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Abstract

Multidecadal variability of the Atlantic Meridional Overturning Circulation (AMOC) plays a vital role in Earth’s climate
variability. Climate change has the potential to alter the causes and characteristics of AMOC multidecadal variability. Here
we use a coupled climate model to simulate AMOC multidecadal variability under three distinct atmospheric CO, concen-
trations: Last Glacial Maximum, preindustrial, and 4 X preindustrial levels. Firstly, we discover that AMOC multidecadal
variability exhibits a shortened period and a reduced amplitude with increasing atmospheric CO,. We find that these changes
in AMOC variability are largely related to enhanced ocean stratification in the subpolar North Atlantic with increasing CO,
which in turn changes the characteristics of westward propagating oceanic baroclinic Rossby waves. Our analysis indicates
that the shortened period is primarily due to the increased speed of free oceanic Rossby waves, and the reduced amplitude
is mainly due to the reduced magnitude of atmospherically-forced oceanic Rossby waves. Mean flow effects, in the form
of eastward mean zonal advection and westward geostrophic self-advection, need to be considered as they largely increase
the speed of Rossby waves and hence allow for a better estimate of the changes in the period and amplitude of AMOC vari-
ability. Secondly, to explore the possible linkage between atmospheric variability and AMOC fluctuations under each CO,
concentration in a qualitative manner, we analyze the relationship between the North Atlantic Oscillation (NAO) and the
AMOC and find a significant negative correlation between the two only under the preindustrial levels where the NAO leads
the AMOC by 3-11 years.

Keywords Atlantic Meridional Overturning Circulation - Multidecadal variability - CO, change - Oceanic baroclinic
Rossby waves - Mean flow effects - North Atlantic Oscillation

1 1 Introduction northward heat and freshwater transports, the AMOC and its

variability influence the climate over the North Atlantic and
The Atlantic Meridional Overturning Circulation (AMOC) surrounding regions (Liu et al. 2017, 2020; Ma et al. 2020),
is an important component of the global ocean circulation  such as Atlantic hurricanes (Knight et al. 2006; Zhang and
consisting of a warm, northward near-surface flow and Delworth 2006), North American and European summer
a cold, southward return flow at depth. Through strong climate (Enfield et al. 2001; Sutton and Hodson 2005), and
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India/Sahel rainfall (Knight et al. 2006; Zhang and Delworth
2006). During past climates, the AMOC has been suggested
to play an important role in abrupt climate changes such as
those during the last deglaciation (McManus et al. 2004;
Liu et al. 2009). For future climate, owing to its intense
variability on decadal to centennial timescales, the AMOC
potentially serves as a key factor in decadal climate predic-
tion (Griffies and Bryan 1997; Msadek et al. 2010; Latif
and Keenlyside 2011; Zhang and Zhang 2015; Zhang et al.
2019).

Given the relatively short period of direct AMOC obser-
vations (e.g., the 1-2 decades of observations from the
RAPID array at 26.5° N; Srokosz and Bryden 2015), previ-
ous studies on AMOC variability primarily rely on model
simulations. The nature of AMOC variability has proven
to be model dependent with numerous studies giving rise
to a diversity of mechanisms driving AMOC variability on
decadal to centennial timescales (see reviews, Liu 2012;
Buckley and Marshall 2016). Many of these studies have
indicated that AMOC variability acts mainly as an internal
ocean mode. For example, studies with ocean-only models
under prescribed surface forcing have illustrated clear, self-
excited, interdecadal AMOC variability generated by baro-
clinic instability (Colin de Verdiere and Huck 1999; Huck
and Vallis 2001; Huck et al. 2001; Te Raa and Dijkstra 2002;
Arzel et al. 2018; Arzel and Huck 2020) or thermohaline
instability (Weaver et al. 1991; Yin and Sarachik 1995).
On the other hand, in fully-coupled models, multidecadal
AMOC variability was found to be driven by density anoma-
lies in deep convection regions (Delworth et al. 1993; Dai
et al. 2005). Furthermore, there has been growing recogni-
tion that atmospheric forcing can excite significant AMOC
multidecadal variability and play an important role in main-
taining the amplitude of oscillations (Delworth et al. 1993;
Griffies and Tziperman 1995; Delworth and Greatbatch
2000; Dong and Sutton 2005; Danabasoglu 2008; Kwon and
Frankignoul 2012; Danabasoglu et al. 2012).

Previous studies have identified mechanisms driving
AMOC variability at different frequencies. They are either
internal ocean modes or ocean processes affected by the
atmosphere. A series of studies have suggested that AMOC
multidecadal variability with periods longer than 40 years is
controlled by freshwater exchange between the North Atlan-
tic and the Arctic Ocean/Nordic Sea (Delworth et al. 1997,
Jungclaus et al. 2005; Hawkins and Sutton 2007; Frank-
combe et al. 2010; Frankcombe and Dijkstra 2011; Ortega
et al. 2017; Liu et al. 2019). Many other studies have focused
on AMOC variability with a 20-30 year period and linked
it to the westward propagation of large-scale temperature or
density anomalies in the North Atlantic as seen in observed
ocean temperature (Frankcombe et al. 2008), observed sea
surface height (Frankcombe and Dijkstra 2009), idealized
ocean models (Te Raa and Dijkstra 2002; Dijkstra et al.
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2006), and general circulation models (Frankcombe and
Dijkstra 2009, 2011; Frankcombe et al. 2010; Buckley et al.
2012; Tulloch and Marshall 2012; Sévellec and Fedorov
2013, 2015; Ortega et al. 2015; Arzel et al. 2018; Arzel
and Huck 2020). These westward propagating temperature
signals were attributed to baroclinic Rossby waves or the so-
called thermal Rossby wave in the ocean (Frankcombe et al.
2008; Buckley et al. 2012). Recent studies further showed
that the westward propagation of these temperature or den-
sity signals is produced by interactions between mean zonal
advection, geostrophic self-advection, and ocean baroclinic
Rossby waves (Sévellec and Fedorov 2013, 2015; Ortega
et al. 2015; Muir and Fedorov 2017). Additionally, several
studies have linked the strong ~20-year AMOC variability
to an ocean-sea ice-atmosphere coupled mode as seen in the
IPSL-CM5A-LR model (Escudier et al. 2013; Ortega et al.
2015). The basin-wide baroclinic Rossby waves propagating
in the ocean subsurface and the ocean-sea ice-atmosphere
coupled mode at the ocean surface have been discovered to
couple together via deep convection and the East Greenland
Current, which may explain the simulated strong ~20-year
AMOC periodicity (Ortega et al. 2015).

