected subsets (with replacement)
of eight pacemaker members drawn from the available
10-member ensemble. The key correlation and regression re-
sults remain statistically significant across these subsets (not
shown), which indicates that our findings most likely repre-
sent a statistically robust chain of responses and are not arti-
facts of ensemble composition.

5. Conclusions and discussion

In this study, we explored the oceanic response to the ob-
served Atlantic multidecadal variability (AMV) using transient
pacemaker experiments with the IPSL-CM6A-LR climate
model. In these experiments, the SSTs in the Atlantic between
108 and 658N are nudged to the model climatology plus time-
varying observed SST anomalies, using a 10-member ensemble
with historical forcings from 1920 to 2014. To elucidate the
mechanism of the AMV influence on remote regions, we ana-
lyzed 10-yr high-pass data and separately considered the im-
pacts of the full AMV SST anomaly and its tropical and

FIG. 8. As in Fig. 7, but for lag 14 for (first row) SST, (second
row) thermocline depth, (third row) U850, and (fourth row) SLP,
based on 10-yr high-pass-filtered ensemble-mean pacemaker
experiments.

FIG. 9. Regression of (a) SST and (b) SLP on Ttrop (t) at lag 21 in pacemaker experiments. (c) Cross correlation
between Ttrop (t) and PDO in the 10-yr high-pass-filtered pacemaker ensemble-mean SST (black) and 10-yr high-
pass-filtered ERSSTv4 dataset (red) during the same period. Dots or circles indicate 5% significance.
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extratropical parts. As the extratropical component was
found to have negligible interbasin influence, we focused on
the impact of the tropical AMV, as represented by the
Ttrop(t) index.

Observations and a control simulation with the same climate
model reveal that a positive Niño-3 index (El Niño) leads a
positive Ttrop with a maximum correlation at about 6-month
lead, while the latter leads a negative Niño-3 (La Niña) peak-
ing at about 12-month lag. Yet, the causality is difficult to es-
tablish, in particular since the lag difference of about 18 months
between the positive and negative correlations broadly corre-
sponds to the quasi-oscillatory character of the Niño-3 index. In
the ensemble mean of the pacemaker experiments, SST nudg-
ing significantly reduces the positive correlation between the
two tropical basins when the Pacific leads but maintains a simi-
lar negative correlation when the Pacific lags. This suggests an
effective impact of the Atlantic on the Pacific. Nevertheless,
persistent positive correlation around lag 0 suggests that inter-
nal variability still contributes to the tropical AMV even with
an ensemble averaging over 10 members. Using a simple slab
mixed layer model, we show that, although ENSO and local at-
mospheric forcing of the tropical AMV are not entirely re-
moved by the ensemble averaging, they play little role, and the
ensemble-mean tropical AMV is primarily forced by the nudg-
ing. Hence, AMV impacts can be reliably assessed by only con-
sidering ensemble means of 10 members, and the significant
negative correlation with Niño-3 when Ttrop leads by about
14 months can be confidently interpreted as an equatorial
Pacific response to the tropical AMV.

To investigate the mechanisms linking the tropical AMV to
the Indo-Pacific basin and explain the negative correlation

when Ttrop leads ENSO, we use lag regressions. We identify
four distinct phases following a positive tropical AMV: phase 1
(0–6-month lag) reflects a fast response of the western Indo-
Pacific Ocean; phase 2 (7–10-month lag) shows the establish-
ment of La Niña–like SST anomalies in the eastern Pacific;
phase 3 (11–20-month lag) involves the strengthening and sub-
sequent decay of La Niña conditions; phase 4 (21–25-month
lag) corresponds to the establishment of a negative phase of
the PDO. We describe below these phases in further detail:

