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Pan-Atlantic decadal climate oscillation linked to
ocean circulation
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Atlantic climate displays an oscillatory mode at a period of 10-15 years described as pan-
Atlantic decadal oscillation. Prevailing theories on the mode are based on thermodynamic air-
sea interactions and the role of ocean circulation remains uncertain. Here we uncover ocean
circulation variability associated with the pan-Atlantic decadal oscillation using observational
datasets from 1900-2009. Specifically, a sea level-derived index of ocean circulation also
exhibits 10-15 year periodicity and leads the surface climate oscillation. The underlying ocean
circulation links the extratropical and tropical Atlantic, where the maximum variance in
surface-ocean temperature feeds back on the North Atlantic Oscillation (the leading mode of
atmospheric variability over the North Atlantic region). Our findings imply that, rather than a
passive role postulated by the thermodynamic paradigm, ocean circulation across the
Atlantic plays an active role for the pan-Atlantic decadal climate oscillation.
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Hemisphere during the 2009/10 winter season!, and the

subsequent active Atlantic hurricane season?, have been
suggested to be part of an anomalous climate state in the Atlantic
Ocean. For example, a tripole-anomaly structure characterized
the sea surface temperature (SST) in the North Atlantic: warm in
the main hurricane development region of the tropical North
Atlantic3, cold in the subtropics, and warm in the subpolar North
Atlantic*. The midlatitude westerlies weakened and temporarily
reversed direction!. These conditions were associated with a
severe negative phase of the North Atlantic Oscillation (NAO),
and extreme cold surface air temperatures across western
Europel#, warm surface temperatures and summer heatwaves
over western Russia>®. The increased upper-ocean temperatures
in the tropical North Atlantic favoured the accumulation of
energy accessible to hurricanes?, a re-emergence of the tripole
pattern* and an extreme negative NAO during the 2010/2011
winter>’. The year 2010 was exceptionally warm and wet over
West Africa, the rainy season being the wettest since 1958 in the
semi-arid Sahel®.

Observations of the Atlantic Meridional Overturning Circula-
tion (AMOC) at 26.5°N—the system of northward-flowing warm,
upper-ocean currents and southward-flowing deep, dense waters—
featured a substantial slowdown in 2009/10%8. In the following
years, this was accompanied by a swing to the positive NAO phase®,
reduced northward ocean heat transport!), decreased heat
content!!, and increased freshening!? in the subpolar North
Atlantic. The changes in the Atlantic sector climate system peaked
in 2015%12 and were linked to the pervasive European heatwaves
during the summer of that year!3. Indeed, the characteristic north-
south bands of SST anomalies observed in the Atlantic in 2009/107
have previously been linked to variations in Atlantic hurricanes'4,
global surface-air temperature!®, Sahel rainfall'®, South American,
North American and European climates!”-18,

By analyzing observational datasets from 1900-2009, we find
that the occurrence of these patterns, which in 2009/2010 coin-
cided with a prevailing positive phase of the Atlantic Multi-
decadal Oscillation!?, constitute a 10-15 year pan-Atlantic
decadal oscillation (ADO) linked to ocean circulation. A sea level-
derived index of ocean circulation variability?9-22 leads the ADO
pattern by 2 years, through the interactions of AMOC and gyre
circulations with Kelvin wave anomalies that propagate from the
North Atlantic to the low latitudes and by thermocline feedback
in the Atlantic cold tongue region. The mature phase of the ADO
exhibits maximum SST variance in the tropical Atlantic which, in
turn, drives inter-hemispheric atmospheric teleconnections
represented by negative NAO phase over the North Atlantic. We
conclude that, rather than a passive role postulated by the pre-
vailing thermodynamic paradigm!”-23, ocean circulation plays an
active role for ADO variability.