Several studies have highlighted the central role of
ocean-atmosphere coupling for AMOC variability. On cen-
tennial timescale, an interaction between the AMOC and
the Inter Tropical Convergence Zone has been found in the
HadCM3, KCM, and MPI-ESM models (Vellinga and Wu
2004; Menary et al. 2012) while a modest positive feed-
back between Southern Ocean westerly winds and AMOC
variations was identified in GFDL-CM2.1 model (Delworth
and Zeng 2008). On the multidecadal timescales, feedbacks
between the NAO and AMOC have been investigated in the
ECHAMI1/LSG model (Timmermann et al. 1998) while
another similar feedback was found between the East Atlan-
tic Pattern and AMOC in the IPSL-CM4 model (Msadek
and Frankignoul 2009). Combined effects of NAO and East
Atlantic Pattern on driving AMOC are found in CNRM-
CMS5 model (Ruprich-Robert and Cassou 2015). In fact,
previous studies have not reached an agreement on whether
AMOC multidecadal variability is an ocean response to
atmospheric forcing or an ocean-atmosphere coupled mode
(see review Zhang et al. 2019).

The broad diversity of timescales and mechanisms among
models presents a great challenge to better understand the
internal variability of the climate system. There are perhaps
more challenges when we consider that potential altera-
tions in internal variability may happen if large changes in
external forcing occur, especially under the current strong
global warming. To date there has been little focus on the
changes in both the period and amplitude of AMOC variabil-
ity under different background climates. Several studies have
found a decrease in AMOC variability in a warming world
due to increasing CO, (Drijfhout et al. 2008; MacMartin
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et al. 2016; Cheng et al. 2016; Armstrong et al. 2017). In
particular, the decreased AMOC variability is associated
with enhanced ocean stratification (MacMartin et al. 2016;
Cheng et al. 2016; Armstrong et al. 2017) and the resulting
acceleration of ocean baroclinic Rossby waves (Cheng et al.
2016). Nevertheless, these studies were primarily based on
either simulations under multiple climate forcings (Drijthout
et al. 2008; Cheng et al. 2016), or simulations solely under a
CO, increase relative to preindustrial level (MacMartin et al.
2016; Armstrong et al. 2017). It remains unclear how and
why AMOC multidecadal variability alters under different
atmospheric CO, forcings, especially considering the low to
high CO, climates that the Earth has experienced in the past
or might expect in the future.

To address this gap, this study focuses on two key sci-
entific questions: (1) How does AMOC multidecadal vari-
ability change under three atmospheric CO, concentrations
ranging from the Last Glacial Maximum (LGM) level, to
the preindustrial level, to the 4 X preindustrial level; and
(2) what are the physical mechanisms responsible for the
change. Here we use a coupled model to address these two
issues through sensitivity experiments forced by the three
atmospheric CO, concentrations. The paper is organized as
follows. The model and experiments are described in Sect. 2.
Section 3 presents the results on how AMOC multidecadal
variability evolves across our simulations, the mechanisms
driving the evolution in AMOC variability, and the oceanic
temperature phase change related to AMOC oscillations.
The effect of atmospheric variability on the AMOC under
each CO, concentrations is also investigated in this section.
Conclusion and discussion are given in Sect. 4.

2 Model and experiments

The coupled climate model used in this study is the Com-
munity Earth System Model (CESM) version 1.0.4 with
Carbon Nitrogen (CN), which is denoted as CESM1-CN
in the rest of the paper. The atmosphere component is the
Community Atmosphere Model version 4 (CAM4) (Neale
et al. 2010) with a T31 spectral dynamical core, which has a
nominal 3.75° horizontal resolution and 26 vertical layers.
The land component is the Community Land Model ver-
sion 4 (CLM4) (Lawrence et al. 2012) and is on the same
horizontal grid as the atmosphere component. The ocean
component is the Parallel Ocean Program version 2 (POP2)
(Smith et al. 2010) with a gx3v7 resolution, which adopts
a nominal 3° irregular horizontal resolution and 60 verti-
cal layers (Shields et al. 2012). The horizontal grid is finer
near Greenland and in the Arctic (~ 1°), which enables POP2
to well resolve high-latitude ocean topography. The sea ice
component is the Community Ice Code version 4 (CICE4)

(Holland et al. 2012) and shares the same horizontal resolu-
tion with the ocean component.

In CESM1-CN, the AMOC (¥) is represented by inte-
grating the meridional velocity (v) zonally and vertically in
the Atlantic:

Xg

~ 0

v (32 = / / v(x, y, Ddzdx (1)
x, .

where x, y, and z are the zonal, meridional, and vertical
coordinates. Xy, and Xy denote the longitudes of the west-
ern and eastern boundaries of the Atlantic, respectively. At
each latitude, we choose the maximum streamfunction below
500 m as the AMOC index. In the preindustrial control run,
the AMOC index at 26.5° N is around 15 Sv (1 Sv=10°% m?
s~ 1), which is consistent with the RAPID array observation
at this latitude (Srokosz and Bryden 2015).

