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Atlantic and Pacific tropics connected by mutually
interactive decadal-timescale processes
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Decadal climate prediction presumes there are decadal-timescale processes and mechanisms that, if initialized properly in
models, potentially provide predictive skill more than one or two years into the future. Candidate mechanisms involve Pacific
decadal variability and Atlantic multidecadal variability, elements of which involve slow fluctuations of tropical Pacific and
Atlantic sea surface temperatures (SSTs) from positive anomalies (positive phase) to negative anomalies (negative phase).
Here we use model experiments to show that there tends to be a weak opposite-sign SST response in the tropical Pacific when
observed SSTs are specified in the Atlantic, while there is a weak same-sign SST response in the tropical Atlantic when observed
SSTs are specified in the tropical Pacific. Net surface heat flux in the Atlantic and ocean dynamics in the Pacific play contrasting
roles in the ocean response to specified SSTs in the respective basins. We propose that processes in the Pacific and Atlantic are
sequentially interactive through the atmospheric Walker circulation along with contributions from midlatitude teleconnections

for the Atlantic response to the Pacific.

and Pacific basins often focused on the Walker circula-
tion through the atmosphere, with the Atlantic driving the
Pacific'~, the Atlantic driving global decadal variability®, the Pacific
driving the Atlantic’~ or the Atlantic affecting the Pacific via the
tropical Indian Ocean’. These influences are typically invoked
for the tropics'’, although other connections through the midlati-
tudes have also been proposed®'' with interaction between Pacific
and Atlantic decadal variability possibly important for midlatitude
teleconnections'”. Two-way interactions between the Atlantic and
Pacific have been reviewed for interannual timescales'’, and for
observations on decadal timescales”, although the short data record
for the latter did not allow an analysis of the mechanisms involved.
The tropical Atlantic forcing of the tropical Pacific via the anom-
alous Walker circulation is seen on both interannual and decadal
timescales as noted by studies cited in the preceding. However, a
major difference on the decadal timescale, which we address in this
paper, is that convective heating anomalies in the tropical eastern
Pacific, which have been shown to play roles in decadal-timescale
Arctic and Antarctic sea ice responses through the Pacific-North
American (PNA) and Pacific-South American (PSA) telecon-
nection patterns, respectively'~'¢, also end up affecting the tropi-
cal North and South Atlantic. Since these processes are acting on
decadal timescales, as opposed to the interannual timescale, the
responses go beyond single seasons as in the interannual case'’. In
addition, external forcings play a greater role on the decadal times-
cales shown here.

Previous studies regarding connections between the Atlantic

Idealized pacemaker experiments

For Pacific decadal variability positive phase (PDV+) minus PDV—,
assuming approximate linearity of the interbasin connections, the
specified SST pattern in the Pacific (Methods) is characterized by

positive SST anomalies of over 4+0.5°C over most of the tropical
Pacific representing the positive PDV phase (Fig. 1a). There are sta-
tistically significant positive (same-sign) SST anomalies of several
tenths of a degree over most of the tropical Atlantic (Fig. 1a) with
significant positive precipitation anomalies that cover most of the
Pacific tropics (Fig. 1b, values of around +0.4mmd™"). There are
mostly positive precipitation anomalies between about 30°N and
30°S in the Atlantic and a narrow band of negative anomalies near
20°S (Fig. 1b) with values of about +0.2mmd".

For specified positive Atlantic multidecadal variability (AMV+
minus AMV-), the tropical Pacific shows opposite-sign (nega-
tive) SST anomalies with values of around —0.2°C (Fig. 1c) that
are roughly half the amplitude of the specified PDV pattern in
Fig. la. Corresponding precipitation anomalies (Fig. 1d) are posi-
tive over much of the specified positive SST regions in the tropical
Atlantic (values of over about +0.4mm d™') and negative (around
—0.2mm d™') over most of the tropical Pacific.

