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Abstract Climate model hindcasts are analyzed to reveal the impacts of the North Atlantic Oscillation
(NAO) on the North Atlantic subpolar ocean, which exhibits variability on seasonal to decadal timescales.

The ocean response to a single winter NAO event is separated into fast and slow responses. The fast response
persists over winter—spring seasons, during which wind stress and heat flux anomalies associated with the NAO
rapidly modify ocean temperatures via changes in Ekman transport and ocean-atmosphere heat exchanges.

The slow response persists for 3—4 years, during which overturning and gyre circulations redistribute
opposing-signed surface temperature anomalies created by the NAO. This redistribution modifies east-west
temperature contrasts altering the meridional heat transport associated with gyres and changing the strength of
the overturning circulation. Hence, the fast and slow responses lead to opposing-signed subpolar temperature
anomalies in time from the competing effects of local forcing and horizontal heat convergence.

Plain Language Summary The North Atlantic Oscillation (NAO) index is one of the most
common metrics to characterize atmospheric regimes in the northern hemisphere, revealing how different
patterns of atmospheric winds and air-sea fluxes over Europe and North America affect the ocean state. In the
present research, coupled climate model simulations are utilized to study the impacts of particular atmospheric
events on the subpolar North Atlantic Ocean. Using NAO indices during the winter season, sets of multiple
simulations having similar types of atmospheric events are created to carry out a composite analysis. The
analyses reveal that the impact of atmospheric events on the oceans can last up to 4-5 years (or even longer in
some cases). The fast response is controlled by the effect of the local winds and air-sea heat fluxes, while the
slow response is related to the role of the meridional overturning circulation and ocean gyres in transporting
heat anomalies from the subtropics to the subpolar ocean. The combination of these fast and slow responses
leads to the sign reversal of the subpolar surface temperature anomalies in time.

1. Introduction

Ocean observations and historical reconstructions of the ocean state reveal significant inter-annual and
decadal variability in the overturning circulation and ocean heat content for the North Atlantic (Fraser &
Cunningham, 2021; Jackson et al., 2022; Lozier et al., 2008; Roussenov et al., 2022; Williams et al., 2014). These
variations are primarily driven by variability in the atmospheric forcing through exchanges of momentum and
buoyancy (Eden & Jung, 2001; Josey & Sinha, 2022) with different imprints for a range of atmospheric regimes
(Barrier et al., 2014). Unlike in the atmosphere, ocean memory can last for a few years (Hansen & Bezdek, 1996),
potentially giving a long-term effect on the climate state.

This study investigates the impacts of atmospheric variability on the ocean state in the subpolar North Atlan-
tic associated with the North Atlantic Oscillation (NAO) (Hurrell, 1995; Hurrell & Deser, 2010), which is the
dominant mode of atmospheric variability in the Atlantic sector. NAO events significantly affect the magnitudes
and spatial patterns of surface winds and air-sea fluxes (Marshall, Kushnir, et al., 2001; Visbeck et al., 1998).
For example, in the positive phase of the NAO, the atmospheric jet strengthens and shifts poleward (Woollings
et al., 2010) resulting in anomalously strong surface winds and more heat loss from the subpolar ocean to the
atmosphere. These anomalous wind and buoyancy forcings then affect the ocean heat content and meridional
overturning circulation (Lozier et al., 2008, 2010; Marshall, Johnson, & Goodman, 2001; Williams et al., 2014).

The oceans respond to NAO forcing on seasonal to decadal timescales (Eden & Willebrand, 2001; Lohmann
et al., 2009b). The immediate ocean response to an NAO event involves changes in surface temperatures
from air-sea heat flux anomalies and wind-induced changes in Ekman transport (Barrier et al., 2014; Eden
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& Willebrand, 2001; Marshall, Johnson, & Goodman, 2001). There is also a delayed ocean response involv-
ing changes in the meridional overturning circulation and heat transport on inter-annual to decadal timescales
(Robson et al., 2012; Williams et al., 2015). However, there are uncertainties about the controlling mechanisms
and the timing of the delayed ocean response.