Based on the CESM1-CN preindustrial control run
(piCO,, 280 ppm), we conduct two parallel sensitivity
experiments by abruptly altering the atmospheric CO, con-
centrations to the LGM level (LGMCO,, 185 ppm) and 4 X
the preindustrial level (4 X CO,, 1120 ppm), respectively.
All other forcings remain the same as in the preindustrial
control run. In response to the CO, decrease and increase,
the AMOC quickly strengthens (weakens) during the first
100 years of the LGMCO, (4 x CO,) experiment and slowly
evolves afterward (Fig. 1d). In both experiments, the AMOC
strength reduces after the initial 100-year adjustment and
becomes relatively steady after ~300 years (Fig. 1d). Note
that in the 4 X CO, simulation, the wind-driven upper ocean
is in a state of near equilibrium but the deep ocean is still
slowly adjusting on 1000 year plus timescales. The evolution
of the AMOC in the LGMCO, and 4 X CO, experiments
is similar to the studies using other versions of the same
model and exploring AMOC changes after an abrupt atmos-
pheric CO, change (Brady et al. 2013; Zhu et al. 2015). In
these studies, the AMOC shows relatively fast adjustments
in the first 2-3 centuries after the CO, change and comes
into steady status in the later centuries. Compared to the
piCO, (Fig. 1b), the mean AMOC in LGMCO, has a similar
magnitude but extends to deeper layers (Fig. 1a), while the
mean AMOC in 4 X CO, shows a very weak and shallow
pattern and is confined to the top ~ 1500 m layers and south
of 40° N (Fig. 1c).

To examine the response of AMOC multidecadal vari-
ability to abrupt CO, changes after the initially fast ocean
adjustment, we choose 500 years (301-800 years after CO,
changes) in LGMCO, and 4 x CO, experiments together
with a 500-year simulation from piCO, for the following
analyses. All the data are detrended over the selected 500
years by a linear least-square fit before analyses to remove
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Fig.1 The mean meridional overturning streamfunction in the
Atlantic in the a LGMCO,, b piCO,, and ¢ 4 x CO, simulations. d
Time series of AMOC index at 45° N in the LGMCO, (blue), piCO,
(black), and 4 x CO, (red) simulations. The vertical black line
denotes the start year of the 500-year time span (301-800) analyzed
in the present study

any climate drift in model simulations. Annual-mean data
for multiple variables are utilized except that March cli-
matological data is used for ocean mixed layer depth (Hu
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of annual mean sea level pressure anomalies over the Atlantic sec-
tor (10° N-80° N, 100° W—40° E). Dash lines denote the 95 % con-
fidence level. A 9-year running mean is applied to NAO index before
calculating the power spectrum

et al. 2008; Liu and Liu 2013). The student’s t-test is used
for the statistical significance test on the cross-correla-
tion, with the effective degree of freedom calculated as in
Zhang and Wang (2013).

3 Results
3.1 The evolving AMOC variability

We first explore AMOC multidecadal variability in the
CESM1-CN preindustrial control run and the two sensitivity
experiments. We examine the power spectrum of the 500-
year AMOC index at 45° N where the AMOC variability is
customarily large, and convenient for the comparison among
models (Muir and Fedorov 2017; Menary and Wood 2018).
We find significant peaks in AMOC variability at periods
around 29.4, 20.0, and 11.9 years within the LGMCO,,
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piCO,, and 4 X CO, simulations respectively, with the mag-
nitude of these peaks declining in this order (Fig. 2a). That
is to say, AMOC multidecadal variability weakens and its
major period diminishes as CO, increases from the LGM
level to the 4 X preindustrial level. These characteristics are
consistent with the results from previous studies (Drijthout
et al. 2008; MacMartin et al. 2016; Cheng et al. 2016; Arm-
strong et al. 2017).

These changes in AMOC variability are closely linked to
the changes in ocean stratification which serves as a meas-
ure of ocean vertical stability and can be represented by the
buoyancy (Brunt-Viisili) frequency (N?). Stronger strati-
fication is indicative of a greater vertical density gradient
(larger N?) and hence weaker convective activity (Sgubin
et al. 2017). Along with the decline in period and magni-
tude of AMOC multidecadal variability, we also find an
increase in ocean stratification in the subpolar North Atlan-
tic under increasing CO,. Figure 3 displays the vertical
profiles of buoyancy frequency and potential density in the
three simulations averaged over the subpolar North Atlantic
(45° N-60° N, 80° W-0°), where the vertically-integrated
buoyancy frequency has large anomalies (not shown) tightly
related to the locally strong AMOC variations. All three
vertical profiles show strongly stratified thermocline waters
lie between weaker stratified mixed layers and deep waters
(Fig. 3a). Increasing CO, alters these profiles by enhancing
the buoyancy frequency and decreasing the density through-
out the water column, making the water column more strati-
fied as seen from the enlarged density difference between
surface and subsurface waters, especially in the top 1000 m
(Fig. 3b). The change in vertical stratification from piCO, to
4 x CO, is much larger than that from LGMCO, to piCO,,
which is likely due to the larger CO, increase in the former
transition than the latter.

4000 T T T T T T T T T T T T T T T T
0.0 0.3 0.6 0.9 1.2 1.5 1.8
N? (10 s

Fig.3 Vertical profiles of a buoyancy frequency (N?) and b poten-
tial density in the LGMCO, (blue), piCO, (black), and 4 x CO, (red)
simulations, averaged over the subpolar North Atlantic (45° N-60° N,

We further examine the propagation features of tempera-
ture anomalies that are related to the modes of AMOC multi-
decadal variability. For each simulation, we average the tem-
perature anomalies over 45° N—-60° N and 0—1000 m depth
in the Atlantic basin with a band-pass filter applied around
the spectral peak of AMOC variability (the peak at 29.4,
20.0, and 11.9 years respective for LGMCO,, piCO,, and 4 X
CO,). We find robust westward propagation of temperature
anomalies across the central-western parts of the Atlantic
basin in all three simulations (Fig. 4). From LGMCO, to
piCO,, and to 4 X CO,, the westward propagating tempera-
ture signals exhibit decreased magnitude but increased speed
(Fig. 4), which is consistent with the changes in AMOC
multidecadal variability. Note that the propagation of tem-
perature signals varies with longitude and time. Eastward
temperature propagations occur to the east of 20° W where
the eastward mean flow possibly overwhelms the westward
propagation of anomalies (e.g., Muir and Alexey 2017).
To summarize, in our CESM1-CN simulations we observe
altered AMOC multidecadal variability under increasing
CO, and associated changes in ocean stratification and
the westward propagation of temperature anomalies in the
subpolar North Atlantic. Next, we will integrate all these
findings using baroclinic Rossby wave theory to explain the
possible mechanisms driving the changes in AMOC multi-
decadal variability across these simulations.