The large-scale east-west Walker circulation in the atmosphere
connects the basins in the pacemaker experiments with enhanced
vertical motion over tropical ocean regions with positive SST anom-
alies and anomalous descent to the east and west (Fig. le,f). Thus,
for PDV+ minus PDV—, stronger upward vertical motion over
the eastern tropical Pacific is associated with weaker Pacific trade
winds (westerly anomaly winds in the lower troposphere), anoma-
lous descent over the tropical Atlantic and Maritime Continent
and upper-level outflow away from the enhanced vertical motion
in the tropical Pacific (Fig. le). Similarly for the AMV+ minus
AMV-, enhanced vertical motion over the tropical Atlantic is
associated with outflow near 200hPa to the west (easterly anom-
aly winds) and anomalous descent over the tropical Pacific with
trade-wind acceleration there (easterly anomaly winds in the lower
troposphere, Fig. 1f).
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Fig. 1] Mechanisms of Atlantic-Pacific connections. a, Ten-year ensemble mean SSTs (°C) and surface winds (ms™, scaling vector in upper right) for PDV+
minus PDV—; 95% significance is stippled; horizontal dark green lines demarcate area of specified Pacific pacemaker SSTs; anomalous cyclonic circulations
denoted by ‘L' and anticyclonic by ‘H' to correspond to sea level pressure anomalies in Supplementary Fig. 4. b, Same as a except for precipitation (mmd). ¢,
Same as a except for Atlantic multidecadal variability positive phase (AMV+) minus AMV—; horizontal dark green lines demarcate area of specified Atlantic
pacemaker SSTs. d, Same as b except for AMV+ minus AMV-. e, Ten-year ensemble mean cross section of winds averaged from 5°S to 15° N (vectors) and
vertical motion (Pas™; anomalous upward vertical motion is blue; downward motion is red) for the PDV+ minus PDV- experiment. f, Same as e except for
the AMV+ minus AMV— experiment. g, Ocean heat budget for the upper 100 m for the response of the east Atlantic (35° W-10°E, 5°S-5°N) in the PDV
pacemaker for seasons in the first year, January-February-March (JFM1), April-May-June (AMJ1), July-August-September (JAS1), and October-November-
December (OND?1). h, Response of the equatorial east Pacific (120° W-180°, 5°S-5°N) in the AMV pacemaker, seasonal trends of net ocean advection
(OCN Ady, standard deviation of 0.3 for g, 0.4 for h), net surface heat flux (NSHF, standard deviation of 0.1 for both g and h), upper 100 m heat storage
(change of temperature with time, dT/dt, labelled TEMP, standard deviation of 0.3 for g and 0.4 for h), vertical advection (OCN_v Ady, standard deviation of
0.5 for g, 1.5 for h) and horizontal advection (OCN_h Ady, standard deviation of 0.8 for g, 1.8 for h), all in °C season™.

To identify the contributions to seasonal SST anomalies in the are computed for the PDV pacemaker experiment over the equato-
Pacific and Atlantic pacemaker experiments (differences calculated  rial Atlantic (35°W-10°E, 5°S-5°N, Fig. 1g) and for the AMV pace-
for PDV+ minus PDV— and AMV+ minus AMV—), area averages maker for the eastern equatorial Pacific (120°W-180°, 5°S-5°N,
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Fig. 2 | Atlantic-Pacific two-way leads/lags. a, Lagged regressions of annual-mean SST on the simulated PDV index from the 1,800-year CESM1 LENS
pre-industrial control; PDV leads by three years. b, Same as a except tropical Atlantic (AMV index) leads by three years. ¢, Regression plots based on
observed SSTs from Extended Reconstructed Sea Surface Temperature (ERSST) v.4; PDV leads by three years. d, Same as ¢ except AMV leads by three
years. Units on the colour bar are °C per °C of AMV or PDV. Stippling indicates regions that are significant above the 95% confidence level on the basis of
a two-sided t test. Supplementary Fig. 5 shows similar patterns for lead years 1-5 for the CESM1, and Supplementary Fig. 6 for the observations.