The delayed ocean response to NAO forcing may be related to the strength of the gyre and overturning circula-
tions, and the resulting heat convergence, in the subpolar region (Lozier et al., 2010; Williams et al., 2015; Yang
et al., 2016). Surface wind anomalies due to NAO forcing alter the gyre strength, which then modifies east-west
pressure gradients resulting in changes in the meridional overturning and associated heat transport (Eden &
Willebrand, 2001; Zhao, 2017). Alternatively, variability in the deep water formation rates in Irminger and Labra-
dor seas also impacts the overturning strength on inter-annual timescales (Desbruyeres et al., 2019; Menary
et al., 2020; Robson et al., 2016; Yeager et al., 2021). The temporal variability in the overturning circulation
may be a delayed response to NAO forcing, as suggested for sea surface temperatures (SSTs) and overturning in
the North Atlantic with time lags in the range of 2-20 years (Fraser & Cunningham, 2021; Kloewer et al., 2014;
O’Reilly et al., 2019; Robson et al., 2016; Yeager et al., 2021; Zou et al., 2020).

In the present work, the impacts of winter NAO forcing on the subpolar North Atlantic Ocean are examined
on seasonal to inter-annual timescales using climate model ensemble prediction experiments. The novel aspect
is that composites of selected ensemble simulations are employed to study the immediate and delayed ocean
responses to a single NAO event, rather than a persistent change in NAO forcing. This multi-ensemble approach
is effective in studying the coupled atmosphere-ocean variability without running NAO-perturbation experiments
and interfering with model physics. To understand the controlling mechanisms, variations in the upper ocean heat
content, overturning circulation, and heat transport are analyzed in both depth and density coordinates.

2. Model Description and Methodology

The analysis uses Met Office Decadal Climate Prediction System version 4 (DepreSys4) hindcasts, which are
initialized using realistic atmospheric and oceanic states created from global ocean covariance analyses (Smith
& Murphy, 2007) and ERA-interim reanalysis output (Dee et al., 2011). In each initialization, an ensemble of 10
members is created using the Met Office statistical ocean reanalysis (Smith et al., 2015) with covariance uncertain-
ties sampled using different perturbed physics and forced ocean versions of the model. These ensemble members
are initialized on 1st November every year (1960-2016) and are run for 125 months. DePreSys4 output has a
resolution of 0.83° X 0.55° with 85 pressure levels in the atmosphere and 0.25° with 75 quasi-horizontal levels
in the oceans. Anomalies in the available monthly diagnostics and offline-calculated diagnostics, for example,
meridional overturning, northward heat transport, are computed by subtracting the model time-mean computed
over 1979-2016 while keeping the lead time information of 125 months (Appendix E in Boer et al., 2016). In this
approach, the model mean is a function of lead time, and the model drift contribution is appropriately removed
in anomaly calculations.

The present study focuses on the subpolar North Atlantic Ocean variability associated with a single NAO
event. All hindcasts are treated to be the same irrespective of the start date and there are 57 X 10 (number of
years X ensemble) members in total. A subset of members is isolated based on seasonal mean NAO indices
computed by taking 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. The NAO+ or NAO— subset comprises members
that have a DJF seasonal-mean NAO index greater than 13 hPa or less than —13 hPa. The members are selected
based on NAO indices in the second, third or fourth winter, and these members are further aligned along the time
axis such that each of the selected members experiences the onset of an NAO event at the same time. The cut-off
value of 13 hPa is twice the standard deviation of seasonal NAO indices in DePreSys4. There are 114 members
for the NAO+ case and 133 members for the NAO— case. Apart from the timing of the NAO onset imposed in
the selection process, the selected ensemble members are very different from each other in terms of the initial
conditions of the atmospheric and ocean states, for example, pressure, velocity, and temperature fields, so that
there is no bias in the ensemble selection.

