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Abstract An ocean memory framework is proposed to reveal the atmosphere's influence on ocean
temperatures. Anomalous atmospheric forcing alters the ocean state through two mechanisms: short-term, local
effects involving air—sea heat fluxes and Ekman circulation, and long-term, far-field effects involving changes
from overturning and gyre circulations. The framework employs the Green function's method to incorporate
both effects, enabling the quantification of ocean memory and the contribution of atmospheric forcing to ocean
thermal variability. The framework is employed to examine the North Atlantic Oscillation's (NAO) influence on
the North Atlantic Ocean variability, including the Atlantic Multidecadal Variability, with its memory estimated
to be 10-20 years. The NAO and variability in the North Atlantic jet speed explain up to 30% of ocean decadal
variability, primarily driven by temporal changes in ocean heat transport. Therefore, decadal fluctuations in
ocean temperatures cannot be accurately modeled solely as a passive response to stochastic atmospheric forcing.

Plain Language Summary The atmosphere and ocean are intricately linked, with the ever-changing
atmosphere driving fluctuations in ocean temperatures. However, the atmosphere changes much faster than the
ocean due to their different timescales and the ocean's ability to store excess heat for many years commonly
referred to as ocean memory. As a consequence, isolating and understanding how short-term atmospheric
variations influence long-term fluctuations in ocean temperatures, particularly on decadal timescales, can be
difficult. To address this challenge, we introduce an ocean memory framework that allows us to analyze and
quantify the atmosphere's contribution to ocean variability. We apply this framework to study how the North
Atlantic Oscillation, a major atmospheric pattern in the northern hemisphere, influences decadal fluctuations in
the subpolar North Atlantic Ocean temperatures. We estimate the ocean memory timescale in the subpolar North
Atlantic to be about 10-20 years, which is how long temperature anomalies persist, while being redistributed, in
the ocean before dissipating.

1. Introduction

There is a long-standing debate about the relative contributions of atmospheric forcing and ocean circulation in
controlling decadal fluctuations in North Atlantic sea surface temperatures (SSTs), a phenomenon known as the
Atlantic Multidecadal Variability (AMV) (Delworth & Mann, 2000; Knight et al., 2006; Monerie et al., 2019;
Zhang & Delworth, 2006). A frequent argument asserts that the AMV is simply a “local thermal response” of a
passive ocean to stochastic atmospheric forcing (Cane et al., 2017; Clement et al., 2015), which produces a red-
noise response in SST spectrum, with most of the variance concentrated in interannual-decadal timescales
(Frankignoul & Hasselmann, 1977). An alternative view emphasizes the importance of a dynamically-active
ocean, with low-frequency changes in ocean circulation, such as the Atlantic meridional overturning circula-
tion, influencing North Atlantic SSTs by transporting anomalous heat across the tropics (Delworth et al., 2017,
O’Reilly et al., 2016; Robson et al., 2016; Zhang, 2017). However, the relative importance of atmospheric forcing
and ocean processes in driving the AMV remains unclear.

To reconcile these differing perspectives, we propose an ocean memory framework that quantifies atmospheric-
driven ocean state variations, which we separate in terms of local, fast and far-field, slow effects. Oceans are
assumed to have a multi-year memory due to their high thermal inertia and long spin-up duration for ocean
circulation (Hansen & Bezdek, 1996; Namias & Born, 1970). Heuristic estimates based on the timescales of
oceanic phenomena such as El Nifio-Southern Oscillation (ENSO) and meridional overturning circulation suggest
that ocean memory, represented by the persistence of SST anomalies, could range from a few years to several
decades (Deser et al., 2010; Jackson et al., 2022). However, a precise definition of ocean memory remains elusive,
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making it challenging to quantify how relatively short-term atmospheric forcing influences decadal ocean
variability. Previous works have estimated ocean memory by calculating lagged auto-correlations of SST
anomalies (Shi et al., 2022). However, the auto-correlation approach only measures the local persistence of SST
anomalies and cannot account for far-field effects, such as the delayed redistribution and advection of temperature
anomalies (Khatri et al., 2022). In the proposed framework, we precisely quantify ocean memory as the timescale
of the decay of ocean temperature anomalies triggered by a single external atmospheric perturbation, including
both local and far-field effects.