Fig. 1h). These areas are chosen to capture regions where there is
a uniform-sign response of SSTs in each of the pacemaker experi-
ments (Fig. la,c). Quantities include upper 100 m heat storage, the
total ocean advection contribution to trends in the heat storage
in the upper 100m (a thinner 50m layer shows similar results) as
well as the horizontal and vertical advection contributions and net
surface heat flux (Methods).

The response to the PDV+SST anomalies (PDV+ minus
PDV-) for the tropical Atlantic box (Fig. 1g) shows small positive
net surface heat flux seasonal trend anomalies through all seasons,
with the biggest positive contribution from net longwave radia-
tion (Supplementary Fig. 3g). Meanwhile, the initial cooling due
to ocean advection, with the largest contributions from horizon-
tal advection, arises from the anomalous Walker circulation spin-
ning up (Fig. le) producing stronger easterlies along the Equator
(Supplementary Fig. la,c). This shifts to a warming tendency by
July-August-September (JAS1) as less heat diverges out from the
equatorial region due to horizontal advection. Meanwhile, positive
precipitation and associated convective heating anomalies in the
eastern tropical Pacific (Fig. 1b) are associated with the establish-
ment of a PNA pattern to the north and east and an anomalous
PSA pattern to the south and east, each with alternating anomalous
low- and high-pressure centres noted in Fig. 1a (and Supplementary
Fig. 4a) ending with anomalous low centres in the North and
South Atlantic.

There are anomalous westerly component surface winds radiat-
ing out from those circulation centres that extend to the tropical
North and South Atlantic (Fig. 1a), thus weakening the trade winds
north of about 15°N and south of around 15°S. These weakened
trades act to reduce latent heat flux in those regions (Supplementary
Fig. 3c) and contribute to positive values of net surface heat flux

(Supplementary Fig. 3i), which act to warm the ocean surface.
Equatorward of those areas, there are weak southeasterly anomaly
surface winds (Fig. 1a) in association with the anomalous Walker
circulation being driven from the tropical Pacific (Fig. le). By
JASI1, that warmer water to the south contributes to horizontal
ocean heat convergence (Fig. 1g). With warming due to both weak-
ened horizontal advection and net surface heat flux trends, the
net result is enhanced upper-ocean heat storage during JAS1 and
OND1 (Fig. 1g) and positive SST anomalies (Supplementary Fig.
1g). As SSTs warm over most of the tropical Atlantic (Fig. 1a.e,g),
there is weakly enhanced precipitation (Fig. 1b) and associated
increases of low cloud (Supplementary Fig. 3m) that contribute to
enhanced downward longwave radiation (Supplementary Fig. 3g).
This contributes to the net positive surface heat flux in JAS1 and
October-November-December (OND1) (Fig. 1g) that contrib-
utes to warming the upper ocean (Fig. 1g). Thus, for the Atlantic
response to the Pacific pacemaker, midlatitude contributions from
anomalous PNA and PSA circulations that act to weaken the trades
and warm the surface combined with the anomalous Walker cir-
culation that maintains anomalous southeasterlies in the equatorial
Atlantic (Fig. 1a) contribute to ocean heat convergence that helps
warm the surface layer.