Based on our criteria, all selected members are in a positive or negative NAO phase at year = 0 (Figures 1a—1b).
These members are randomly distributed in terms of their NAO phases at all other times, which indicates that the
atmospheric memory does not last longer than a few weeks. In a NAO+ phase, there are positive anomalies in
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Figure 1. Composites of NAO+ and NAO— ensembles (a, b) Time-series of seasonal-mean North Atlantic Oscillation (NAO) indices for the selected members

(year = 0 corresponds to DJF season and black curves represent the ensemble-mean NAO indices); (c—j) Mean surface ocean properties (DJFM season) in the NAO+
phase (left two columns) and in the NAO— phase (right two columns); (¢, g) Zonal surface wind stress anomaly, z/; (d, h) Surface heat flux anomaly, H’ (positive values
indicate heat transfer from the atmosphere to the oceans); (e, i) Sea surface temperature anomaly, SST'; and (f, j) Mixed-layer depth anomaly, MLD’. Stippling denotes
that anomalies are significant at 95% confidence level (computed using the bootstrapping method, Thomson & Emery, 2014). Anomalies are with respect to the mean
over 1979-2016 (see Section 2).

the eastward wind stress northward of 45°N and negative anomalies southward of 45°N (Figure 1c). There is an
associated negative-positive anomaly pattern in the air-sea heat flux (Figure 1d) with the oceans losing more heat
to the atmosphere in the subpolar region and gaining more heat in the subtropics (Marshall, Kushnir, et al., 2001).
As a result, negative SST anomalies and positive anomalies in mixed-layer depth initially occur in the subpolar
ocean (Figures 1c—1d). In a NAO— phase, there is an opposing-signed response (Figures 1g—1j).

3. Composite Analysis of the Ensemble Subsets

The ocean response to anomalous wind stress and heat flux forcing due to winter NAO events (referred to hence-
forth as “NAO forcing”) is analyzed in terms of an ocean heat budget interpreted in terms of the meridional
overturning circulation and heat transport.

3.1. Heat Budget Analysis

The temporal evolution of SST anomalies is first analyzed in the NAO+ case (Figure 2a). For a NAO+ event in
January to February of lag year = 0, there is a characteristic cooling northwards of 45°N and warming south-
wards of 45°N (Marshall, Kushnir, et al., 2001). However, the resulting negative SST anomalies in the subpolar
ocean only persist for a year, and instead, positive SST anomalies develop at a lag of 2—4 years over most of the
subpolar ocean.

A heat budget analysis is carried out to reveal the mechanisms that cause the changes in the upper ocean heat
content. Ocean heat content anomaly (integrated between the surface and depth z,) and an approximate upper
ocean heat budget balance are given as
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Figure 2. Temporal evolution of the ocean state in the NAO+ case (Composites of annual or bi-annual means from January to December are shown) (al-a6) Sea
surface temperature anomaly; (b1-b6) Heat content change in the upper 1,325 m (between January and December, i.e., AQ’ = Q) — Q’, ) in individual lag year
periods; (c1-c6) Contribution from surface heat flux to the heat content change in individual lag year periods; (d1-d6) Anomaly in the overturning circulation in z—
space; and (el-e6) Anomaly in the overturning circulation in c—space. Gray contours (are at 4 Sv and 13 Sv) in (d, e) represent the mean overturning circulation over
1979-2016 and all lead times. Lag represents the year from the onset of the NAO+ event, which occurs in January to February of lag year = 0. Stippling denotes that

the change is significant at 80% confidence level. Anomalies are with respect to the mean over 1979-2016 (see Section 2).

0
Q'(x, 1) = p,Cp / 0'(x,y, z, 1)dz, (1)
0 ., 0 ,
- H' - p,C, V- (u)dz, )

0

where @ is the potential temperature, prime represents the anomaly in a diagnostic field, u = (u, v, w) is the
velocity field and V = (d,, 9, 9,) is the gradient operator, p,C, and z, are set to 4.09 X 10°J K~'m~ and 1,325 m
as a rough measure of the thermocline depth, respectively. The upper ocean heat content change in Equation 2 is
driven by two processes—surface forcing via the air-sea heat flux, H’, and heat convergence (second term on the
right). Additional heat diffusion and advective parameterization terms are needed to close the heat budget equa-
tion (Hieronymus & Nycander, 2013), and their contributions, which are diagnosed as a residual in Equation 2,
only reach 10% in our analysis.