We present a case study of the subpolar North Atlantic Ocean, which exhibits pronounced variability on
interannual-multidecadal timescales involving changes in the ocean heat content and meridional overturning
circulation (Fraser & Cunningham, 2021; Jackson et al., 2022; Lozier et al., 2008; R. G. Williams et al., 2014).
The North Atlantic Oscillation (NAO), which is the dominant mode of atmospheric variability in the Atlantic
sector (Hurrell, 1995; Hurrell & Deser, 2010), plays a key role in driving decadal variability in the North Atlantic
Ocean (Eden & Jung, 2001; Marshall, Johnson, & Goodman, 2001; McCarthy et al., 2015). The impact of
seasonal NAO perturbations can last for many years in the subpolar North Atlantic Ocean through a combination
of anomalous heat fluxes and Ekman circulation, referred to as a local, fast effect, and subsequent delayed
changes in the overturning and gyre heat transport, referred to as a far-field, slow effect (Khatri et al., 2022; Kim
et al., 2024; Roussenov et al., 2022). Thus, the subpolar ocean is well suited for analyzing the relative contri-
butions of atmospheric forcing and ocean processes in driving ocean temperature variations.

We analyze the role of the NAO in driving decadal thermal variability in the subpolar North Atlantic Ocean.
Utilizing NAO-based composite analyses (following Khatri et al., 2022) and linear response theory (Hasselmann
etal., 1993; Leith, 1975), we develop a simplified NAO-based heat budget model for the upper ocean. This model
is used to reconstruct ocean temperature timeseries from NAO history and quantify the contributions of NAO-
induced local and far-field effects to thermal variability in the subpolar North Atlantic Ocean. We find that the
NAO explains up to 30% of the decadal variability in upper ocean temperatures in the subpolar North Atlantic.

2. Methodology
2.1. Description of Observations and Models

Our analysis of how the atmosphere influences ocean variability is applied to both observations and coupled
climate model outputs. Ocean temperature (HadISST and EN4 data sets, Rayner et al., 2003; Good et al., 2013)
and sea level pressure (HadSLP2 data set, Allan & Ansell, 2006) observations are analyzed. Additionally, outputs
from four different Coupled Model Intercomparison Project Phase 6 (CMIP6) models—HadGEM3-GC31-MM
(K. Williams et al., 2018), GFDL-CM4 (Held et al., 2019), IPSL-CM6A-LR (Boucher et al., 2020) and NCAR-
CESM2 (Danabasoglu et al., 2020) are used to make comparison against observations. The selected models differ
in terms of horizontal grid resolution, numerical and parameterization schemes allowing to test our methodology
on a relatively diverse set of climate models. More details on these observational data sets and climate models are
provided in Table S1 in the Supporting Information S1.

2.2. NAO-Based Composite Analysis

Following the methodology of Khatri et al. (2022), composite analyses are used to examine the impact of a single
NAO+ event on the subpolar ocean temperatures in observational data and historical climate simulations
(Figure 1). Domain-averaged upper 200 m temperature anomalies, referred to as 6’ here, and domain-averaged
SST anomalies in the subpolar region (45°N-70°N, 80°W-0°) are examined. For observation-based composites,
NAO composites were created using HadSLP2 data and the same time information was then used to create
composites of 6’ and SST’ from EN4 and HadISST data sets, respectively.

A NAO+ event initially leads to anomalous cooling in the upper subpolar ocean (area enclosed within the
rectangle, Figure le). In subsequent years, opposing-signed positive temperature anomalies form due to anom-
alous heat convergence into the subpolar ocean (see Khatri et al., 2022). These immediate cooling and subsequent
warming trends are observed uniformly across the entire subpolar region (Figures le—1j), which motivated our
choice to analyze the decadal variability in this region.

The subpolar North Atlantic Ocean exhibits multi-year memory, as evidenced by temperature anomalies induced
by a seasonal NAO event dissipating over 8—10 years due to anomalous ocean heat transport (see Figure 3 in
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Figure 1. Subpolar North Atlantic Ocean response to a single NAO+ event in observations and CMIP6 historical simulations: (a) Winter (Dec-Jan-Feb mean) NAO index
from HadSLP2 data set; (b) NAO composites (created by aligning NAO extremes outside one standard deviation, see circle and square markers in panel (a));

(c) Composites of monthly domain-averaged temperature anomalies in the upper 200 m in the subpolar ocean (45°N—70°N, 80°W-0°, area enclosed within the rectangle

in panel (e)); (d) Composites of monthly domain-averaged subpolar SST anomalies (smoothed with 6-month running window for clear visualization); (e—j) Annual-mean
composites of SST anomalies from HadISST data at different lag years after the onset of a single NAO+ event. Errorbars in panels (b—d) and stipplings in panels (e—j)
denote that anomalies are significant at 95% confidence level. Note that composites are created by subtracting NAO— members from NAO+ members. NAO indices were
computed as the difference between the mean sea-level pressure anomalies between Azores (36°N—40°N, 28°W-20°W) and Iceland (63°N-70°N, 25°W-16°W) regions.
Linear trends, climatology, and temporal variations longer than 20 years were removed to filter out multi-decadal trends before creating composites.