By contrast, cooling contributions from ocean advection, domi-
nated by horizontal advection that is diverging heat from the surface
layer (Fig. 1h), in association with easterly anomaly surface winds
(Fig. 1c) that are a product of the anomalous Walker circulation
(Fig. 1f), are dominant in the tropical eastern Pacific in response
to AMV +SST anomalies (Fig. 1h). This leads to the development
of negative upper-ocean heat-storage anomalies there, with net sur-
face heat fluxes playing only a minor role (Fig. 1h). As noted previ-
ously, midlatitude teleconnections play less of a role than the Walker
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Fig. 3 | Decadal Atlantic-Pacific interactions. a, |dealized schematic of mutual interactions between tropical Atlantic and tropical Pacific. Black arrows
indicate direction of influence. The tropical Pacific contributes to making the tropical Atlantic SSTs the same sign, and the Atlantic then contributes to
making the tropical Pacific SSTs opposite sign. Although shown in this schematic as oscillatory phenomena, this is an idealized depiction since the PDV
and AMV represent 10- to 30-year timescale phenomena as seen in b. b, Observed time series of PDV (top line) and AMV (bottom line) corresponding
to the idealized schematic in a and showing that PDV and AMV are not oscillatory but represent 10- to 30-year timescales of variability. Black arrows
indicate direction of influence; grey arrows show direction of trends in indices; blue box outlines period in Fig. 4 from 1975 to 2000; red box outlines period
in Fig. 5 from 1996 to 2010. ¢, Schematic representation of basin interactions for positive AMV contributing to opposite-sign SST response of negative
PDV in the tropical Pacific mainly through the tropical Walker circulation as in, for example, the red-box period in panel b (background SST anomalies from
Fig. 1c). d, Same as ¢ except for positive PDV in the tropical Pacific contributing to same-sign AMV in tropical Atlantic with contributions from the tropical
Walker circulation as well as extratropical teleconnections driven by positive precipitation and convective heating anomalies in the tropical Pacific to
produce a PNA pattern across North America (sequence of ‘L—H—L" indicating wave train of anomalous low-high-low SLP anomalies) and a comparable

PSA pattern across South America as in, for example, the blue-box period in panel b (background SST anomalies from Fig. 1a).

circulation connections from the tropical Atlantic to the tropical
Pacific. As the tropical Pacific cools, there are anomalous anticy-
clonic circulations in the North and South Pacific (Fig. 1c) asso-
ciated with positive SLP anomalies there and a weak PSA pattern
(Supplementary Fig. 4b). This could be expected as a product of the
negative convective heating anomalies associated with the negative
precipitation anomalies (Fig. 1d) and not necessarily as being driven
directly by the tropical Atlantic.

Horizontal advection plays a dominant role in both tropical
basins, but a warming advection tendency in the second half of
the first year in the tropical Atlantic, in response to positive SST
anomalies in the tropical Pacific in the Pacific idealized pacemaker
(Fig. 1a), combines with net surface air-sea heat-flux gains to pro-
duce positive anomalies in upper-ocean heat storage (and positive
SSTs) by the second half of the first year (Fig. 1g) and a same-sign
SST response in the tropical Atlantic and Pacific (Fig. 1a). There
are contributions to the anomalous wind forcing in the tropical
Atlantic from both the anomalous Walker circulation and mid-
latitude teleconnections driven by convective heating anomalies
in the Pacific. Meanwhile, for the idealized Atlantic pacemaker
experiment, ocean advection, driven by the surface easterly wind

NATURE GEOSCIENCE | VOL 14 | JANUARY 2021 36-42 | www.nature.com/naturegeoscience

anomalies from the anomalous Walker circulation, plays the domi-
nant role in the eastern Pacific in contributing to negative sea-
sonal trends in upper-ocean heat storage as more heat diverges out
from the equatorial region due to horizontal advection (Fig. 1h).
Midlatitude teleconnections from the tropical Atlantic to the tropi-
cal Pacific are not a major factor in the Pacific response in agree-
ment with previous studies. In the end, there is an opposite-sign
SST response in the tropical Pacific to the imposed SST forcing in
the tropical Atlantic (Fig. 1c).