Consistent with the evolution of SST anomalies in the subpolar region, the upper ocean heat content declines
in year O due to intense surface cooling, but gradually increases in years 1-4 after the onset of a NAO+ event
(Figures 2b and 2c¢), the figure for the NAO— case is in Supporting Information S1. The two opposing-signed
responses in the subpolar ocean are more clearly seen in the time-series of anomalies in SST and heat budget
terms (Figures 3a, 3b, 3g, and 3h, gray shading indicates the periods of the initial and delayed responses). For
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Figure 3. Composite-mean time-series (6-month running window is applied) for NAO+ and NAO— ensembles (a, g) Domain-mean sea surface temperature anomaly;
(b, h) Anomalies in heat budget (integrated in the upper 1,325 m and over the selected domain); (c, i) Anomalies in the overturning maximum, [max(y (c))]’, and
Ekman transport at 50°N; and (d—f, j—1) Anomalies in full-depth-integrated meridional heat transport at S0°N. Time-series plots in (a, b, g, h) are for the region bounded
between 45°N-60°N and 50°W-20°W. Errorbars indicate the 95% confidence intervals.

example, in the NAO+ case, the initial reduction in SST happens within a period of a few months, whereas
the subsequent increase in SST occurs over 2-3 years. Similarly, the initial rapid increase and subsequent slow
decrease in SST are evident in the NAO— case.

During the fast-response period, both surface heat flux and heat convergence contribute about equally to the
heat content change (Figures 3b and 3h). The zonal wind stress anomalies associated with NAO events result in
anomalous heat convergence. For example, in the NAO+ case, positive zonal wind stress anomalies drive more
southward Ekman transport in the subpolar region, which leads to anomalous cooling in the ocean surface layer
(see Eden & Willebrand, 2001). Thus, on seasonal timescales, anomalies in both surface wind and buoyancy
forcing are important in determining the variations in the upper ocean heat content in the subpolar North Atlantic.
During the slow-response period, however, heat convergence provides the primary control of upper ocean heat
content anomalies, and the change in the sign of subpolar SST anomalies with time is due to the transport of
opposing-signed SST anomalies from the subtropical ocean into the subpolar ocean (Figures 3a, 3b, 3g, and 3h).
A NAO+ event results in delayed warming and a NAO— event results in delayed cooling in the subpolar North
Atlantic ocean. These fast and slow ocean responses to NAO forcing are broadly in accord with results from
idealized modeling experiments (Eden & Willebrand, 2001; Lohmann et al., 2009b), as well as analyses from
realistic climate model simulations and ocean reanalysis products (Robson et al., 2012). However, the timescale
associated with the slow ocean response in our analysis differs from the timescale observed in idealized experi-
ments (see Section 3.3).

There are notable spatial differences in the delayed ocean response between the NAO+ and NAO— cases. First,
the delayed warming in the upper subpolar ocean due to NAO+ forcing is located around 40°W—30°W, whereas

KHATRI ET AL.

Sof 12

U901 SUOWILLOD) BANIER.D) 3|eolddke ) Ad paURAOB 8.8 A1 YO ‘35N JO Sa|NJ 10} AReiq 1T BUIIUO AB]IA UO (SLO1HIPUOD-PUE-SLLLBIALI0D"AB | IW AR1c]|PUIIUO//SA1Y) SUOIIPUOD U SW 1 aU) 885 *[2202/2T/6T] Uo Areiqiauiuo A|im 89 L Ad 08¥T0T 192202/620T OT/I0p/LI0Y A 1w AreiqipuljuosgndnBe/sdny wou pepeojumod ‘vz ‘2202 ‘2008r6T



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2022GL101480

the delayed cooling due to NAO— forcing appears to be further east at 30°W-20°W. In addition, during the
slow-response period, persistent negative heat content anomalies occur at depths below 1,325 m in the NAO+
case, whereas there are no significant thermal signals at such depths in the NAO— case (see Supporting
Information S1).