Khatri et al., 2022). These findings support previous studies (Delworth et al., 2017; Josey & Sinha, 2022; R. G.
Williams et al., 2014; Zhang, 2017) which argued that ocean circulation, along with air—sea heat fluxes, plays a
key role in regulating decadal variability in ocean temperatures. Indeed, the local effect associated with a NAO
event can partially explain variations in the North Atlantic Ocean circulation (Marshall, Johnson, &
Goodman, 2001; McCarthy et al., 2015). However, the ocean's local response to atmospheric forcing associated
with a NAO event cannot explain the delayed generation of opposing-signed subpolar temperature anomalies
(Figure 1) and their subsequent damping over decadal timescales (see Gu et al., 2024). We investigate the relative
contributions of NAO-induced local and far-field effects in driving decadal thermal variability in the subpolar
North Atlantic Ocean.

The SST anomaly pattern at a lag of 5—8 years after the onset of a NAO event (Figures 1h and 1i) resembles the
horseshoe AMV pattern (Zhang et al., 2019). Many studies argue that the NAO is the primary driver of the AMV
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(Clement et al., 2015; McCarthy et al., 2015). Therefore, insights from the present NAO-based analysis of the
subpolar ocean may clarify the NAO's role in governing the AMV, given the strong correlation between subpolar
SST anomalies and AMYV (a correlation coefficient exceeding 0.9, computed using annual-mean SST anomalies,
was shown in O’Reilly et al., 2016). Our aim is to quantify NAO-associated temperature variability in the North
Atlantic Ocean and reconcile the different views of how ocean variability is controlled (Clement et al., 2015;
Zhang, 2017).

3. Ocean Memory Framework

We define ocean memory as the measure of the timescale of decay of ocean temperature anomalies created
directly or indirectly by atmospheric forcing associated with a NAO event. In this definition, the measured ocean
memory accounts for both anomalous air—sea heat fluxes and changes in the ocean heat transport due to the NAO.
In the ocean memory framework, we derive a simplified heat budget equation, which incorporates both local and
far-field effects, to quantify NAO-associated thermal variability in the subpolar North Atlantic Ocean.

3.1. NAO-Based Heat Budget Model

The heat budget for the upper ocean can be written as

lelod 1
—=———(H' +V-T"), 1
ot p, CpAV( ) )
where 0’ represents the domain-mean temperature anomaly (upper 200 m in the subpolar ocean in the present
study, 45°N—70°N, 80°W—-0°W), AV is the domain volume, p,Cp, =4.09 X 1007 kg" m=3 °C~L. H’ is the
domain-integrated atmosphere-to-ocean heat flux anomaly and V - 77 represents the domain-integrated anoma-
lous heat convergence associated with both the horizontal and vertical components of advective and diffusive heat
transport.

Khatri et al. (2022) proposed that subpolar ocean response to the NAO can be understood in terms of a fast
response, related to anomalous heat fluxes and Ekman flow, and slow response, involving changes in the
geostrophic overturning and gyre circulations and the associated heat convergence (see Figure 2a). Thus, we
rewrite Equation 1 as the sum of the fast and slow components

200’ 1
W = pCTV H +V- T,ekman +V- T,non-ekman ’ (2)
o~p
fast comp. slow comp.
00’
E = Frast + Fitow- (3)

The fast and slow ocean responses are viewed as equivalent to local and far-field effects, respectively. We further
assume that the fast component is proportional to the NAO index, Fi, = @ NAO. Here, a is set to a negative
constant to ensure generation of negative subpolar temperature anomalies from a NAO+ event or positive
temperature anomalies from a NAO— event (Visbeck et al., 1998). Finally, the generalized form of the NAO-
based heat budget can be written as,