Phase 1: A warm tropical AMV intensifies deep convection
and leads to rising motions over the tropical Atlantic and
compensatory subsidence above the western Pacific, indi-
cating a modification of the Pacific Walker circulation.
The associated wind changes broadly mimic the predic-
tions of the classical Gill model (Gill 1980), with easterly
wind anomalies in the Indo-western Pacific. The anoma-
lous easterlies over the ocean induce poleward Ekman
transport and equatorial upwelling, contributing to a shal-
lowing of the thermocline in the Indo-western Pacific.
Meanwhile, reduced wind speed over the northern Indian
Ocean reduces local evaporation and causes SST warming.
By a lag of 6 months, the tropical North Atlantic SST de-
creases, accompanied by a weakening of the associated
large-scale ascent over the tropical Atlantic and an east-
ward propagation of the anomalous easterlies. The
northern Indian Ocean warming weakens, but the warming
extends eastward into the western Indo-Pacific warm pool,
while the shallowing of the Pacific equatorial thermocline
also progresses eastward.

Phase 2: About 7 months after the tropical AMV peak, the
early warming over the north Indian Ocean extends east-
ward, contributing to localized ascending motion and associ-
ated strengthening of Walker circulation over the equatorial
Pacific Ocean. The easterly anomalies continue to intensify,
sustaining the equatorial upwelling and the shallower ther-
mocline depth. The eastward shift of the easterly wind
anomaly shifts the thermocline shallowing eastward, which
reaches the eastern Pacific 9–10 months after the AMV.
The resulting cooling in the eastern central Pacific marks
the onset of a La Niña–like SST anomaly.

Phase 3: The cold equatorial Pacific SST anomalies build up
and reach their peak at a lag of 14 months via the
Bjerknes feedback. Then, the enhanced trade winds pile
up warm water in the western Pacific and increase the
thermocline depth, initiating the decay of La Niña, which
nonetheless persists until about lag 20. Meanwhile, La
Niña teleconnections drive positive SLP anomalies off
northwestern America and weaken the Aleutian low.

Phase 4: The weakened Aleutian low and associated dipolar
wind anomalies over the extratropical North Pacific lead
to weak warming in the western and central North Pacific
and also weak cooling in the Gulf of Alaska and along
northwestern America. This results in SST anomalies re-
sembling a negative PDO pattern that lags the tropical
AMV by about 21 months. This PDO-like pattern remains
significant until lag 25.

FIG. 10. (a) In phase regression of 10-yr low-pass-filtered SST
(8C) onto 10-yr low-pass-filtered tropical AMV (similarly defined)
in pacemaker experiments. (b) Lead–lag correlation between 10-yr
low-pass-filtered PDO and 10-yr low-pass-filtered tropical AMV in
the pacemaker experiment. AMV leads at positive lag. Stipples in
(a) and circles in (b) indicate statistical significance at the 5% level.
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Several previous modeling and observational studies have
pointed out that La Niña–like SST anomalies in the tropical
Pacific can be induced by warm AMV conditions (Kucharski
et al. 2016; Chafik et al. 2016; Meehl et al. 2021; Ruprich-
Robert et al. 2021) or warm equatorial Atlantic (Rodrı́guez-
Fonseca et al. 2009; Martı́n-Rey et al. 2014; Li et al. 2016).
The mechanisms identified in the first two phases of our study
align with Li et al. (2016), where La Niña was triggered by
surface wind anomalies in the Indian Ocean forced by tropi-
cal Atlantic diabatic heating and later strengthened by the
Bjerknes feedback. While most previous studies have empha-
sized a direct pathway from the tropical Atlantic to the tropi-
cal Pacific via the reorganizations of the Walker circulation,
both Li et al. (2016) and our work highlight an important in-
termediary role of the Indian Ocean. The persistence of the
Indian Ocean warming sustains atmospheric ascent in that re-
gion when Atlantic anomalies are dissipating, thereby rein-
forcing the zonal pressure gradient and anchoring the
anomalous Walker circulation. Without this intermediate
step, we suspect that the Atlantic influence on the Pacific
would likely be weaker or more transient. Zhang and Delworth
(2007) proposed an extratropical pathway for the impact of the
AMV on the North Pacific mostly through higher North Pacific
SLP and warmer Kuroshio–Oyashio extension, but we found
no evidence of extratropical AMV influence, consistent with
several findings that the AMV rather impacts the North Pacific
through a tropical pathway via trade wind anomalies (e.g.,
Yang et al. 2020; An et al. 2021).