The extreme climate conditions across the Northern

Results

Sea level-derived ocean-circulation index. Direct AMOC mea-
surements from the RAPID-MOCHA monitoring array along
26.5°N are only available since 200424, Nonetheless, proxies of
AMOC variability during the twentieth century can be recon-
structed using observations of other variables. In particular,
dynamic sea level —the deviation from the globally averaged sea
level —captures variations of the ocean depth-integrated
density?>. The large-scale ocean circulation is essentially geos-
trophic in the North Atlantic, and increased (decreased) over-
turning transport is associated with a decline (rise) in sea level
along the western boundary north of Cape Hatteras?0-22. As a
result, sea-level variability along the northeast coast of North
America, north of Cape Hatteras, where multiple measurement

sites date back to the early twentieth century??, is considered as a
proxy of the AMOC variability20-22,

We construct a composite sea-level index of ocean circulation
by averaging records from 24 tide gauge sites along the northeast
coast of the United States from Portsmouth to Boston
(Supplementary Fig. 1). The sea-level index has been deseasona-
lised, linearly detrended and inverted so that positive (negative)
values corresponds to increased (reduced) overturning transport.
The monthly index displays strong variability from 1900 to 2009
with a standard deviation of 56 mm. We investigate ocean-
circulation variability by normalizing the sea-level index by its
standard deviation (Fig. 1a).

Our sea level-derived index of ocean circulation is correlated
with the monthly RAPID-MOCHA-derived AMOC data during
the observational period 2005-2019 (r = 0.50; p = 1.48 x 10~°). The
AMOC at 26.5°N exhibits a marked seasonality>> with strongest
variability in boreal winter associated with geostrophic transport
and North Atlantic Deep Water variability, that reflect wintertime
atmospheric variability over the North Atlantic region20-28,
Similarly, the AMOC correlation with the sea-level index peaks in
winter (r=0.72; see Supplementary Table 1 and Fig. 1c). This is
statistically significant at the 99.9% confidence level after account-
ing for autocorrelation in both time series (see Methods). We also
accounted for uncertainty in this analysis by repeating the
calculations using different sections of the time series, with overall
strong correlation (r=0.77+0.04, p=0.0023+0.0021). This
represents 53-66% explained variance, which supports the hypoth-
esis that sea level along the east coast of United States responds to
overturning variability?0-22, Indeed, the sea level-derived index of
ocean circulation closely captures the evolution of the RAPID-
MOCHA observations from 2005 to 2019, including the widely
discussed 2009/2010 slowing event but with smaller amplitude
(Fig. 1c). Because our sea level-derived index is influenced by
multiple factors including gyre and overturning ocean
circulations?!22, we consider the sea level-derived index to describe
variability in the ocean-circulation generally.

Spectral analysis of the sea-level index yields a dominant peak at
a period of 147 months (Fig. 1b), which suggests a 12.3 year
variability in ocean circulation and is also seen in the
December-February data (Fig. 1d). In addition, the monthly
spectrum displays some robust high (<10 years) and low-frequency
(>15 years) peaks. These represent interannual and multidecadal
ocean-circulation variability discussed elsewhere using high-pass2°
and low-pass? filtered versions of similar sea level-derived indices.
Our sea level-based index of ocean circulation variability is
correlated with the sea level difference between the subtropical
and subpolar gyres?! only in certain epochs (Supplementary
Fig. 2a) such as 1950-1970 (r=0.61; p = 0.0031) and 1990-2009
(r=0.71; p=0.0005). However, the 12.3 year periodicity is
somewhat muted in the sea level-difference index (Supplementary
Fig. 2b) that may better represent multidecadal variability?!.

The present study is focused on variability at the dominant
12.3-year period in our index. The spectral variance, however, is
distributed in a band of about 10 to 15 years (shown by the
vertical grey bar in Fig. 1b, d). This is insensitive to using different
time slices of the monthly time series which better resolves the
10-15 year peak (Fig. 1b) compared to the seasonally-averaged
data (Fig. 1d). Here we analyse the annual patterns associated
with the 10-15 year variability 1900-2009. Questions such as
seasonality and stationarity of the patterns including the possible
impacts of decadal shift around 1987 in the North Atlantic30-3!
need to be investigated in further studies.