00’
— = a NAO + Fow = a NAO +

1
ot mv : T,non»ekman' (4)
obp

3.2. Green's Function Approach

To solve for Fy,,, and 0’, we use linear response theory and represent 6’ as the convolution of a linear response
function, G (or Green's function) and the NAO (Frankignoul & Hasselmann, 1977; Hasselmann et al., 1993;
Leith, 1975). For G, we choose a smooth analytical function (see dashed black curve in Figure 2a, resembles a
damped harmonic process) that represents the evolution of 8’ over the subpolar North Atlantic Ocean after the
onset of a NAO event,
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Figure 2. (a) Composites of monthly domain-averaged subpolar temperature anomalies (same as in Figure 1¢). The dashed black curve represents an analytical response
function to capture the temporal evolution of temperature anomalies due to a single NAO+ event; (b) Response functions for different choices of y and  parameters and
the associated ocean memory, 7, = 37y/2p. The negative of the response function is plotted for easier comparison against 8" composite-means in panel (a).
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Ty
G() 2 5 )

e"”cos(f—}l) if 0<¢t<
Y

0 otherwise

We can then reconstruct @’ as the convolution of the NAO time-series and G,

) =a /[NAO(z — 1) G(t;) de,. (6)
0

The Green's function approach has been employed to investigate how atmospheric variability or large-scale at-
mospheric modes influence SSTs in the Southern Ocean (Kostov et al., 2017) and the Arctic freshwater content
(Cornish et al., 2020; Johnson et al., 2018). However, unlike in previous studies, we use a smooth analytical form
for G to have a well defined timescale of ocean response, denoted by 7, = 3xy/2f and is equal to three-fourths of
the wavelength of the cosine function in Equation 5. Here, y and § parameters control the shape of the response
function and mimic the effect of NAO-induced anomalous air—sea heat fluxes and ocean heat transport on 6’
evolution. While the chosen response function is effective for this study, alternative analytical functions could be
equally suitable. Alternative choices might be better suited for specific situations, such as subtropical gyres or
zonal current systems.

Another advantage of using an analytical response function is that there exists a governing equation for the
temperature evolution revealing a functional form for Fy,,, (substitute Equation 6 into Equation 4, full derivation
is in the Supporting Information S1),

00’ o !
— =aNAO——— a—ﬁf NAO(r — t))e V" sin<g tl) dr,. @)
ot y rvJo 4

Fitow
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Here, y simply acts as a damping timescale, while f governs the reversal in the sign of temperature anomalies
(Figure 2b). Together, these parameters determine the relative magnitudes of the initial and delayed opposing-
signed temperature anomalies allowing us to properly incorporate NAO-induced ocean contributions in
driving upper ocean temperature variability via anomalous heat convergence and estimate true ocean memory.
Note that integrating Equation 7 leads to an additional term, 6’(0)e="7, in Equation 6. This additional term
represents a boundary condition at ¢+ = 0, which damps out in a few years and is not important for the analysis
presented here. Moreover, the Green's function approach assumes a linear relationship between the atmospheric
forcing and ocean response, therefore not considering potential feedback of the ocean on the atmosphere.

The functional form (Equation 7) represents a wide range of possible solutions depending on y and f magnitudes,
each with a different skill. One limiting case is explored below.

3.2.1. Limitof =0

By setting f# =0, we obtain the classical Hasselmann model (Frankignoul & Hasselmann, 1977; Hassel-
mann, 1976). The Hasselmann model assumes that stochastic atmospheric forcing drives variability in upper
ocean temperatures, with atmospheric-induced ocean temperature anomalies eventually damped over a fixed
timescale (Fyow = —6'/7, gray dash-dot-dot curve in Figure 2b). The damping timescale y is empirically set to
4 years to match the observed temperature variability in the North Atlantic Ocean (Clement et al., 2015; O’Reilly
et al., 2016); however, a theoretical justification for the specific value of y remains elusive. Recently, Shi
et al. (2022) estimated damping timescales of 2-3 years using lagged correlations of SST anomalies in the
subpolar ocean. Since the atmosphere damps upper ocean temperatures over timescales of few months (Gu
et al.,, 2024), these relatively long damping timescales are likely set by ocean processes (Liu et al., 2023;
Zhang, 2017). Our composite analysis provide a justification for using damping timescales within a range of 2—
4 years in stochastic models (Figure 2a, also see Khatri et al., 2022).