Atlantic-Pacific two-way connections in observations and
a model

The question remains as to whether these kinds of contrast-
ing responses can be seen either in conventional fully coupled
model simulations or in observations. To address the first com-
ponent, using the 1,800-year Community Earth System Model
(CESM1) large-ensemble (LENS) pre-industrial control simula-
tion, we perform a lagged regression of the winter (December—
January-February-March) SST on simulated AMV and PDV
indices (Methods). Consistent with the results from the ideal-
ized experiments in the preceding, there is a positive PDV phase
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Fig. 4 | Positive PDV and AMV trending positive to negative. SST trend for the time-series pacemakers (Methods) calculated from 1975 to 2000 for
positive PDV and AMV trending from negative to positive. a, Observed SSTs from Hadley Centre Sea Ice and Sea Surface Temperature (HadISST).

b, Ensemble average from LENS representing externally forced signal, SST (colours, °C decade™) and surface winds (vectors, ms™, scaling arrow at lower
right). ¢, Pacific pacemaker ensemble mean (EM). d, Pacific pacemaker in € minus LENS in b. e, Atlantic pacemaker EM. f, Atlantic pacemaker in e minus
LENS in b. g, Atlantic pacemaker EM with aerosols fixed at 1920 values. h, Same as g except for Pacific pacemaker. Stippling in left panels for model
pacemaker experiments indicates regions that are significant above the 95% confidence level on the basis of a two-sided t test.

when AMYV lags by one to five years (or tropical Pacific leads with
same sign, Supplementary Fig. 5), with the three-year lag result
from Supplementary Fig. 5 shown in Fig. 2a to illustrate this pat-
tern. Conversely, there is a negative PDV phase when AMV leads
(opposite sign) for one- to five-year lags (Supplementary Fig. 5)
with the result for the three-year lag shown in Fig. 2b as an exam-
ple of this pattern. In the first season of the idealized pacemaker
experiments, there is already a notable influence from one basin
to the other (discussed in relation to Fig. 1g,h, and Supplementary
Figs. 1 and 2) that is present in the decadal averages (Fig. la,c).
Thus, these signals are already visible at lead and lag one year in
Supplementary Fig. 5. Relative amplitudes of the patterns for differ-
ent lags in Supplementary Fig. 5 are instructive but not definitive (as
in Supplementary Fig. 6 for the observations from a much shorter
period) since similar signs present in the patterns are comparable to
the idealized pacemakers. This reinforces the idea that the tropical

Atlantic and Pacific basins influence each other differently depend-
ing on which is leading the other during different periods.

The interpretation of a similar lag regression calculation from
observations is less straightforward due to the short record length
and the complicating role of external forcings'’~". Nevertheless,
lag regressions from the observations calculated for the tropical
Pacific leading by one to five years (Supplementary Fig. 6) show a
similar pattern at all leads as illustrated by the three-year lead in
Fig. 2¢ (a same-sign response in most of tropical Atlantic just north
of the Equator, although there are negative anomalies in the North
Atlantic that were not present in the model control run, Fig. 2a).
For the example of the tropical Atlantic leading by one to five years
(Supplementary Fig. 6), there are also similar patterns at all leads
as illustrated by the three-year lead where there is an opposite-sign
response in most of the tropical Pacific (Fig. 2d), similar to the
idealized Atlantic pacemaker (Fig. 1c) and the long model control
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Fig. 5 | Positive AMV and PDV trending positive to negative. SST trend for the time-series pacemakers (Methods) calculated from 1996 to 2010 for
positive AMV and PDV trending from positive to negative. a, Observed SSTs from HadISST. b, Ensemble average from LENS representing externally forced
signal, SST (colours, °Cdecade™) and surface winds (vectors, ms™, scaling arrow at lower right). ¢, Pacific pacemaker EM. d, Pacific pacemaker in ¢ minus
LENS in b. e, Atlantic pacemaker EM. f, Atlantic pacemaker in e minus LENS in b. g, Atlantic pacemaker EM with aerosols fixed at 1920 values. h, Same as
g except for Pacific pacemaker. Stippling in left panels for model pacemaker experiments indicates regions that are significant above the 95% confidence

level on the basis of a two-sided t test.

simulation (Fig. 2b). As shown in Fig. 1g,h, fast processes in the
atmosphere force a response in the ocean that sets up in the first
year of the experiment. These anomalies are then sustained for leads
of up to five years. This provides further evidence that the tropi-
cal Pacific and tropical Atlantic are mutually interactive, suggesting
that each basin alternately contributes to a response in the other.