Mode of variability. Similar to our ocean-circulation index,
patterns of air-sea interaction with periodicity of 10-15 years
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Fig. 1 The sea level-derived ocean circulation index. a Normalized monthly sea-level index used as a proxy for ocean circulation variability (solid, blue
curve) 1900-2019 and AMOC measurements from the RAPID-MOCHA array (dashed, red curve, 2005-2019). b Spectra of the monthly sea-level index
(thick, solid), its first-order autoregressive fit (solid, thin) and 95% confidence bounds (thin, dashed) for the different time slices indicated in the top-left
corner of (b). ¢, d Similar to (a, b), respectively, but based on December-February data. The correlations (r) between the sea-level and AMOC time series
for the common period from 2005 to 2019 are indicated in the top-right corner of (a, €). The vertical grey bars in (b, d) show the 10-15 year period band.

have been observed in different parts of the Atlantic. Examples
are the tripole pattern of SST in the North Atlantic linked to the
NAO32, a cross-equatorial SST gradient in tropical Atlantic
associated with changes in trade winds in both hemispheres®3,
and a dipole structure in the South Atlantic linked to the
southeasterly trade winds and subtropical anticyclone3*. Indeed,
using composite analysis, it has been suggested?? that these pat-
terns constitute regional expressions of a pan-Atlantic pattern,
the ADO.

We perform an Empirical Orthogonal Function (EOF) analysis
of the Atlantic monthly SST anomalies during 1900-2009. The
second mode (EOF2) accounting for approximately 11% of the
variance is the ADO (Fig. 2a). The first mode accounts for about
15% of the variance and represents the Atlantic Multidecadal
Oscillation (Supplementary Fig. 3). The spectrum of the principal
component of EOF2 (PC2) exhibits a major peak at the 10-15
year periodicity (Fig. 2b, c), suggesting a close link of the ADO to
the Atlantic ocean-circulation variability. The 10-15 year peak is
clearly very dominant in the unfiltered time series. As a result, we
do not apply any form of low-pass®® or band-pass3¢ filters,
commonly used in decadal climate studies but can induce
spurious low-frequency signals3>.

The ADO, as defined by EOF2, exhibits meridional bands of
alternate SST anomalies from the extratropical South Atlantic all
the way to Greenland (Fig. 2a). The largest local explained
variance is found in the tropical Atlantic3’. The associated wind-
stress anomalies are indicative of weaker midlatitude westerlies
over the North Atlantic3?, stronger (weaker) southeasterly
(northeasterly) trade winds to the south (north) of the equator,
and cross-equatorial flow!7?333, The SST and wind-stress

anomalies over the tropical North Atlantic can be linked to a
northerly displacement of the Inter-Tropical Convergence Zone
(ITCZ)'733, An index of the ITCZ is closely related to an ADO-
type cross-equatorial anomalies in vertical gradient of diabatic
heating (Supplementary. 4a, b), which determines the atmo-
sphere’s sensitivity to SST anomalies in the tropical Atlantic38.
The ITCZ index also displays a prominent 10-15 year periodicity,
and is highly coherent with SST PC2 (above the 95% confidence
level; Supplementary Fig. 4c, d). However, there is no phase lag in
the 10-15 year band, suggesting that the ITCZ and SST variability
mutually reinforce each other.

The role of ocean circulation. Given the common 10-15 year
periodicity of SST PC2 and the sea level-derived ocean circulation
index, we hypothesize that the ADO is driven by variability in
ocean circulation. The related variability in sea surface height, a
proxy for ocean circulation and upper-ocean heat content
variability3?, exhibits a meridional structure that is similar to the
SST pattern regressed on SST PC2 (Fig. 3a). Generally speaking,
regions of warm (cold) SST anomalies in the Atlantic correspond
to increased (decreased) heat content and consequently rise
(decline) in sea surface height anomalies (Figs. 2a, 3a).