3.3. Timescales of Ocean Memory

NAO-based reconstructions of 6’ from Equation 6 are used to estimate subpolar ocean memory. y and f pa-
rameters are optimized to maximize the correlation between the reconstructed and actual 0’. The square of
correlation coefficient provides a measure of ocean temperature variance captured by the NAO and an estimate of
ocean memory is provided by the resulting value of 7, = 3zy/2p. In practice, we use the following approach to
avoid unrealistically large estimates of 7,

3zt
= Min|——, 37 ). 8
Ty m( 25 7) ®)
For # = 0 or very small values of 5, we use 74 = 3y, which corresponds to decay of anomalies by 95%. Also, for
reconstructing ¢’ at time ¢, we only consider the NAO time-series for the past 7, = 37y/2f years by setting G = 0
att> 7. This time window is equal to three-fourths of the wavelength of the cosine function in Equation 5 and is
expected to be on the order of 10 years based on composite analyses (Figure 1).

Many studies have developed simplified models to contrast between atmospheric and oceanic contributions in
driving ocean temperature variability (Liu et al., 2023; O’Reilly et al., 2016; Saravanan & McWilliams, 1998).
However, these models do not distinguish between ocean contributions due to internal ocean variability and
atmospheric-induced changes in ocean circulation, with timescales of ocean variability often chosen empirically.
On the other hand, our NAO-based heat budget (Equation 6) only considers variations in ocean heat transport
induced by the NAO (i.e., atmospheric forcing), with timescales associated with local, fast and far-field, slow
effects derived from composite analyses (Figure 2). These NAO-induced changes in ocean heat transport can be
attributed to two mechanisms: (a) changes in the strength of overturning and gyre circulations (R. G. Williams
et al., 2015), and (b) the redistribution of subpolar-subtropical temperature anomalies by the background cir-
culation and the resulting modifications in zonal temperature gradients (Khatri et al., 2022). Our approach allows
us to consider time-varying ocean circulation and heat transport for studying its effect on ocean thermal
variability.
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4. NAO-Based Reconstruction of Ocean Temperatures

Subpolar ocean temperature anomaly, 6, time-series is reconstructed for a range of y and f values using
Equation 6. These reconstructions are based on the NAO time-series from HadSLP2 data and climate model
outputs. The correlations between the reconstructed and actual / monthly time-series are computed to identify y
and f values that maximize this correlation (Figure 3). These optimal values are then used to reconstruct the 6/
time-series and the associated 7, magnitude provides an estimate for ocean memory. The maximum correlation
lies along isolines of 77, suggesting that there is narrow range of optimum timescales for ocean memory,
essentially the duration over which temperature anomalies persist in the ocean, while being redistributed by the
ocean circulation, following a seasonal NAO perturbation. In addition, we set the value of « such that the standard
deviations of the reconstructed and actual ' are equal. However, the correlations are not sensitive to a.

4.1. Ocean Memory for the Subpolar North Atlantic

Analyses of observational data (HadSLP2 and EN4) indicate ocean memory of approximately 18 years while
ocean memory estimates from climate models are in the range of 8-12 years (Figure 3 and Table S2 in the
Supporting Information S1). This decade-long ocean memory is likely set by overturning and gyre circulations
and the associated heat transport in the ocean (Khatri et al., 2022; Zhang et al., 2019), as the damping effect of
seasonal-interannual atmospheric perturbations on ocean surface anomalies is insufficient to explain the long-
term persistence of temperature anomalies (Gu et al., 2024). Our ocean memory estimates are also consistent
with O’Reilly and Zanna (2018), who found a peak response in North Atlantic SSTs due to atmospheric forcing at
a timescale of 20 years in observations, compared to only 10 years in CMIP5 models.

Our estimated ocean memory significantly exceeds previous values based on lagged auto-correlation of SST
anomalies (Shi et al., 2022), suggesting that relying solely on lagged auto-correlations underestimates ocean
memory. One caveat to note is that we only considered ¢’ reconstructions that are correlated with the actual 6/
with a correlation coefficient greater than 0.4 (see Figure 3 caption) and computed ocean memory using the
associated y and f parameter values. These ocean memory estimates are, however, relatively insensitive to the
chosen correlation coefficient threshold, with observations consistently indicating a higher ocean memory than
climate models (Table S3 in the Supporting Information S1).