Illustrations of decadal Atlantic-Pacific interactions

A simplified schematic illustration of these interactions (Fig. 3a)
shows how positive AMV could contribute to an opposite-sign
trend to negative PDV and negative PDV could then contribute to a
same-sign trend from positive to negative AMV. The converse could
then be the case for negative AMV contributing to a trend from
negative to positive PDV (opposite sign) and then that positive PDV
phase contributing to a trend from negative to positive AMV (same
sign). This schematic illustration is in no way intended to depict
actual time series or to imply that either PDV or AMV is an oscilla-
tory phenomenon. AMV and PDV are characterized by timescales

of variability from about 10 to 30 years and are not oscillatory®. In
our interpretation of the pacemaker experiments, each basin can
influence the other on these timescales but not drive an oscillation.

PDV and AMYV indices derived from observations (Fig. 3b and
Methods) show how the positive and negative PDV and AMYV states
can mutually influence each other (heavy black arrows showing the
direction of the influence). For example, positive PDV in the 1980s
and 1990s could be influencing a trend from negative AMV to
positive AMV (arriving at same-sign tropical Pacific and Atlantic,
shown schematically in Fig. 3d), and positive AMV in the early
2000s could contribute to a trend from positive to negative PDV
(ending up with opposite-sign SST anomalies in the tropical Pacific
and Atlantic, Fig. 3¢).

Time-series pacemaker experiments

To examine the effects of external forcings in the ocean basin inter-
actions, Figs. 4 and 5 show ensemble average (ten member) results
from the time-series pacemaker configurations (Methods). Two
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periods are shown to follow the example discussed in Fig. 3b,c,d for
trends from 1975 to 2000 (roughly positive PDV contributing to a
trend to same-sign positive AMYV, Figs. 3b,d and 4) and from 1996
to 2010 (positive AMV contributing to a trend to opposite-sign
negative PDV, Figs. 3b,c and 5). These are selected to be illustrative,
and since the data are low-pass filtered, the results are not sensi-
tive to the exact start and end years of these periods. The Pacific
pacemaker in Fig. 4c shows a similar same-sign pattern in the tropi-
cal Atlantic seen in the observations (Fig. 4a), with values about
+0.1°Cdecade™. Subtracting out the effects of external forcings over
this period as represented by the LENS mean (Fig. 4b and Methods)
shows a weakened but still same-sign response of mostly positive
SST trends in the tropical Atlantic of up to about +0.1°Cdecade™
(Fig. 4d) that retain the sense of the observations (Fig. 4a). For the
Atlantic pacemaker (Fig. 4e), there is an opposite-sign response
in the tropical Pacific that is consistent with the tropical Atlantic
contributing to an opposite-sign response in the Pacific (Fig. 1c)
but is not consistent with observations (Fig. 4a) and is similar
when the effects of external forcing are removed (Fig. 4f). This
indicates that, for this period for this model, the tropical Pacific
was probably contributing to the same-sign SST anomalies in the
tropical Atlantic.

In the Atlantic pacemaker experiment where the effects of aero-
sols are removed by fixing aerosols at 1920 values, there is still an
opposite-sign response with even greater cooling in the tropical
Pacific (Fig. 4g) that is not seen in observations (Fig. 4a). A Pacific
pacemaker with aerosols fixed at 1920 values (single member)
shows warming trends for this period in the tropical Atlantic (Fig.
4h) and an aerosol-only warming in the tropical North Atlantic as
well (Supplementary Fig. 7c). Therefore, some of the tropical North
Atlantic response could be forced by aerosols in addition to forcing
from the internal SST variability in the Pacific.