3.2 Mechanisms behind the changesin AMOC
multidecadal variability

3.2.1 Period
Baroclinic Rossby wave theory links AMOC variability to

the westward propagation of temperature or density anom-
alies in the North Atlantic (Buckley et al. 2012; Sévellec

(b)
0 A T T
100 H L
. 250 L
E
= 500 o
o}
a
1000 — o
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4000 —— T T ] w
1024.0 1025.0 1026.0 1027.0 1028.0

Potential density (kg m™®)

80° W—0°) and the 500-year period. Notice the unequal vertical scale
is used to amplify the changes in the top 1000 m
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Fig.4 Hovmoler diagrams showing the westward propagation of tem-
perature anomalies during the 500 years analyzed in the a LGMCO,,
b piCO,, and ¢ 4 x CO, simulations. Temperatures are averaged over
45° N-60° N, 0-1000 m. Time goes upward. A band-pass filter is

and Fedorov 2013, 2015; Ortega et al. 2015), which can be
understood as the visible signals of westward propagating
baroclinic Rossby waves. Stronger ocean stratification in a
warming climate will induce faster westward-propagating
baroclinic Rossby waves across the Atlantic basin, which
could lead to alterations in both period and amplitude of
AMOC multidecadal variability.

Following baroclinic Rossby wave theory, we examine
the mechanisms behind the change in AMOC multidecadal
variability in our simulations. We calculate the baroclinic
Rossby wave speed in the three simulations based on an
eigenvalue problem deduced from the linearized quasi-
geostrophic potential vorticity (QGPV) equation (Gill
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applied around AMOC spectral peaks in each simulation. The num-
bers on the top of each plot denote the spectral bands used for the
band-pass filtering. There is 50-year loss on each end of the Y-axis in
each plot due to the filtering

1982), using the 500-year mean buoyancy frequency pro-
files averaged over 45° N-60° N, 80° W—-0°. We first exam-
ine the simplest case for the free baroclinic Rossby wave
in the ocean, without considering background zonal mean
flow (U =0) and other forcings. The linearized QGPV
equation can be written as

f2
9, laxx +0,, + az<%az W+ poy =0 )

y is the geostrophic streamfunction. /5 is the gradient of
planetary vorticity (f-effect) and f, is the Coriolis
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Figure 5 shows the impact of ocean stratification on the
speed of the first baroclinic Rossby waves and the time scale
for these waves to propagate across the Atlantic basin in the
three simulations. With increasing atmospheric CO,, ocean
baroclinic Rossby waves accelerate due to the enhanced
ocean stratification in the subpolar North Atlantic (Fig. 5a,
blue). The acceleration of Rossby waves is more striking in
the transition from piCO, to 4 X CO, relative to the transi-
tion from LGMCO, to piCO,. As a consequence of the accel-
eration of Rossby waves, the time scale for waves traveling
across the Atlantic basin decreases (Fig. 5b, blue), which is
in general consistent with the shortened period of AMOC
variability under increasing CO, conditions (Fig. 2a). Our
calculation shows that the durations for Rossby waves trave-
ling across the Atlantic basin in the LGMCO,, piCO,, and
4xCO, simulations are 59.8, 55.9, and 12.2 years, respec-
tively (Fig. 5b, blue). These durations, however, do not
accurately predict the AMOC variability periods of 29.4,
20.0, and 11.9 years as estimated from the power spectrum
peaks of AMOC index at 45°N, especially in the cases of
LGMCO, and piCO, (Fig. 5b, black). Thus, it is reasonable

Fig.5 The changes in ocean baroclinic Rossby wave properties and
AMOC variability across the LGMCO,, piCO,, and 4 x CO, simula-
tions. a Rossby wave speeds without (blue) and with the mean flow
effects (red). b the main AMOC periods derived from AMOC spec-
trum (black), as well as the time scales for the waves to propagate
across the Atlantic basin derived from Rossby wave speed without
(blue) and with the mean flow effects (red). ¢ AMOC major ampli-
tude ratios (relative to piCO,) as estimated from AMOC spectrum
(black), derived from Rossby wave speed without (blue) and with the
mean flow effects (red)

to speculate that other processes might play a role in AMOC
variability, especially considering the mode for baroclinic
Rossby waves here does not account for convection changes
and mean flow effects.

The effect of mean flow is potentially a key factor modu-
lating the westward propagation of temperature or density
anomalies in the subpolar North Atlantic. In a continuously
stratified ocean, the propagation of Rossby waves could be
modulated by effects of mean flow including the mean east-
ward zonal advection and an additional westward advection
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(geostrophic self-advection) (Sévellec and Fedorov 2013,
2015; Ortega et al. 2015), which was initially described in
the paradigm of the non-Doppler shift effect (Rossby 1939;
Held 1983; Killworth et al. 1997; Liu 1999). Particularly,
based on an idealized two-layer model formulated in Sével-
lec and Fedorov (2013, 2015), in the presence of mean zonal
flow, the Rossby wave speed in Eq. (4) can be expressed as
p
!

c=U-U - 2 ©6)
with negative signs denoting westward speed direction. U
denotes the speed value of mean zonal advection. U’denotes
the speed value of geostrophic self-advection.

In our demonstration, we simply consider the change of
U averaged between 0 and 1000 m depth for each simula-
tion. We expand the expression of geostrophic self-advection
U’ denoted by temperature anomalies as in Sévellec and
Fedorov (2013) to the form denoted by density anomalies as

Ifo Py Oy

where g is gravitational acceleration and p is the climatolog-
ical ocean density. Here, % = H — h, indicates the difference
between the mean total depth of the ocean (H) and the thick-
ness of the upper ocean (%) in the subpolar North Atlantic.
In our estimate, we set H=4000 m based on the topography
of the subpolar North Atlantic (Fig. 1) and set #=1000 m
because the maximum mean AMOC mainly occurs above
~1000 m depth (Fig. 1) and ocean stratification has the most
prominent changes above ~ 1000 m depth (Fig. 3). We then
consider the change of U’ in 0-1000 m depth.