4.2. SKill of NAO-Based Reconstructions

The maximum correlations between the reconstructed and actual 6’ time-series are in range 0.33-0.54 (on
timescales longer than 5 years) for both observations and CMIP6 models (see dashed green and solid back curves
in Figures 3al-3el). Thus, 15%-30% variance of the area-averaged temperatures in the upper subpolar North
Atlantic Ocean can be explained in terms of the NAO, supporting the notion that atmospheric forcing plays a
significant role in governing ocean thermal variability. Since the NAO captures 30%—40% of the atmospheric
variability in the North Atlantic (Hurrell & Deser, 2010), there is an upper bound on the ocean variability
explained by the NAO. To estimate the overall atmospheric-driven ocean variability, one would need to account
for higher modes of atmospheric variability, such including the East Atlantic and Scandinavian blocking patterns
(Barrier et al., 2014), by expressing Equation 6 as a linear combination of convolutions of different Green's
functions and atmospheric modes. However, this would require determining optimal values for many more pa-
rameters, which could be difficult and computationally expensive.

It is crucial to account for sign-reversal in temperature anomalies after the onset of a NAO event (maximum
correlation occurs at # > 0, Figure 3), indicating far-field effects associated with ocean processes play a sub-
stantial role in ocean temperature variability. Excluding the far-field effect by not considering the sign-reversal in
temperature anomalies (setting f = 0 and y = 1-6 years, which cover damping timescale estimates from Clement
et al., 2015; O’Reilly et al., 2016; Shi et al., 2022) significantly reduces the correlations (in range 5%—10%) and
the NAO captures 5% —10% of the decadal variability in ocean temperatures (see dashed gray and solid back
curves in Figure 3al-3el). Also, note that the maximum correlations for higher-resolution climate models
(HadGEM3 and GFDL-CM4, with correlations in the range 0.53-0.54) are significantly higher than those for
lower-resolution models (IPSL and NCAR, with correlations in the range 0.33-0.39). This suggests that low-
resolution models underestimate the NAO-driven low-frequency variability in subpolar North Atlantic Ocean
temperatures and may not accurately represent the ocean's response to the NAO (also see Patrizio et al., 2023).
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Figure 3. (al—el) Actual and reconstructed temperature anomalies in the upper 200 m subpolar North Atlantic Ocean for observations and r1 ensemble historical climate
simulations (linear trends and timescales shorter than 5 years were removed, reconstructed §’ were normalized to match the standard deviation of the actual 6’ time-
series). (a2—e2) Correlations between the actual and reconstructed 8’ (monthly detrended time-series of 8" were used for calculating correlations). The correlation maps are
averaged for all available historical ensemble simulations for each model (see details in the Supporting Information S1). In panels (a2—e2), red dashed curves correspond to
constant ocean memory timescales. Black hatching represents y and f parameter values (chosen based on correlation > 0.4 with p-value < 0.01 and y > 1.0 years to avoid
excess dissipation of temperature anomalies) considered for reconstructing 6 and estimating ocean memory (see green curves in panels (al—el), both local and far-field
effects, shading presents + standard deviation). Black stippling (at § = 0) represents y values considered for reconstructing 6’ (see gray curves in panels (al-el), local
effects only). Note that correlations and variances in panels (al—el) are for low-pass filtered time-series (timescales longer than 5 years retained).

The atmosphere is viewed as playing a prominent role in driving SST variability on seasonal-interannual time-
scales, whereas the ocean plays a prominent role on decadal timescales (Bjerknes, 1964; Khurshut, 1994). This shift
in dominance is revealed by a change in the sign of the correlation between the NAO and SST anomalies, with
negative correlations for interannual variability and positive correlations for decadal variability (Delworth
etal., 2017; Gulev et al., 2013; O’Reilly et al., 2016). Our NAO-based heat budget model effectively captures this
sign reversal in the correlation between the NAO and subpolar ocean temperature anomalies (Figure 4 and Figure
S1 in the Supporting Information S1). Notably, low-pass filtering (retaining timescales greater than 10 years)
reveals a positive correlation between the NAO and € at time lag of 5—15 years, with the NAO leading 8’ (Figure 4,
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Figure 4. Lead-lag correlations between the NAO and 0’ (a) observations (b—e) historical climate simulations. Correlations are for low-pass time-series (timescales
greater than 10 years retained). NAO leads temperature anomalies for positive lag years. All available historical ensembles are considered with black curves
representing the ensemble-mean correlations (thick lines are significant at 95% confidence level, p-value < 0.05). Shading in correlations for the reconstructed time-
series represents * standard deviation, computed as described in Figure 3.