We further investigate the role of ocean circulation using cross-
spectral analysis. Our sea-level derived index of ocean circulation
is highly coherent (above the 95% confidence level) with both SST
PC2 and ITCZ in the 10-15 year band (Fig. 3b, c¢). The phase lags
are remarkably similar and close to n/3 radians (or 2 years), with
the sea level-based ocean circulation index leading. Thus, this
analysis supports our hypothesis that the SST variability is driven

COMMUNICATIONS EARTH & ENVIRONMENT | (2023)4:121] https://doi.org/10.1038/s43247-023-00781-x | www.nature.com/commsenv 3


www.nature.com/commsenv
www.nature.com/commsenv

ARTICLE

COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-023-00781-x

60°N

40°N

20°N

20°S

40°S

90°W 60°W

Sea surface temperature (K)

-0.3 0 0.3

Second principal component

100 | | | | | |
1 b 4 L
] I
80 4 © o -
- @ -
4 -2 L
=
.g ] L
£ 60 7 SIS (LQQQ r
‘O: Time (year)
8 ] L
[0 - L
2
& 40 -
E] ] L
> - -
20 — ~
0 T T T T T T
2 12 30 60 120 300 900
log[Period(month)]

Fig. 2 EOF2 of monthly SST anomalies in the Atlantic. a SST (color-scale) and wind stress anomalies (arrows, only statistically significant vectors are
shown) regressed onto the normalized SST PC2 time series. The stippling in (a) denotes statistical significance at 95% confidence level. b Time evolution
of the SST PC2 and (c) its spectrum (thick, solid curve); the associated first-order autoregressive spectrum (thin, solid curve) and the 95% confidence
bounds (thin, dashed curves). The grey vertical bar shows the 10-15 years periodicity band.
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Fig. 3 Relating SST PC2 to sea surface height and sea-level index. a Monthly anomalies of sea surface height regressed onto the normalized SST PC2
time series. Stippling denotes statistical significance at 95% confidence level; white contours denote explained variances at interval of 3%. The tide-gauge
sites used along the United States northeast coast 37-42°N are marked black. b, ¢ Coherence (left axis) and phase lag (right axis) between sea-level index
and b SST PC2 and ¢ ITCZ. The sea-level index leads (follows) PC2/ITCZ at positive (negative) lags. The vertical grey bar shows the 10-15 year period
band. The dashed horizontal line denotes 95% confidence level for squared coherence.

by ocean circulation. This interpretation does not change when
using the post-World War II period, with pattern correlations
greater than 0.80 between the 1900-2009 and 1950-2009 periods
for the maps analyzed (Supplementary Table 2).

Previous studies suggest that the 10-15 year timescale
originates from variability in air-sea interactions, thermohaline
circulation, and Arctic sea-ice outflow in high-latitude North
Atlantic?>40. Here we analyse reconstructed turbulent surface
fluxes*! averaged over the North Atlantic region (40-50°N,
20-60°W) to show a 10-15 year coherence with the sea level

index in winter when the ocean circulation variability is
particularly strong?>~28 (Supplementary Fig. 5). The turbulent
fluxes lead the 10-15 year peak in the December-February sea
level-based index of ocean circulation (Fig. 1d; Supplementary
Fig. 5).

In models of ocean circulation, atmospheric forcing in high-
latitude North Atlantic excites AMOC variations along the
western boundary#>43, part of which is advected into the interior
ocean near Flemish Cap and the Grand Banks*. In the
subtropics, the southward-flow is confined to the western
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Fig. 4 Evolution of the related air-sea interactions. a-g Anomalies of the SST (colour-scale) and wind stress (arrows, only statistically significant vectors
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Panels (a-n) (o-u) are based on annual (December-February) data.

boundary as coastal Kelvin waves#*2-44, The Kelvin waves are
deflected across the basin at the equator, which acts as a low-pass
filter, and then propagate poleward along the eastern boundary of
both hemispheres*3. Thus, ADO-related heat content anomalies
in North Atlantic lead the anomalies in the tropical Atlantic as
suggested by the sea surface height analysis (Fig. 4h—n). The delay
of the flow along the interior pathways*4 may explain the 2-year
lag between our sea-level index (constructed using tide-gauges in
the region 37-42°N) and SST PC2. This is consistent with a
5-year lag between observational Labrador Sea Water thickness
and tropical Atlantic SST variability*2.