Figure 6 shows the mean zonal advection and geostrophic
self-advection in the upper 1000 m depth in the North Atlan-
tic. All three simulations exhibit a robust eastward mean
flow extending northward to 50°N as contributed by the
Gulf Stream and the North Atlantic Current (Fig. 6a—c).
The magnitude of the eastward mean flow diminishes with
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! ! ! |
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Fig.6 The mean zonal flow U (top row) and geostrophic self-advection U’ (bottom row) in the LGMCO, (left column), piCO, (middle column),
and 4 x CO, (right column) simulations, which are averaged over 0—1000 m depth and across the 500-year period
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increasing CO,. On the other hand, the geostrophic self-
advection exhibits westward velocities in broad areas over
the North Atlantic, with relatively large value along the Gulf
Stream and the North Atlantic Current (Fig. 6d, e, f), which
acts to cancel part of the local eastward mean flow.

We then average the velocities of mean zonal advection
and geostrophic self-advection over the region of 45° N-60°
N, 80° W-0°, 0-1000 m depth and recalculate the speed of
Rossby wave based on Eq. (6). We find the total mean flow
effects increase the Rossby wave speed by a factor of 2.3,
2.4, and 1.3 in the LGMCO,, piCO,, and 4xXCO, simula-
tions (Fig. 5a, red). Correspondingly, the duration for Rossby
waves traveling across the Atlantic basin are 25.7, 23.0, and
9.3 years, respectively (Fig. 5b, red). These durations are
much closer to the AMOC variability periods estimated from
the power spectrum (29.4, 20.0, and 11.9 years) than previ-
ous estimates based on the Rossby wave without mean flow
effects (59.8, 55.9, and 12.2 years). These results indicate an
important role of the mean flow effects in setting the domi-
nant period of AMOC multidecadal variability.

3.2.2 Amplitude

The weakened amplitude of AMOC multidecadal variability
in a warming climate might be due to changes in the ampli-
tude of atmospherically-forced oceanic baroclinic Rossby
wave. The oceanic baroclinic Rossby wave response forced
by surface wind stress can be described by the linearized
QGPYV equation in the longwave approximation for a two-
layer model (after neglecting non-linear perturbation terms)
(LaCasce 2000; Cheng et al. 2016) as

2

oW - pROW = v xr @)
Po

with R denoting the internal deformation radius and

V X 7 denoting the surface wind-stress curl. The Eq. (8) then
can be written as

oY+ co¥Y=0 )

where ¢ denotes the Rossby wave speed and Q denotes the
atmospheric forcing proportional to the wind-stress curl.
Taking the Fourier transform of Eq. (9) leads to.

A2
&2 Q]

& = (10)
¥ @? + 2k?

where the hats denote the Fourier space (frequency domain).
o is circular frequency, and k is zonal wavenumber. This
expression indicates that the amplitude ("I’|) of the forced

Rossby wave is affected by the strength of the atmospheric

forcing Q and the characteristics (@, ¢, k) of Rossby wave
itself.

As we demonstrated above, when CO, concentration rises,
the Rossby wave speed c increases, leading to a decrease in
Rossby wave time scale 7, which induces an increase in cir-
cular frequency w. In our AMOC variability analysis regard-
ing a specific large-scale oceanic Rossby wave in the subpolar
North Atlantic, the zonal wavenumber k can be considered the
same in the three simulations (k~ 1.7 X 107% m~! in all cases
according to the simple calculation from k = w/c). Thus, the
only unknown term in Eq. (10) is the atmospheric forcing Q.

To evaluate the atmospheric forcing Q, we examine the
leading mode of atmospheric variability in the North Atlan-
tic region—the NAO. Here, the NAO index is adopted as
the principal component time series of the leading empirical
orthogonal function (EOF) of annual mean sea level pres-
sure anomalies over the Atlantic sector (10° N-80° N, 100°
W-40° E) (Hurrell 1995; Wen et al. 2016). We find that
the amplitudes of the NAO hardly alter among the three
cases both from the major spectral peaks (Fig. 2b) and from
the EOF analysis (Fig. 7). Therefore, the atmospheric forc-
ing O in Eq. (10) can be seen as largely unchanged under
CO, increasing, such that the forced Rossby wave amplitude
tends to decline as the wave speed and circular frequency
increasing and the wavenumber being almost constant. Note
that dominant periods of the NAO are 24.6, 37.8, and 25.9
years respectively for the LGMCO,, piCO,, and 4 X CO,
simulations (Fig. 2b), which are different from the domi-
nant AMOC periods (29.4, 20.0, 11.9 years) in the three
simulations. This lack of agreement between the two sets of
dominant periods to some extent excludes the possibility of
a near-resonant AMOC response to NAO forcing (Delworth
and Zeng 2016) in all cases.

Specifically, we are able to estimate the strength of the
atmospheric forcing Q from the amplitude of NAO spectrum
peak (Fig. 2b). According to Eq. (10), we then calculate the
amplitude change ratio of the forced oceanic Rossby wave
in each simulation relative to that in piCO, (Fig. 5c, blue).
The forced Rossby wave amplitude increases by 10.1 % in
LGMCO, and decreases by 78.2 % in 4 x CO, relative to that
in piCO,. This result is consistent with the reduced ampli-
tude of AMOC spectrum peak with increasing CO,, i.e.,
+37.6%, 0%, and —60.4 % for changes in LGMCO,, piCO,,
and 4 x CO, (Fig. 5c, black).

Furthermore, when the mean flow effects are taken into
account, the amplitude change ratio of the forced Rossby
wave can be recalculated based on the wave speed in
Eq. (6). As a result, the amplitude of the forced Rossby wave
increases by 14.2 % in LGMCO, and decreases by 62.1 %
in 4 x CO, from that in piCO, (Fig. 5c, red), which bet-
ter resembles the ratio change of the AMOC major ampli-
tude than our previous estimate that based on the Rossby
wave without mean flow effects (Fig. Sc, blue). This finding
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Fig.7 Spatial patterns and time series of the NAO in the LGMCO,
(left column), piCO, (middle column), and 4xCO, (right column)
simulations. The NAO here is calculated from empirical orthogonal
function (EOF) of annual mean sea level pressure (SLP) anomalies
over the Atlantic sector (10° N-80° N, 100° W—40° E). Spatial pat-

confirms the importance of mean flow effects in estimating
changes in AMOC variability, not only changes in the period
but also in the magnitude.