The transition to a negative PDO response suggested in
phase 4 may seem consistent with the impact of AMV on the
PDO documented in several observational studies (d’Orgeville
and Peltier 2007; Wu et al. 2011; Marini and Frankignoul
2014), but unlike in the present study, the statistical signifi-
cance was limited, perhaps in part because our use of ensem-
ble means had strongly reduced unrelated natural PDO
variability. Indeed, based on data assimilation experiments in
climate models, Johnson et al. (2020) estimated that only
about one-third of the PDO variance originates from the
Atlantic Ocean. More importantly, most of the above studies
found that the response to the AMV was much slower than
the 2–3 years found in our pacemaker experiments, needing
12–14 years to establish. We found no significant relationship
when AMV leads by 12–14 years. This is consistent with re-
cent studies that suggested that this long time-scale relation-
ship, if really significant, results from inadequate removal of
the signals due to anthropogenic and other external forcing
(Frankignoul et al. 2017; Fenske and Clement 2022; Deser
and Phillips 2023), as discussed in section 1. Although the
global warming signal was removed in our study based on
historical simulations that had a slightly different behavior
than the pacemaker simulations (Fig. S1), it should affect lit-
tle the AMV–PDO connections found here at a much
shorter time scale.

It is worth noting that the tropical AMV warming decays
during phase 2 and turns into a cooling phase during phases 3
and 4 in our analysis. The peak of La Niña conditions and the
subsequent development of the PDO pattern thus occur after
the Atlantic forcing has subsided. This timing underscores a

key feature of the transient pacemaker experiments, which al-
low the AMV to evolve and decay. In contrast, idealized pace-
maker experiments impose fixed AMV conditions throughout,
making it difficult to assess the role of delayed or memory-
driven responses.

While increasing the ensemble size would further enhance
statistical robustness, particularly for detecting transient or
spatially localized atmospheric signals, the computational cost
of running large ensembles can be prohibitive, especially for
higher resolution or computationally demanding models. Our
multifaceted validation strategy, including statistical model-
ing and bootstrap-style subsampling, demonstrates that a
10-member ensemble is sufficient to isolate the forced AMV
response, in this context. We argue that this approach pro-
vides a practical and scalable framework for broader applica-
tions. In addition to ensemble size, multimodel comparisons
of idealized pacemaker experiments have revealed signifi-
cant intermodel differences in simulated tropical responses
(Ruprich-Robert et al. 2021; Hodson et al. 2022). These var-
iations likely arise from differences in the amount of moist
static energy injection from the tropical Atlantic surface to
the upper troposphere, shaped by the rainfall climatologies
specific to each model (Ruprich-Robert et al. 2021). These
discrepancies highlight the need to use a range of models
and experimental frameworks to evaluate the robustness of
the AMV–Pacific link. We advocate here for more modeling
groups running such pacemaker experiments in a coordi-
nated way.

While our study used the linear regression analysis, future
work should also explore potential nonlinearities in the inter-
basin connections. Previous studies have often relied on com-
parisons between AMV1 and AMV2 phases or neutral
states, which may also overlook potential nonlinear interac-
tions between AMV, ENSO, and PDO. For instance, some
research has suggested that the modulation of the ENSO by
the AMV may exhibit nonlinear characteristics (Geng et al.
2020). This raises the possibility that the strength or even the
sign of Pacific–AMV teleconnections could vary depending
on the specific AMV state, rather than following a simple
linear relationship. To better understand these evolving con-
nections, future studies could explore alternative methods be-
yond linear regression.

Last, examining the temporal stability and potential de-
cadal modulation of the AMV–Pacific connection could
provide new insights into the mechanisms and predictability
of this important teleconnection pattern. From a practical
point, note that a recently developed dataset (DCENT)
spanning since 1850 reveals that the apparent drops in SST
and global-mean temperature during 1940–50, commonly
seen in many historical datasets, are likely spurious artifacts
caused by data inhomogeneities (Chan et al. 2024). Future
work could benefit from cross validation with DCENT to
reassess and potentially correct for such early period anom-
alies in AMV reconstructions.
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