3.2. Meridional Overturning and Northward Heat Transport

The impacts of winter NAO forcing on meridional overturning circulation and heat transport are now assessed in
depth (z—space) and density (6—space) coordinates. The meridional overturning, v, is evaluated as,

s

w(y,s.1) = / e (v(x,y,5,1) = (L)(y, 1)) dxds, A3)

Smin ¥ Xy

where s represents the vertical coordinate (z or ¢ here), o is the potential density (referenced to O dbar pressure),
x,, and x, are the western and eastern boundaries of the ocean domain. (v) is the zonal and depth average of the
meridional velocity. Here, v — (v) is used in the overturning calculation to ensure that overturning vanishes at
vertical boundaries and there is net zero meridional volume transport. As expected, the meridional overturning
circulation is stronger in —space than in z—space in the subpolar region (Figures 4a and 4g), also see Johnson
et al. (2019), Lozier et al. (2019).

In the NAO+ case, there is a weakening in the overturning circulation in year O in the subpolar region, whereas
the overturning circulation in the subtropics strengthens (Figures 2d—2e). The magnitude of the overturning
circulation increases in the subsequent years at latitudes north of 40°N, which is close to the boundary between
the subpolar and subtropical gyres. The initial weakening in subpolar overturning is due to anomalous Ekman
transport and only lasts for a year, but the delayed strengthening lasts for 2-3 years. This persistent stronger
overturning is the reason for more heat convergence and upper ocean warming in the subpolar region (Figures 3a
and 3b). Hence, these two contrasting responses in the overturning are consistent with the fast and slow responses
revealed in SST anomalies and the heat budget analysis.

Further, anomalies in Ekman volume transport, y’(ek), due to zonal wind stress anomalies are computed,

1 [
7ldx, 4
S po /x- @)

w

w'(ek) = -

where p, = 1,035 kg m~3 is the reference density and f is the Coriolis parameter. From the time-series of anom-
alies in the maximum overturning and Ekman transport at S0°N (Figures 3c and 3i), the rapid change in the
overturning strength is associated with Ekman transport anomalies (also see Eden & Willebrand, 2001). In the
slow-response period, the Ekman transport contribution is negligible, so the overturning anomalies correspond to
the geostrophic flow component. In the NAO+ case, the initial weakening in the overturning is primarily surface
intensified, whereas the delayed strengthening in the overturning occurs at depths of 1-2 km (Figure 2d). The
initial weakening and subsequent strengthening in the overturning occur in different density layers (Figure 2e),
consistent with the overturning anomalies in the slow-response period being associated with the geostrophic
flow component. Essentially, ocean currents redistribute the surface buoyancy anomalies created by the NAO
forcing leading to changes in east-west density contrasts and the associated geostrophic meridional overturning
(Roussenov et al., 2022).

The ocean response is further analyzed in terms of meridional heat transport (MHT) in both depth and density
coordinates. In z—space, the heat transport is decomposed into meridional overturning and horizontal gyre compo-
nents. In o—space, the heat transport is decomposed into meridional overturning and isopycnal components. The
overturning heat transport is due to northward-moving warm waters in the upper limb and southward-moving
cold waters in the lower limb. In contrast, gyre and isopycnal heat transports are due to northward and southward
flows of different temperatures on the same depth and isopycnal levels, respectively. To perform this decom-
position, the meridional velocity and potential temperature are separated into zonal-mean barotropic ({v), (6)),
zonal-mean baroclinic ({(v)', (8)"), and zonal anomaly (v¥, ") components in z—space, as well as in 6—space (Hall
& Bryden, 1982; Siedler et al., 2001),

v(s, %, 3, 1) = (LY@, 1) + (V) (5, 9.1) + VT (s, x, . 1), )
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Figure 4. Depth and density-based views of the meridional overturning and northward heat transport from DePreSys4 data: Climatology (mean over 1979-2016 and
all lead times) of (a, g) Overturning circulation; (b, c) Heat transport (per unit depth) due to overturning and gyre circulations in z—space; (h, i) Heat transport (per unit
density) due to overturning and isopycnal circulations in o—space; and (d, j) Vertically integrated heat transport in z—space and o—space.