Thermodynamic air-sea interactions represented by the wind-
evaporation-SST mechanism may amplify the ADO-related
patterns through turbulent surface-heat fluxes!”-23-32:33 This
mechanism operates even under motionless ocean conditions in
simplified climate models?>33, and is associated with variability of
the subtropical anticyclones and meridional displacements of the
ITCZ33. Turbulent fluxes drive phase change in ocean
circulation*!  (Supplementary Fig. 5) and northward heat
transport from the subtropical gyre towards the subpolar gyre
of North Atlantic’!. About 70% of the northward-flowing water
masses loop through the subtropical gyre—at a period of 14 years
in the upper-ocean in an eddy-permitting (1/4° resolution) Earth
system model—to become sufficiently dense, and then continue
northwards#°. The period is 22 years in a coarse (1° resolution)
version of the model#>, consistent with 20-30 year periodicity of
AMOC-type response to atmospheric forcing in coarse resolution
ocean models*®47. These findings point to the interaction of the
AMOC and gyre circulations with Kelvin waves in setting the
10-15 periodicity.

The northward shift of the ITCZ is linked to a strengthening
(weakening) of the southeast (northeast) trade winds in the
Southern (Northern) Hemisphere*® (Fig. 4a-g), and development

of a negative NAO pattern over the North Atlantic (Fig. 4a-g, o-u).
The stronger-than-normal southeasterly trades (Fig. 4) drive
increased upwelling to the east in the Atlantic cold tongue region
(as suggested by Fig. 3a, Fig. 4k). This implies shallower (deeper)-
than-normal thermocline in the east (west) and increased east-west
thermocline slope.

The east-west thermocline gradient index (AH), as a measure
of ocean circulation variability in the cold tongue, displays
interannual to decadal fluctuations with multidecadal shifts
particularly during the first half of the twentieth century (Fig. 5a).
The AH is correlated with the SST PC2 using monthly (r=0.38,
p=295%x10"14) and annual (r=045, p=7.79x1077) time
series. Furthermore, the AH spectrum also exhibits a peak at the
10-15 year periodicity of interest (Fig. 5b). In addition to the
well-known interannual timescales!”, AH is significantly coherent
with cold tongue SST variability represented by the Atlantic Nifio
index in the 10-15 year period band (Fig. 5¢). The phase lag is
close to m radians or 180° indicating that large AH goes along
with anomalously cold SST.

Discussion

We present observational evidence of a 10-15 year periodicity of
ocean circulation in the Atlantic that leads ADO-type climate
variability. Potentially forced from the North Atlantic?340, the
ADO-related changes propagate to the tropical and South
Atlantic through alterations in oceanic and atmospheric
circulations?3:4043-4> Maximum variance of the 10-15 year
pattern is associated with strong thermocline feedback in the
Atlantic cold tongue region, which drives SST anomalies and
atmospheric teleconnections in both hemispheres?3, giving rise to
negative NAO phase in winter over the North Atlantic*>0. The
wintertime atmospheric variability is related to strong geostrophic
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Fig. 5 Analysis of cold tongue dynamics. a Monthly AH time series and (b) spectrum (thick, solid curve); associated first-order autoregressive curve (thin,
solid curve) and the 95% confidence bounds (thin, dashed curves). € Coherence (left axis) and phase lag (right axis) between annual AH and Atlantic Nifio
index. The dashed horizontal line denotes 95% confidence level for spectral coherence. The AH leads at positive lags whereas Atlantic Nifio leads at
negative lags. The vertical bar in both panels shows the 10-15 year period band.

transport?® and North Atlantic Deep Water variability26-28.
Diabatic heating associated with the Atlantic ITCZ is linked to the
circulation over the North Atlantic sector’!, and modelling stu-
dies indicate tropical Atlantic SST similar to those described here
can induce a NAO like response®2. The NAO also exhibits strong
variability in the decadal band>3->°.