The observed trend from 1996 to 2010 shows an opposite-sign
SST trend pattern in the tropical Atlantic and Pacific (Fig. 5a). The
Pacific pacemaker resembles this pattern (Fig. 5¢) but turns into a
same-sign negative SST anomaly trend in the tropical Pacific and
Atlantic north of the Equator when external forcings are removed
(Fig. 5d). For the Atlantic pacemaker, there also is a same-sign
response in the two tropical basins (Fig. 5e) even with external forc-
ings removed (Fig. 5f). However, when just aerosols are removed,
there is a low-amplitude opposite-sign response between tropical
Atlantic and Pacific (Fig. 5g, single member). Since the signature
of aerosols only for this period is a weak warming in the tropical
eastern Pacific (Supplementary Fig. 7d), the Atlantic pacemaker
same-sign response (Fig. 5e) is probably receiving contributions
from model-dependent aerosol forcing. When the aerosol effect
is removed in Fig. 5g, the opposite-sign response emerges in the
tropical Pacific that is qualitatively closer to observations (Fig. 5a).
This probably characterizes the opposite-sign negative SST trend
response in the Pacific to the positive SST trend in the tropical
Atlantic.
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Methods

The global coupled climate model version used here is the CESM1-CAM5 model
(hereafter, CESM1) that is the same model described in the CESM LENS Project™.
All components have approximately 1° horizontal resolution. The ocean has 60 levels
in the vertical and a meridional mesh refinement down to a quarter of a degree near
the Equator, while the atmospheric component has 30 hybrid vertical levels.

To create the idealized patterns to which the model is restored”, the internal
component of the observed Pacific and Atlantic decadal-timescale variability is
separated from the externally forced part™. To first estimate the externally forced
part, signal-to-noise maximizing empirical orthogonal functions (EOFs) are applied
to the Coupled Model Intercomparison Project Phase 5 multimodel ensemble with
historical and representative concentration pathway 8.5 (RCP 8.5) simulations for
the 1870-2005 and the 20062013 periods, respectively. This produces an estimate
of the time series of the radiatively forced component of SST as PC1 of the global
signal-to-noise EOF, and the spatial pattern is derived by regressing the observed
global SST (ERSSTv.3*) onto the PCI time series. The internally generated SST
components are then obtained as the residuals of the observed North Atlantic and
Pacific SSTs (resembling the AMV and PDV) for Equator to 60°N, 75°W to 7.5° W,
and 40°S to 60° N, respectively, after subtracting the externally forced component.
The AMV and PDV spatial patterns of SST are then calculated by regressing the
residuals of the annual-mean observed SST time series obtained as described in the
preceding onto the respective AMV and PDV indices (for more on how indices are
defined, see discussion that follows). These index time series and the SST fields are
low-pass filtered for the period 1870-2013 before the regressions using a Lanczos
filter with a ten-year cut-off period using 21 weights.

Two sets of 30-member ensemble simulations are run for the idealized
specified PDV and AMV configurations. The simulations for the AMV
configuration are a subset of those used in ref. °. All external forcings are held
constant at pre-industrial values. One set consists of simulations for AMV+ and
AMV-; the other set has the simulations for PDV+ and PDV-. Each experiment
is run for ten years during which the respective specified seasonal cycle of SST
anomalies in the respective areas are kept constant in time while the rest of the
model is fully coupled. The 30 ensemble members for each experiment are formed
by introducing round-off perturbations in the initial atmospheric temperature.

We use 20 ensemble members randomly selected from the CESM LENS?*'. All
ensemble members follow the same radiative-forcing scenario (anthropogenic
and natural historical forcings for 1920-2005 and RCP 8.5 forcings from 2006
onwards). As with the idealized simulations, this ensemble is also created by
introducing a slight perturbation of the initial atmospheric temperature”'.

The time-series pacemakers follow the methodology of ref. * and include
time-evolving external forcing as in the LENS. The Pacific pacemakers in Figs. 4 and
5 nudge the time-evolving SSTs towards observed values over 15°S-15°N, 180° to
the American coast with time-varying external forcings as in the LENS. The rest of
the model is fully coupled. Ten ensemble members were run for the period 1920
2013*. For the Atlantic pacemakers in Figs. 4 and 5, the SSTs are nudged over the
area from the Equator to 60°N over the width of the Atlantic basin at those latitudes.