3.3 The phasing of upper ocean temperature
change in relation to AMOC oscillations

We further explore the phasing of upper ocean temperature
changes associated with AMOC variations to demonstrate
the oscillatory behavior of AMOC multidecadal variability
in our LGMCO,, piCO,, and 4 X CO, simulations. We
first calculate the cross-correlation between the AMOC
index at 45° N and upper ocean temperatures (0-1000 m
depth) averaged in the subpolar North Atlantic after apply-
ing a band-pass filter centered around the AMOC spectral
peaks within each simulation (see Fig. 4 caption). We find
similar periodic patterns of the correlation between the
AMOC and upper ocean temperature within all three simu-
lations (Fig. 8). In the LGMCO, simulation (Fig. 8a), the
positive correlation between the AMOC and upper ocean
temperature has a maximum when the former leads the
latter by 11 years, which means a strengthened AMOC
produces warm anomalies in the subpolar North Atlan-
tic. On the other hand, the negative correlation between
the AMOC and upper ocean temperature has a maximum
when the former lags the latter for 4 years, which means
that warm anomalies in the subpolar North Atlantic cause
weakened AMOC. In the piCO, simulation (Fig. 8b),
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Fig.8 Cross-correlations between AMOC index at 45° N and upper
ocean temperature in the subpolar North Atlantic in the a LGMCO,,
b piCO,, and ¢ 4 x CO, simulations. Positive values in the x-direc-
tion denote AMOC leading temperature. Temperatures are averaged
over 45° N-60° N, 80° W-0°, 0-1000 m depth. Dash lines denote
95 % confidence levels based on the Student’s t-test. A band-pass fil-
ter centered around the AMOC spectral peak is applied in each simu-
lation (same as used in Fig. 4) before calculating the correlation
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there are positive and negative correlation maximums at
lags +7 and — 3 (the positive lag denotes AMOC leading
temperature). In the 4 X CO, simulation (Fig. 8c), posi-
tive and negative correlation maximums occur at lags + 2
and —4. Our finding that enhanced AMOC leads to warm
anomalies in the subpolar North Atlantic is consistent with
previous studies (Zhang 2008; Zhang and Wang 2013;
Zhang and Zhang 2015; Yeager and Robson 2017; Sun
et al. 2019; Zhang et al. 2019).

To illustrate the temporal evolution of the three-dimen-
sional pattern in upper ocean temperature related to AMOC
variations, we regress either the average temperature within
0-1000 m depth or the zonal mean temperature in the North
Atlantic onto the AMOC index at 45° N at different lags
according to the phasing in Fig. 8. These lags herein define
four phases in a period within each simulation. Taking the
piCO, simulation as an example (Fig. 9). Phase 1 (when
temperature lags the AMOC by 2 years) is characterized by
a strong east-west temperature gradient within 0—1000 m
depth in the North Atlantic between 40° N and 60° N, with
negative and positive anomalies appearing in the western
and eastern parts of the basin (Fig. 9a). Zonally averaged,
the signals of temperature change are weak due to the can-
cellation between positive and negative anomalies (Fig. 9e).
Stepping forward in time about a quarter period, phase 2
features large-scale positive temperature anomalies within
0-1000 m depth in the subpolar North Atlantic (Fig. 9b),
which is also evident from the zonal mean view (Fig. 9f).

As we go forward to phase 3 and phase 4, we find that tem-
perature patterns are generally similar to those in phase 1
and phase 2 but with opposite signs (Fig. 9¢c, d, g, h), which
indicates the oscillatory characteristics of Atlantic tempera-
ture changes associated with AMOC variations.

We further elaborate on the physical processes and mech-
anisms linking Atlantic temperature changes to AMOC vari-
ations. Starting from phase 4 of the oscillation (Fig. 9d), the
large-scale cooling anomalies in the upper ocean occur along
with a basin-scale anomalous cyclonic ocean circulation in
the subpolar Atlantic. The anomalous circulation acts on the
background mean meridional temperature gradient, leading
to cold advection from the north on the western side and
warm advection from the south on the eastern side. This
process, together with the f-effect (df/dy, which is a typical
mechanism of the westward propagating baroclinic Rossby
wave in the Northern Hemisphere), leads to a westward
propagation of cooling anomalies. Again, the propagation
of the cooling temperature anomalies involves the interplay
between baroclinic Rossby waves and the mean flow effect.
Since the cooling is ubiquitous in the subpolar North Atlan-
tic, it does little to alter the zonal density gradient and hardly
contributes to the meridional overturning circulation owing
to the thermal wind balance. When the cooling anomalies
propagate westward and the warm water accumulates on the
east side, a dipole of temperature anomalies develops in the
subpolar North Atlantic—cooling on the west and warming
on the east—which is most pronounced in the next phase,
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Fig.9 Phase transformations of upper ocean temperatures in the
North Atlantic related to AMOC oscillations in the piCO, simula-
tion. Regressions of 0—1000 m depth ocean temperatures (top row)
and zonal mean ocean temperatures (bottom row) on AMOC index at

0.04 0.1 0.17 0.25

45° N at four phases with different time lags. Time lag for each phase
is noted on top of each plot. A band-pass filter around AMOC spec-
tral peak in the piCO, simulation is applied (same as used in Fig. 4)
before the calculation of regression
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namely, phase 1. During phase 1 (Fig. 9a), the dipole-like
temperature anomalies create a positive zonal density gra-
dient and engender anomalous northward transports in the
upper ocean via the thermal wind relationship, which acts
to strengthen the meridional overturning circulation. Via an
enhanced northward heat transport, the stronger AMOC sub-
sequently results in general warming over the subpolar North
Atlantic, bringing temperature changes into the pattern of
phase 2, which is similar to phase 4 but with a reversed sign

(Fig. 9b). The AMOC-related upper ocean temperature then
starts the opposite phase of the cycle (Fig. 9b, c).

