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Abstract

Observations, theoretical analyses, and climate models show that the dominant timescale of multidecadal variability of the
Atlantic Meridional Overturning Circulation (AMOC) is related to westward temperature propagations in the subpolar North
Atlantic, which is modulated by oceanic baroclinic Rossby waves or thermal Rossby waves. Here, we find major timescales
of AMOC variability of 12-28 years and associated westward temperature propagations in the preindustrial simulations of 9
CMIP6/CMIP5 models. The comparison with observations shows that the models reasonably simulate ocean stratifications
and baroclinic Rossby waves in the subpolar North Atlantic. The timescale of the oceanic baroclinic Rossby wave propagating
on a static background across the basin overestimates the major timescale of AMOC variability. The dual effects of the mean
flow on the AMOC timescale are then considered, involving the eastward advection and the additional westward propaga-
tion (i.e., thermal Rossby wave) induced by the northward mean potential vorticity gradient. We find that the AMOC major
timescale is generally determined by the comprehensive effects of the baroclinic Rossby wave and the mean flow effects, in
which the additional westward propagation plays a dominant role. Our results illustrate the importance of considering mean
flow effects in the estimate of the dominant timescale of AMOC multidecadal variability.

Keywords Atlantic meridional overturning circulation - Multidecadal variability - Westward temperature propagation -
Oceanic baroclinic Rossby wave - Thermal Rossby wave - Mean flow effects
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density gradient and the meridional overturning circula-
tion, and has also been illustrated to be related to the west-
ward propagation of temperature anomalies in the subpolar
North Atlantic (Colin de Verdiere and Huck 1999; Te Raa
and Dijkstra 2002; Dijkstra et al. 2006; Frankcombe et al.
2008, 2010). The evidence of the westward temperature
spreading has been identified not only in climate models
(Frankcombe et al. 2010; Buckley et al. 2012; Sévellec and
Fedorov 2013, 2015) but also in observations such as sea
surface temperature (Feng and Dijkstra 2014), ocean subsur-
face temperature (Frankcombe et al. 2008) and sea surface
height records (Frankcombe and Dijkstra 2009; Vianna and
Menezes 2013).

Identification of the potential mechanisms behind
this ~20-30 year AMOC variability has been a key issue
in recent studies. To explain the AMOC-related westward
temperature propagation, the so-called thermal Rossby mode
is usually adopted, which suggested that the large east—west
temperature (density) gradients in the North Atlantic can
induce large anomalous northward currents at the surface,
therefore lead to a strong AMOC and vice versa (Te Raa and
Dijkstra 2002; Dijkstra et al. 2006; Sévellec and Fedorov
2013,2015; Ortega et al. 2015). Previous studies have attrib-
uted the AMOC-related westward spread of temperature
anomalies to the westward propagation of baroclinic ocean
Rossby waves across the subpolar North Atlantic (Frank-
combe et al. 2008; Buckley et al. 2012). Specifically, the
AMOC variations are generated by a basin-scale adjust-
ment of oceanic density over the North Atlantic, in which
the timescale of the density adjustment is mainly controlled
by the basin-crossing Rossby waves (Kawase 1987; John-
son and Marshall 2002). Ocean stratification is an important
driver of the baroclinic Rossby wave speed and, in turn, the
major timescale of AMOC variability, which has been dis-
cussed in model studies (Yang et al. 2012; Cheng et al. 2016;
MacMartin et al. 2016; Armstrong et al. 2017; Wu and Liu
2020). Other possible factors affecting the wave propaga-
tion and AMOC variability might be the effects of mean
zonal flow, including the eastward mean advection and the
additional westward propagation induced by the northward
mean potential vorticity gradient as illustrated in the con-
cept of the non-Doppler shift effect (Rossby 1939; Killworth
etal. 1997; Liu 1999). Several studies demonstrated that the
AMOC-related westward spreading temperatures are gener-
ated by the interaction between the mean flow effects and the
baroclinic Rossby waves over the subpolar North Atlantic
(Sévellec and Fedorov 2013, 2015; Ortega et al. 2015; Muir
and Fedorov 2017).