The SST nudging for the Atlantic and Pacific time-series pacemaker
experiments is performed by computing the sensible heat flux from the
observational SST anomalies that have been added to the model climatology and
applying that to the coupled model. Observed SSTs are those from the National
Oceanic and Atmospheric Administration ERSSTv.3b dataset. Between 15°S and
20°S and between 15°N and 20°N in the Pacific, and from the Equator to 5°S
in the Atlantic, buffer belts were created with nudged SST tapering to the fully
coupled SSTs using linear interpolation as the model runs*. The fixed-aerosol
Atlantic and Pacific pacemaker experiments employ the same procedure as the
time-series pacemakers but hold the global pattern of anthropogenic aerosol
concentrations fixed at their 1920 values with a single ensemble member, while the
rest of the external forcings evolve as in the LENS.

The AMV and PDV indices are the observed SSTs from ERSSTv.4 detrended by
removing the global SST average’ then computing a North Atlantic (7.5°W-75°W,
0°-60°N) and tropical Pacific (150° E-90° W, 20°N-20°S) index, with a low-pass
Butterworth filter with a ten-year cut-off applied to the time series. For the model,
the same procedure is applied without detrending because the time series is from a
long control run with little trend. For the purposes of the schematic depiction of the
AMYV and PDV in Fig. 3, the indices are the deviation from the linearly detrended
climatological mean for the spatially averaged North Atlantic SST, Equator-65°N,
0°-85°W. A low-pass Lanczos filter with a 13-year cut-off is applied to the time
series. The PDV index is the first EOF of the linearly detrended 13-year Lanczos
low-pass filtered SSTs in the Pacific basin. This method produces a somewhat
different amplitude time series but with similar zero crossings as in the Trenberth
and Shea method™ to illustrate the cross-basin connections in the schematic.

The results in Fig. 1g,h for the ocean heat budget are calculated by:

Hior = NSHF + Hocean (1)
where
Hocean = Ho_advec(ion + Hdiff + Hsubmeso + Hmixing (2)

and
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Ho_advection = OCN_v Adv + OCN_h Adv 3)

H,, in Equation (1) is the total net temperature change (or heat storage) of the
upper 100m layer (°Cseason™") averaged over the two ocean areas. These areas
were chosen on the basis of the regions of largest change of SST in the first four
seasons of the idealized pacemaker simulations shown in Supplementary Figs. 1 and
2. The terms on the right of Equation (1) are net surface heat flux (NSHF) and net
ocean heat transport (H,.an); Hocean 1S calculated from the different terms making
up the heat transport due to the effects of advection (H, yecion)> diffusion (Hyg),
submesoscale processes (Hpnes,) and mixing due to K-profile parameterization
(KPP) and diabatic processes over the upper 100 m (H,,;,,). Here we show the largest
terms in the budget for these regions in Equation (3) for H, ,4cion @ horizontal
ocean advection, OCN_h Ady, and vertical ocean advection, OCN_v Adv.

Data availability

HadISST data are available from https://www.metoffice.gov.uk/hadobs/
hadisst/. The ERA-I data are available from https://www.ecmwf.int/en/
forecasts/datasets/reanalysis-datasets/era-interim. ERSSTv4 data are
available from https://www.ncdc.noaa.gov/data-access/marineocean-data/
extended-reconstructed-sea-surface-temperature-ersst-v4.

Code availability

Previous and current CESM versions are freely available at www.cesm.ucar.edu:/
models/cesm2/. The CESM solutions/datasets used in this study are also freely
available from the NCAR Digital Asset Services Hub (DASH) at data.ucar.edu or
from the links provided from the CESM website at www.cesm.ucar.edu.
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