also see Figure 3 in Delworth et al., 2017). The correlations from the reconstructed temperature anomalies are
consistent with correlations from the actual ocean temperature anomalies in both observations and models
(compare black and green curves in Figure 4). However, neglecting the sign-reversal in temperature anomalies
following a NAO event leads to exclusively negative NAO-0’ correlations, consistent with results from slab ocean
models (Figure 3 in Delworth et al., 2017). Note that strong negative correlations (at a lag of -5 to —15 years) in the
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observational data set suggest that there might be significant ocean forcing on the atmosphere, particularly on the
NAO. The absence of significant correlations at negative lag years in climate models implies that the influence of
similar ocean forcing on the atmosphere is weak within these models. However, correlation analysis alone is
insufficient to confirm this hypothesis. Moreover, the ocean memory approach does not consider potential ocean-
to-atmosphere feedback.

Our findings demonstrate that far-field effects, linked to delayed changes in ocean circulation and heat transport,
significantly influence decadal ocean temperature variations (also advocated by Delworth et al., 2017; Josey &
Sinha, 2022; Zhang, 2017). Models with a passive ocean driven by stochastic atmospheric forcing (Clement
et al., 2015) underestimate NAO-associated ocean thermal variability by 10%—20%. These results apply to both
historical and pre-industrial control climate simulations across interannual to multi-decadal timescales. Incor-
porating the far-field effect in the NAO-based heat budget Equation 6 consistently captures more ocean tem-
perature variance (Figures S3—S4 in the Supporting Information S1, note that using SSTs instead of upper 200 m
temperature anomalies yields similar findings).

4.3. Application of the Green's Function Approach to Explain the Atlantic Multidecadal Variability

The NAO-based heat budget analysis can also be applied to investigate the relationship between the NAO and
AMV. This is because subpolar temperature anomalies are strongly correlated with the AMV index (O’Reilly
etal., 2016) and lagged SST anomalies after the NAO onset resemble the AMV spatial pattern (Figure 1). Similar
to the subpolar region, correlations between the NAO and AMV index (SST anomalies averaged over the North
Atlantic Ocean, 0°-70°N, 80°W-0°) show a sign reversal in both the actual and NAO-based reconstructed
temperature anomalies (Figure S2 in the Supporting Information S1). This suggests that a significant portion of
the AMV can be explained in terms of the NAO by appropriately accounting for local and far-field effects.

4.4. Role of the North Atlantic Jet Stream

We next explore how the atmospheric jet stream's strength and latitudinal position, governing the NAO phase
(Woollings et al., 2010), influence temperature variations in the subpolar ocean. North Atlantic jet indices,
defined as anomalies in the zonally averaged 850-hPa zonal wind (between 0—60°W and 15°N-75°N) and their
associated latitude, are used within Equation 6 to reconstruct 6’. The subpolar ocean thermal variability can be
explained by considering atmospheric jet strength variations. The reconstructed 6’ using the jet speed index
exhibit correlations of 0.39-0.49 with the actual 6’ (see Supporting Information S1). The estimated ocean
memory from jet speed indices falls within a range of 7—-17 years, consistent with the memory estimates presented
in Figure 3. In contrast, jet stream position variability appears to have minimal influence on ocean temperatures.
Reconstructions of 6’ using jet latitude anomalies show low correlations with the actual 6’. These results raise the
possibility that the North Atlantic Ocean has a substantial influence on decadal variability in the jet stream's
latitudinal position and provide evidence of a coupling between winter jet speed and the North Atlantic Ocean
variability on decadal timescales (Woollings et al., 2015).

5. Discussion and Conclusions

The atmosphere plays a key role in driving interannual to multi-decadal fluctuations in North Atlantic Ocean
temperatures because the impact of relatively short-timescale atmospheric forcing on the ocean can last for many
years (Khatri et al., 2022; Robson et al., 2012). However, the timescales of ocean variability are obscured due to
continuous atmosphere-ocean interactions and the relative contributions of the atmospheric forcing and ocean
circulation in driving decadal fluctuations in ocean temperatures are not fully understood (Clement et al., 2015;
Delworth et al., 2017).