Similar features of phase changes in upper ocean tem-
perature anomalies related to AMOC variations can also
be found in the subpolar North Atlantic in the LGMCO,
(Figs. 10) and 4 X CO, (Fig. 11) simulations. In short, we
find a common feature across all the three simulations that
upper ocean temperature anomalies in the subpolar North
Atlantic alternate between a one-sign field and a zonal
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Fig. 10 Same as Fig. 9, but for the LGMCO, simulation
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Fig. 11 Same as Fig. 9, but for the 4 x CO, simulation
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dipole in successive time phases, contributing to the periodic
oscillation of the AMOC, which is consistent with AMOC-
related temperature or density phasing as illustrated in many
studies (Colin de Verdiere and Huck 1999; Te Raa and Dijk-
stra 2002; Tulloch and Marshall 2012; Sévellec and Fedorov
2013, 2015; Ortega et al. 2015; Arzel et al. 2018; Arzel and
Huck 2020). It is worth noting that the temperature pattern
in the 4 X CO, simulation is less obvious than those in the
LGMCO, and piCO, simulations, which might be, at least
partially, related to the suppressed AMOC variability under
4 x CO, conditions (Fig. 2a).

3.4 The NAO and AMOC multidecadal variability
To explore the potential interactions between atmospheric

forcing and oceanic processes associated with AMOC vari-
ability, we examine the relationship between the NAO and
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Fig. 12 Cross-correlations between AMOC index and NAO index in
the a LGMCO,, b piCO,, and ¢ 4 x CO, simulations. Positive val-
ues in the x-direction denote NAO leading AMOC. Dash lines denote
95 % confidence levels based on the Student’s t-test. A 9-year running
mean is applied to the indices before the calculation of correlation

the AMOC in the LGMCO,, piCO,, and 4 X CO, simula-
tions (Fig. 12). In the piCO, simulation, the lead-lag corre-
lation between the AMOC index and the NAO index shows
significant negative correlations only when the NAO leads
the AMOC by 3-11 years, with the correlation peaking at a
lead of 8 years (Fig. 12b).

To investigate how the NAO affects AMOC fluctuations
in the piCO, simulation, we regress multiple variables on the
NAO index. We find that associated with a positive phase of
NAO are negative wind stress curl anomalies centered in the
subpolar North Atlantic (Fig. 13a), which drive clockwise
anomalous flows in the subpolar gyre (Fig. 13b). The weak-
ened subpolar gyre leads to less warm and salty waters being
transported from subtropics to subpolar regions, thus leading
to cooling anomalies of sea surface temperature and nega-
tive anomalies of sea surface salinity in the subpolar region
(Fig. 13c, d). As seen from the contribution of tempera-
ture or salinity anomalies to the density anomalies related
to NAO variations, the haline effect mostly dominates the
change in sea surface density in the subpolar North Atlantic
(Fig. 13c, d, e). The freshening anomalies primarily reduce
sea surface density to the south of Iceland and inhibit deep
convection there (Fig. 13e). This leads to a weakened AMOC
at lower latitudes after several years (Fig. 13f) along with the
meridional propagation of anomalies in form of advection
through interior pathways and coastal Kelvin waves (Zhang
2010). A caveat in this model is that deep convection sites
are not very well represented with no strong deep convection
in the Labrador Sea as found in observations (Heuzé 2017,
Sgubin et al. 2017; Liu et al. 2019). Indeed, the deep con-
vection sites have a large diversity in models (Heuzé 2017,
Menary and Wood 2018; Liu et al. 2019). The positive NAO
tends to increase sea surface density over the Labrador Sea
(Fig. 13e), which should normally enhance deep convection
and then the AMOC if the Labrador Sea has active deep con-
vection as found in model studies (Danabasoglu et al. 2012;
Gastineau and Frankignoul 2012; Wen et al. 2016; Delworth
et al. 2016; Delworth and Zeng 2016; Ortega et al. 2017).

In contrast to the piCO, simulation, the lead-lag correla-
tions between the NAO and the AMOC are insignificant in
the LGMCO, and 4 x CO, simulations (Fig. 12a, c), suggest-
ing that the relationship between the NAO and the AMOC
variability may depend on background climate. Moreover,
we do not find significant feedbacks of the AMOC on the
NAO in all three simulations (Fig. 12), which suggests little
active interaction between the AMOC and the NAO in the
CESM1-CN. This result may be complementary to previous
studies which indicated that the relation between the AMOC
and the NAO is model dependent. Particularly, the impacts
of AMOC variability on the NAO through the SST foot-
print (i.e., Atlantic Multidecadal Variability) of the AMOC
and the associated anomalies of surface heat flux when the
AMOC leads by several years, which have been discussed in
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Fig. 13 Regressions when NAO leads AMOC for 8 years on NAO
index of a wind stress curl, b barotropic streamfunction, ¢ sea surface
temperature, d sea surface salinity, e sea surface density, and f Atlan-
tic meridional overturning streamfunction in the piCO, simulation.
The green contour in e denotes the 300-m contour of the 500-year

multiple models (Farneti and Vallis 2011; Sutton et al. 2018;
Sun et al. 2019; Zhang et al. 2019; Oelsmann et al. 2020).

4 Conclusion and discussion

Based on coupled climate model simulations, our study
investigates the characteristics and physical mechanisms
of changes in AMOC variability on multidecadal time-
scales under different atmospheric CO, conditions. We
consider three 500-year simulations with atmospheric CO,
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concentrations of 185, 280, and 1120 ppm (LGMCO,,
piCO,, and 4 X CO,) and analyze the changes in spectral
properties of AMOC variability in the three simulations. We
then propose a framework to interpret part of these changes
in spectral properties based on the oceanic baroclinic Rossby
wave characteristics, as well as the mean flow effects on
wave characteristics.