0(s, %, y,1) = (0)(. 1) + (0)'(s, 3, 1) + 07 (5, x, y, 1),

(6

where (a) is the thickness-weighted zonal-mean and a is the depth-mean of diagnostic a. Symbol | represents the
deviation from the zonal-depth-mean, and symbol { represents the deviation from the zonal mean. The meridi-
onal heat transport components integrated over the whole ocean depth (D) can be written as

0 Xe
MHT erz)(y, 1) = poC, / / (0)(z,y,1)(0)! (2. y, H)dxdz, ©)

=D Jxy,

0 Xe
MHTgyre(y, 1) = poC,y / / v'(z,x,y,00"(z, x, y, Ydxdz, ®)

-D Jx,

MHTOU?’(G)(y7 t) = pocp/ (U>I(O-7 y’ t)<6>|(o-7 yv t)dxdo-7 (9)
MHTi6)(y, 1) = pOCp/ / v'(o, x, Y, No (o, x, y,Hydxdo. (10)
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Since expressions (7-9) only involve deviations from the zonal-depth mean values, the magnitudes of these heat
transport terms are robust irrespective of dimensional units and the choice of the vertical coordinate (complete
derivation is in Supporting Information S1).

Similar to the overturning circulation, the heat transport magnitude due to overturning, MHT,

over?

varies depending
on the choice of the vertical coordinate. The climatological-mean MHT, , is stronger in 6—space than in z—space

over

(Figures 4d and 4j). In z—space, the overturning component dominates over the gyre component, MHT, ., at

latitudes south of 40°N, while the opposite occurs at higher latitudes. On the other hand, in o—space, most of the

heat transport is due to meridional overturning, MHT, and the heat transport due to zonal anomalies in merid-

over(c)?

ional velocities and temperatures in isopycnal layers, MHT, .,

subpolar ocean emerges because warm northward flows and relatively cold and dense southward flows exist at
the same depths (Frajka-Williams et al., 2019). Consequently, MHT, ..,
MHT and MHT, ., (see Lozier et al., 2019).

over(z) yre(.

is relatively small. This different response in the

largely captures contributions from both

It is valuable to analyze the vertical structures of the climatological meridional heat transport components, as
the ocean heat transport response to the NAO may differ between the ocean surface and deep ocean. In z—space,
MHTover(z)
Ekman transport in the subtropical and subpolar regions (Williams et al., 2014). On the other hand, both subtrop-

changes sign near 35°N in the upper 100 m (Figures 4b and 4c), which is due to opposite directions of

ical and subpolar gyres transport heat northwards. In o—space, the heat transport due to overturning near the
surface (lightest waters) is largely northwards (Figure 4h), which is due to the combined effect of surface Ekman
cells and ocean gyres. At densities greater than 27.6 kg m~>, the geostrophic component of the overturning circu-
lation carries heat northward. The relatively small heat transport due to the isopycnal component is mainly at
latitudes north of 30° (Figure 41).

The fast and slow responses due to the NAO forcing are also evident in the time-series of meridional heat trans-
port anomalies (Figures 3d-3f and 3j-31). There are notable differences in the behavior of the heat transport
over(z)® and gyre, MHTg)'re(z)’
components contribute about equally to the heat transport change in the fast-response period. These rapid changes

components depending on the vertical coordinate. In z—space, both overturning, MHT,

in heat transport are due to surface wind stress anomalies, which alter the overturning and gyre volume trans-

ports leading to changes in net heat transport. During the slow-response period, however, MHT, .,

majority change in heat transport. NAO forcing creates opposing-signed subtropical and subpolar SST anomalies

explains the

(Figure 1), which are redistributed via the ocean circulation in the slow-response period. In principle, changes in
MHT,,,.,
To examine their contributions, MHT

can arise either via changes in gyre volume transport or changes in east-west temperature gradients.