The leading role of ocean circulation we discuss may explain
the relatively small variances explained by heat fluxes over the
North Atlantic region (10-45°N, 20-60°W) in an observational
analysis of the 2009/10 extreme event®®. Our results close a key
knowledge-gap by linking the impacts of ocean circulation on the
climate variability across the entire Atlantic basin. These findings
imply that the ADO pattern is potentially more predictable than
previously thought, and possibly underlies the skillful decadal
predictions of surface-climate variability over the North Atlantic
sector in an ensemble of climate model simulations®”>>8.

Methods

Data. We constructed a sea level-based index of ocean circulation by averaging
observations of monthly sea level (unit, mm) from 24 tide gauge sites on the US
northeast coast, north of Cape Hatteras from Portsmouth to Boston, representing
the “Northern Sites” discussed in McCarthy et al.?!(Supplementary Fig. 1). The
sea-level observations across this region exhibits a spatially-coherent variability that
has been closely linked to the AMOC variability20-222%. We also analyzed
observations of SST on 1° x 1° global longitude-latitude grids®® and the European
Centre for Medium-Range Weather Forecasts twentieth century ocean reanalysis of
sea surface height, a proxy for the upper-ocean heat content, on 1°x 1°
longitude-latitude with equatorial refinement of 0.3° and 42 vertical levels®0. In
addition, wind stress, sea level pressure, wind components, specific humidity, air

temperature, air pressure and vertical velocity were taken from the twentieth
century atmospheric reanalysis®! on 1.25° x 1.25° and 37 pressure levels.

We analysed the sea level-derived index of ocean-circulation, atmospheric and
oceanic fields for the common period 1900-2009, with the patterns strongly
correlated with those of 1950-2009 period (Supplementary Table 2). This is
consistent with previous studies that show similar 10-15 year meridional patterns
of SST variability in the North Atlantic*® (1948-2017), tropical Atlantic3?
(1950-1989), and South Atlantic3* (1953-1992) using post-World War II
observations. For comparison with the RAPID-MOCHA AMOC (2005-2019), the
sea-level index is extended to 2019 in Fig. la, ¢ and Supplementary Table 1.

For all variables, we estimated and subtracted the least-squares linear trends
from the data prior to subsequent analysis. This removes the effects of external
climate forcing such as anthropogenic greenhouse effect and also any possible land
subsidence effects in case of the sea level time series, and thus allows us to focus on
intrinsic variability of the Atlantic climate.

Diabatic heating. We estimated the diabatic heating rate (Q;) as a residual of the
atmospheric heat budget®2:

voT

ay

where T denotes the air temperature, u the zonal wind component, v the mer-
idional wind component, w the vertical pressure velocity, o the static stability given
by:

_or

oT
Ql—at—<wa—”—+ ()

ox

_RT _aT

o= @)
Cp op

Ris the gas constant (R = 287 J kg~! K~1), p the air pressure and C, the specific
heat capacity at constant pressure (C, = 1004.64 ] kg~! K~1). Differential
operators, x, y and t, are along zonal and meridional directions, and time,
respectively. Q; was first computed for all atmospheric levels using daily data and
then averaged to monthly data. The vertical gradient was determined by
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subtracting the values at the surface (1000 hPa) from the values in the mid-
troposphere (400 hPa), that is, mid-troposphere minus the surface.

ITCZ, AH and Atlantic Niiio indices. We estimated the ITCZ location as the
linearly interpolated latitude at which the meridional wind stress equals zero over
the tropical Atlantic region 5°S-20°N. The estimated latitudes were then averaged
between 30°W and 40°W to create a simple composite index time series. A larger
(smaller) value of this index implies a more (less) northerly position of the ITCZ.