We find that, as CO, increases, the period of AMOC vari-
ability is shortened and the amplitude of AMOC variability
is reduced. With increasing CO,, the timescale of westward
propagating Rossby waves in the subpolar North Atlantic
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tends to reduce because the speed of Rossby waves tends
to accelerate due to enhanced oceanic stratification. This
decreased wave timescale is basically consistent with the
shortened period in AMOC variability. On the other hand,
the amplitude of atmospherically-forced Rossby waves in the
subpolar North Atlantic tends to decrease due to the increase
of wave speed and the largely steady strength of NAO forc-
ing under increasing CO,. This declined wave amplitude
is also generally consistent with the weakened magnitude
in AMOC variability. Here, we would like to highlight the
effects of mean flow that include eastward mean advection
and westward geostrophic self-advection. We find that mean
flow effects play an important role in modulating the Rossby
wave characteristics and in turn the AMOC variability in a
continuously stratified ocean mainly through increasing the
speed of Rossby waves, which is in line with previous stud-
ies (Sévellec and Fedorov 2013, 2015; Ortega et al. 2015).
In other words, by considering mean flow effects, we could
more accurately estimate the period and amplitude changes
in AMOC multidecadal variability under warming climates.

Our analysis has focused on the westward propagation
of temperature anomalies associated with AMOC vari-
ability rather than salinity anomalies or density anomalies.
Some studies have shown that salinity anomalies have simi-
lar patterns and propagating characteristics as temperature
anomalies, which could to a small extent offset the effect
of temperature on AMOC variations (Sévellec and Fedorov
2013, 2015). Other studies have found AMOC-related den-
sity anomalies propagating westward in the subpolar North
Atlantic in different models (Tulloch and Marshall 2012;
Ortega et al. 2015). In fact, several studies have shown that
there is quite a bit of diversity among CMIP5 models as to
whether temperature or salinity dominant density changes in
the subpolar North Atlantic (Menary et al. 2015a, b). Exam-
ining the features of salinity anomalies or density anomalies
associated with AMOC variability in CESM1-CN will be the
focus of future studies.

We use atmospherically-forced Rossby wave to demon-
strate the amplitude reduction in AMOC multidecadal vari-
ability under different CO, forcings. Even if the mean flow
effect is included, the amplitude ratio changes estimated
from forced waves still do not perfectly fit those calculated
from the AMOC spectrum (Fig. 5¢). This might be related
to our assumption of constant mean zonal flow when we
calculate Rossby wave speed with mean flow effects, which
indicates that the variation of wave amplitude is only a func-
tion of ocean stratification. However, the baroclinic wave
amplitude could also be influenced by the vertical shear of
the mean flow in turn the baroclinic instability (Colin de
Verdiere and Huck 1999). The growth rate of baroclinic
instability could be evaluated in the simplest case using the
Eady growth rate (f/N)dU/dz (Huck et al. 2001) or by doing
a complete local linear stability analysis (Arzel et al. 2018).

In our three simulations, the vertical shear of the mean zonal
flow (dU/dz) is largely unchanged over the subpolar North
Atlantic (not shown), so that other physical processes than
the baroclinic instability might also contribute to the AMOC
amplitude change since the estimated ratio changes are not
perfectly fitting to the spectral results (Fig. 5c).

A number of different mechanisms have been proposed
to be responsible for AMOC variability, which, however,
heavily depends on the model used and the timescale of
focus (Liu 2012; Buckley and Marshall 2016). Our find-
ings of mechanisms in AMOC multidecadal variability are
from the perspective of Rossby wave theory based on one
model. Another well-known potential mechanism related
to density anomalies over deep convection sites mainly
driving AMOC multidecadal oscillations has been widely
applied in multiple models (Delworth et al. 1993; Griffies
and Tziperman 1995; Delworth and Greatbatch 2000; Dai
et al. 2005; Dong and Sutton 2005; Danabasoglu 2008;
Danabasoglu et al. 2012; Gastineau and Frankignoul 2012;
Ortega et al. 2015). A reconciliation between the two
mechanisms has been illustrated in IPSL-CM5A (Ortega
et al. 2015), in which baroclinic Rossby waves and convec-
tion site density anomalies work together to modulate the
AMOC variability. Further investigations applying convec-
tion site analyses and considering the cooperation between
the two mechanisms might be helpful to further improve
the estimate of period and amplitude changes in AMOC
multidecadal variability under a warming climate.

The NAO in our simulations has significant peaks on
multidecadal timescales (24.6, 37.8, and 25.9 years for
LGMCO,, piCO,, and 4 x CO,), which is consistent with
other studies finding strong NAO decadal variability in
observations or models (Li and Wang 2003; Danabasoglu
2008). Since the atmosphere has a very short memory,
the decadal variability of the NAO might be related to the
interactions between the atmosphere and ocean-cryosphere
system (Danabasoglu 2008). The decreasing amount of
variance explained by the leading EOF of sea level pres-
sure over the North Atlantic with increasing CO, (Fig. 7)
may reflect some adjustments of atmosphere internal vari-
ability under climate change.

Here we find relatively small impacts of the NAO on
AMOC fluctuations in the fully-coupled CESM1-CN
model. However, previous studies have indicated, also
in a qualitative manner, that NAO variations have large
impacts on the AMOC or North Atlantic variability on
interannual to multidecadal timescales in multiple mod-
els (Timmermann et al. 1998; Delworth and Greatbatch
2000; Eden and Willebrand 2001; Kwon and Frankignoul
2012; Gastineau and Frankignoul 2012; Li et al. 2013;
Wen et al. 2016; Delworth et al. 2016). Ocean-only or
coupled model experiments forced by NAO-related surface
fluxes (Delworth and Greatbatch 2000; Delworth and Zeng
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2016; Gastineau et al. 2018; Oelsmann et al. 2020) can be
used to determine, in a quantitative manner, the contribu-
tion of the changes in atmospheric forcing to ocean vari-
ability. Additional diagnostics in a more systematic way
by computing the key terms related to atmospheric and
oceanic perturbations in the buoyancy variance equation
(Gastineau et al. 2018; Arzel and Huck 2020) are also
helpful to quantitatively identify the relative role of sur-
face forcing versus internal ocean dynamics.
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