etz 18 further decomposed (Figures 3e and 3k, see Supporting Informa-

tion S1 for derivations). The first component, MHT’ : [U"' - F] [E], is the anomalous MHTg due to

gyre(z) * yre(z)
temporal changes in gyre volume transport only and is the main cause for the anomalous gyre heat transport in the

fast-response period. The gyre volume transport is modified by wind stress anomalies at the onset of NAO forc-

ing. The second component, MHT;W(Z) : [u_] [9* — 0_], is the anomalous MHT due to changes in east-west

8yre(z)
temperature gradients only and is the dominant contributor to the anomalous MHT,,, in the slow-response
period. In contrast, gyre volume transport anomalies vanish within a year of NAO onset and hence cannot cause
delayed changes in heat transport (see Supporting Information S1). Thus, the persistent anomaly in MHT,
in the slow-response period is primarily due to the redistribution of subtropical temperature anomalies into the

subpolar region and the resulting modifications in the east-west temperature gradients.

In o—space decomposition, the overturning component, MHT,,,,, captures the majority of the variability in
heat transport (Figure 3). The relatively small anomaly in the isopycnal component, MHT,,,, first appears a few
months after the onset of NAO forcing (Figures 3f and 31). Unlike anomalies in the overturning and gyre heat
transport components, MHT,, ., anomaly has the same sign during both the fast and slow response periods. Since
MHT,,,,, is caused by zonal temperature gradients within isopycnal layers, the redistribution of temperature
anomalies is required to cause variations in the isopycnal heat transport component. Thus, the anomalous isopy-

cnal heat transport is a consequence of the slow ocean response only.
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3.3. Fast and Slow Timescales

The fast ocean response to a winter NAO event only lasts for winter—spring seasons, whereas the delayed, slow
ocean response persists for 2—-3 years. As a result of the delayed response, there is a time lag between the onset
of NAO forcing and anomalies in the geostrophic component of the overturning at 50°N of 1-3 years. The time
lag between the onset of NAO forcing and subpolar SST anomalies, which peak when the cumulative sums of
anomalies in heat flux and heat convergence show little variations, is about 3—4 years (Figure 3).

Several studies have looked into time-lag relationships between different atmospheric and oceanic indices.
Desbruyeres et al. (2019) found a time lag of about 5 years between surface water-mass transformation in
the subpolar ocean and meridional overturning at 45°N in in situ hydrographic data sets. Yeager et al. (2021)
observed a similar time lag between deep water formation in the Labrador sea and meridional overturning at 45°N
in high-resolution climate model simulations. Fraser and Cunningham (2021) constructed a time-series for the
meridional overturning strength for the last 120 years and showed that the overturning at 50°N leads the mean
North Atlantic SST by 2-3 years.

These time lags in previous studies are consistent with our analyses, which suggest that the North Atlantic ocean's
memory of atmospheric forcing is about 4-5 years. However, NAO forcing persisting in consecutive years can
increase the time lag between the onset of the NAO and ocean-based indices (Kloewer et al., 2014; Lohmann
et al., 2009a; Robson et al., 2012). For example, Eden and Willebrand (2001) forced an ocean model using
constant NAO+ forcing and found that the delayed strengthening in the meridional overturning occurs 6-8 years
after the onset of NAO+ forcing. This longer timescale is because it takes a few years for the strengthening in
the geostrophic component of the overturning to compensate for the decline in the overturning strength due to
constantly imposed anomalous Ekman transport. The ocean circulation continuously redistributes temperature
anomalies created via heat flux anomalies associated with the NAO and modifies east-west temperature gradi-
ents. Consequently, it could take almost a decade for positive SST anomalies to appear in the subpolar ocean due
to persistent NAO+ forcing. The advantage of our ensemble-based approach is that the time-lag magnitudes from
a single NAO event can be precisely computed without being required to run artificial perturbation experiments
as applied in previous studies (Eden & Willebrand, 2001; Lohmann et al., 2009b).

4. Conclusions

The North Atlantic Oscillation (NAO) plays a key role in determining the ocean variability in the North Atlantic
(Marshall, Kushnir, et al., 2001). In the present study, climate model ensemble hindcasts were employed to inves-
tigate the impacts of a single NAO event on the subpolar ocean on seasonal to inter-annual timescales.