We propose a new ocean memory framework to quantify the proportion of ocean variability driven by the at-
mosphere. In particular, we examine the temperature variability in the upper subpolar North Atlantic Ocean due to
the North Atlantic Oscillation (NAO), which captures 30%—40% of the atmospheric variability in Atlantic sector
(Hurrell & Deser, 2010). The NAO alters the ocean temperatures via anomalous heat fluxes and Ekman transport,
referred to as local effect here, and via delayed changes in overturning and gyre circulations and the associated
heat transport, referred to as far-field effect here, on seasonal-decadal timescales (Eden & Willebrand, 2001;
Khatri et al., 2022; Marshall, Kushnir, et al., 2001). The ocean memory approach accounts for both local and far-
field effects to quantify their contribution to the variability observed in ocean temperatures and estimate ocean
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memory. A simplified NAO-based heat budget model employing Green function's approach (Frankignoul &
Hasselmann, 1977; Hasselmann, 1976) is used to reconstruct ocean temperature anomalies from the NAO history
obtained from observational data sets and climate models. It is shown that the NAO explains up to 30% of decadal
thermal variability in the subpolar North Atlantic Ocean in both observations and climate models. This influence
is primarily driven by variations in the speed of the North Atlantic jet stream.

Our findings indicate that seasonal to interannual variability in ocean temperatures is primarily driven by air—sea
heat fluxes and Ekman transport associated with the NAO (Figure 1). On decadal and longer timescales, however,
ocean processes such as the meridional overturning and gyre circulations exert a significant influence on ocean
temperatures (as previously argued by Zhang, 2017; Zhang et al., 2019). The redistribution of subpolar—
subtropical ocean temperature anomalies, triggered by the NAO, alters the ocean heat transport, leading to
anomalous heat convergence and formation of opposing-signed temperature anomalies in the subpolar North
Atlantic Ocean (see Khatri et al., 2022). Consequently, the correlation between the NAO and subpolar temper-
ature anomalies exhibits a sign reversal, with negative correlations for interannual variability and positive cor-
relations for decadal variability (Figure 4). A similar sign reversal in correlations between the NAO and Atlantic
Multidecadal Variability (AMV) index is also observed. Hence, stochastic climate models that assume a passive
ocean responding to atmospheric forcing (Cane et al., 2017; Clement et al., 2015) underestimate the atmospheric-
driven thermal variability in the ocean, especially on decadal timescales.

Although we only consider atmospheric-driven local and far-field influences on ocean temperatures, our ocean
memory approach effectively captures the sign-reversal in NAO-ocean temperature correlation across interannual
to decadal timescales (Delworth et al., 2017; Gulev et al., 2013). Therefore, a significant portion of decadal
variations in ocean temperatures can be explained by local and far-field ocean responses to atmospheric vari-
ability and consideration of ocean circulation variability independent of atmospheric forcing is not necessary (also
see Gozdz et al., 2024). This finding helps reconcile differing perspectives on the relative importance of atmo-
spheric forcing and ocean circulation in driving the AMV (Clement et al., 2015; Zhang, 2017). Our methodology
might also be useful for Pacific and Southern Oceans, which show similar decadal variability (Gu et al., 2024) and
could benefit from separating the local and far-field atmospheric influences on the ocean.

Moreover, our ocean memory framework allows us to accurately measure the decay timescales of ocean tem-
perature anomalies (termed ocean memory here) resulting from a NAO event. Ocean memory in the subpolar
North Atlantic is estimated to be approximately 18 years based on observations, while climate models suggest a
range of 8—12 years (Figure 3). In the North Atlantic, ocean memory is possibly set by the timescales of variability
in the ocean heat transport (Gu et al., 2024; Khatri et al., 2022; Zhang et al., 2019). However, ocean memory
might differ in other oceanic regions due to variations in the background ocean circulation, involving overturning
and gyre circulations, and basin size.

Furthermore, the significant discrepancy between ocean memory in observations and climate models suggests
that climate models may be too dissipative in terms of ocean memory. This means climate models lose excess heat
from the ocean faster than the real world, potentially underestimating multi-decadal climate variability (see
Kravtsov, 2017; Kravtsov et al., 2018). This discrepancy could arise from several factors, including coarse spatial
resolution, an unrealistic representation of overturning circulation and ocean eddies, or weak ocean—atmosphere
and climate feedbacks in climate models (Roberts et al., 2020; Scaife & Smith, 2018). Notably, we find significant
correlations between the observed NAO and subpolar ocean temperature anomalies at negative lag years (black
curve, Figure 4a). However, climate models lack any such correlations. These results indicate that the sensitivity
of the atmosphere, particularly the NAO-type response, to ocean temperatures may be too weak in climate
models.
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