AH is a measure of the thermocline slope in the equatorial Atlantic cold tongue
region, given by east-west gradient of the thermocline in that region. We first
estimate the depth of 20°C isotherm and then average in the cold tongue region
(3°N-3°S) as a proxy for the equatorial thermocline (H), and the gradient (AH)
determined as:

AH = H(20740°w) - H(ofzoff W) (3)

where the subscripts represent the western (20-40°W) and eastern (0-20°W)
regions of the basin, the overbar represents domain-averages. Using anomalies of
H, positive AH represents increased slope and negative AH represents reduced
slope. This measure is anti-correlated with cold tongue SST anomalies, so that
stronger gradient is linked to negative SST anomalies in the eastern equatorial
Atlantic.

The Atlantic Nifo index is defined as the SST anomalies averaged over the
eastern equatorial Atlantic Ocean region 3°N-3°S, 0-20°W.

EOF, correlation and regression analysis. We performed EOF analysis to identify
the ADO as the second mode, whereas the first mode denotes the AMO pattern in
the Atlantic Ocean. The EOF analysis was based monthly SST anomalies from 1900
to 2009 over the Atlantic Ocean using basin mask from the World Ocean Circu-
lation Experiment. The two leading modes account for about 26% of the total
variance, and are separated from each other according to a simple eigenvalue
separation principle®3.

We use Pearson’s r and least-squares estimates for the correlation and
regression analysis, respectively. Both estimates were tested for statistical
significance using two-tailed Student t-test and the 95% confidence level marked.
To account for autocorrelation, we adjusted the degrees of freedom of the time
series pairs as follows®%:

(1 - rlr2)
(147,1,)

where N” is the adjusted number of degrees of freedom used for computing the
statistical significance, N is the length of the original time series, r; and r, are the
lag-1 autocorrelation coefficients of the time series pairs, respectively.

Nx =N (4)

Relating sea level and AMOC variability. The AMOC at 26.5°N exhibits a strong
seasonality that is linked to geostrophic related transport?>. The strongest varia-
bility in the RAPID-MOCHA AMOC index occur in boreal winter when we also
see strong variability in the sea-level index (Supplementary Table 1). Thus, the
correlation between our sea level-based ocean circulation index and RAPID-
MOCHA AMOC data 2005-2019 is seasonally-dependent, being strongest in
December-February (r =0.72). We accounted for uncertainty in the correlation
using 12 time slices from 2005 to 2014-2019 and from 2005-2010 and 2019, and
the associated p-values determined using the adjusted degrees of freedom. We then
determined the uncertainty of the correlation coefficients, p-values and explained
variances as the two standard deviations. The AMOC and sea-level indices are also
significantly correlated in March-May.

However, the correlations are generally weak in other seasons and in annual
data (Supplementary Table 1). This is consistent with poor correlations between
AMOC and sea-level indices from the east coast of North America in some
previous studies®>%¢, whereas the sea level variability has also been linked to
atmospheric influences®.

Spectral and cross-spectral analysis. The spectral and cross-spectral analyses
were performed by an autoregressive fitting of data based on the maximum entropy
method®’. The spectrum was smoothed by a three-point Daniell filter®, and
compared with a theoretical red noise spectrum based on the first-order auto-
regressive model, with the upper and lower 95% confidence bounds marked. The
10-15 year oscillation is practically insensitive to the order of autoregressive
model®®. The cross-spectrum was smoothed by a seven-point Daniell filter with the
squared-coherence and associated 95% confidence level’® shown.

Data availability

All data used in this study are publicly available. Tide gauge data: www.psmsl.org; sea
surface temperature: https://www.metoffice.gov.uk/hadobs/hadisst/data/HadISST_sst.nc.
gz; RAPID-MOCHA AMOC: https://doi.org/10.5285/ccle34b3-3385-662b-e053-
6c86abc03444; ocean reanalysis: ftp://ftp-icdc.cen.uni-hamburg.de/ora20c; atmospheric

reanalysis: https://rda.ucar.edu/datasets/ds626.0/ and turbulent heat fluxes: https://doi.
org/10.1038/nature12268.

Code availability
Codes for the data analysis and preparation of the figures are openly available at https://
github.com/hnnamchi/ado_commsenv.
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