The ocean response to winter NAO forcing in the subpolar North Atlantic can be understood as a combination
of a fast response and a delayed slow response. The fast ocean response depicts the immediate NAO impact
on the oceans and lasts for winter—spring seasons, during which both surface wind stress and air-sea heat flux
anomalies associated with the NAO forcing contribute nearly equally to changes in the ocean state. For example,
NAO+ forcing leads to anomalous cooling and weakening in the overturning circulation and northward heat
transport via changes in Ekman transport and ocean-atmosphere heat exchanges in the subpolar region (Eden &
Willebrand, 2001; Marshall, Kushnir, et al., 2001). During the slow-response period after the onset of a NAO+
event, the trend reverses, and instead, there is continuous warming of the upper ocean and strengthening of the
overturning circulation. This warming trend persists for 2—3 years and is primarily achieved by enhanced heat
convergence into the subpolar region. In the case of NAO— forcing, there are again opposing-signed trends, but
this time involving rapid warming followed by slow continuous cooling in the subpolar ocean.

The anomalous heat convergence during the fast and slow responses is driven by anomalous northward heat trans-
port connected to both meridional overturning and horizontal gyre circulations in depth-space analysis (also see
Eden & Willebrand, 2001; Williams et al., 2015). In density space, on the other hand, the anomalous northward
heat transport is primarily linked to meridional overturning, which combines the overturning and gyre transports
computed in depth-space, and the contribution from the isopycnal heat transport component is relatively small.
Overall, the choice of the vertical coordinate affects the interpretation of how the subpolar ocean variability is
controlled.
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From the perspective of ocean dynamics, the fast ocean response is primarily wind-driven and ageostrophic in
nature, whereas the slow response is related to the geostrophic flow component in the subpolar region. Eden
and Willebrand (2001) argue that the delayed ocean response due to NAO forcing can be understood in terms of
buoyancy-driven changes in the subpolar gyre circulation, which then affect east-west pressure gradients modify-
ing the strength of the meridional overturning circulation (also see Lozier et al., 2010; Williams et al., 2015). In
our analysis, however, the delayed ocean response is related to the formation of opposing-signed surface temper-
ature anomalies in the subtropical and subpolar oceans due to NAO forcing, rather than changes in the subpolar
gyre volume transport. The redistribution of these temperature anomalies then modifies the boundary density
contrasts, overturning circulation and northward heat transport (e.g., see Roussenov et al., 2022).

As a result of the slow ocean response, the positive or negative anomalies in surface temperatures in the subpolar
region peak in amplitude at a time lag of 45 years from the onset of NAO+ or NAO- forcing, respectively. On
the other hand, the time lag between the onset of an NAO event and the geostrophic overturning response extends
from 2 to 3 years. These time-lags are generally consistent with previous studies that examined the time-lag rela-
tionships among different indices based on the ocean and atmospheric states (Desbruyeres et al., 2019; Fraser &
Cunningham, 2021; Yeager et al., 2021). In contrast, idealized experiments forced with persistent NAO forcing
report a slow ocean-adjustment timescale of 68 years (Eden & Willebrand, 2001; Lohmann et al., 2009b). These
perturbation experiments involve a shift in the mean climate state as the oceans slowly adjust to the NAO forcing
that is kept constant in time, and the slow adjustment is achieved through a combination of slow and fast ocean
responses occurring throughout the simulations. Hence, this combined ocean-adjustment timescale to persistent
forcing is fundamentally different from the slow-response timescale of 3—4 years to a single NAO event in our
ensemble-based approach.

The subpolar ocean develops reversing-signed sea surface temperature anomalies in time due to the opposing
effects of the fast and slow ocean responses to a single NAO event. These temperature anomalies can persist for
several years, which may feedback on the atmosphere by modifying the air-sea heat exchange (Peings et al., 2016;
Sutton & Dong, 2012). This inter-annual ocean variability and resulting feedback may then be important for
predicting regional climate.
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