A more challenging issue is estimating the dominant
timescales of AMOC variability based on the wave theory.
Recent works have shown a shortened period of AMOC
multidecadal variability under global warming, which can
be captured by the enhanced ocean stratification and the
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consequent speedup of baroclinic Rossby waves (Cheng
et al. 2016; Wu and Liu 2020; Ma et al. 2021). However,
the mean flow effects on wave propagations and AMOC
timescales are rarely taken into account in previous stud-
ies. Sévellec and Fedorov (2013) analyzed the sensitivity of
AMOC-related temperature oscillating period to different
magnitudes in the additional westward propagation and the
eastward mean advection in an idealized two-layer ocean
model. They revealed two regimes of period changes fea-
turing eastward or westward propagation, which depend on
whether the eastward mean advection is stronger than the
westward tendency resulting from both the additional west-
ward propagation and the baroclinic Rossby wave. Neverthe-
less, a synthetic estimate of the major timescale of AMOC
variability under the consideration of the baroclinic Rossby
waves as well as the mean flow effects needs to be conducted
in coupled climate models with more complex dynamics.
The different phases of the Coupled Model Intercom-
parison Project (CMIP) enable us to testify the robust-
ness or uncertainties of the AMOC variability and the rel-
evant mechanisms with identical simulations conducted
by consecutive generations of models. By conducting the
multi-model intercomparison, previous studies have found
the ~20-30 year AMOC variability (Zhang and Wang 2013;
Muir and Fedorov 2017) as well as the relevant evidence of
westward spreading temperature signals (Muir and Fedorov
2017) in CMIP5 models. However, the timescales of AMOC
variability in the latest generation of CMIP6 models (Eyring
et al. 2016), which are necessary for a deeper understanding
of internal climate variability, still remain unclear. In this
study, we examine the AMOC multidecadal variability in the
preindustrial run of 9 CMIP6/CMIP5 models. We focus on
interpreting and estimating the major timescales of AMOC
variability in all the 9 models by a uniform method using the
wave theory. We find that both the oceanic baroclinic Rossby
wave and the mean flow effects play roles in the explanation
and estimate of the major timescales of AMOC variability.

2 Data and methods

We use the preindustrial runs in 9 coupled climate mod-
els (Table 1) including 3 CMIP5 (Taylor et al. 2012) and 6
CMIP6 (Eyring et al. 2016) models. The AMOC in these
models has significant variabilities on multidecadal time-
scales. For each model, we download a 500-year simulation
and interpolate all variables needed to a 1° X 1° regular grid.
The least-square linear trend in all model data is removed
before analyses to exclude any climate drift. The annual
mean data are used for every model. We also use 3 gridded
observation products of oceanic temperature and salinity on
time spans over the longest availability, including one Argo-
based dataset, IPRC Argo plus Aviso altimetry (Argo 2020),
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Table 1 Models used in this

Model name Spatial resolution of the Spatial resolution of the atmos- CMIP generation
study ocean component phere component
(latxlon, vertical levels) (latxlon, vertical levels)
FGOALS-g2 360x% 196, 30 128 %60, 26 CMIP5
FGOALS-g3 218x%360, 30 90x 180, 26 CMIP6
GFDL-CM4 1080 x 1440, 75 180% 360, 33 CMIP6
GISS-E2-R 180288, 32 90x 144, 40 CMIP5
IPSL-CMS5A-LR 90x 180, 31 96x%95, 39 CMIP5
MIROC6 256360, 63 128 %256, 81 CMIP6
MRI-ESM2-0 364 %360, 61 160x 320, 80 CMIP6
NorESM2-MM 384 %360, 70 192 %288, 32 CMIP6
SAMO-UNICON 384 %320, 60 192 %288, 30 CMIP6

and two world-ocean atlases, WOA18 (Locarnini et al. 2018;
Zweng et al. 2018) and Levitus94 (Levitus et al. 1994; Levi-
tus and Boyer 1994).

The meridional streamfunction (y) is calculated by the
meridional velocity (v) as

X, 0
v(,2) = / / v(x,y, z)dzdx 1)

where X, y, and z are zonal, meridional, and vertical coor-
dinates. x,, and x, are western and eastern boundaries of the
Atlantic basin. The mean meridional streamfunction in the
Atlantic in the preindustrial simulations of the 9 models are
shown in Fig. 1. The mean AMOC strength at 26°N in most
models corresponds reasonably with the observation of the
RAPID array (~17.8 Sv; Moat et al. 2020). The variations
of meridional streamfunction in the Atlantic are mostly large
at~45°N among these models, as shown by the standard
deviation pattern of the annual mean meridional streamfunc-
tion (Fig. 2). Therefore, we choose the maximum stream-
function at 45°N below 500 m depth as the AMOC index to
investigate the AMOC multidecadal variability in this study.

3 Results
3.1 The AMOC variability

We investigate the AMOC variability in the preindustrial
runs of the 9 CMIP6/CMIP5 models. We conduct power
spectrum analysis on the AMOC indices at 45°N in the 500-
year simulations. As shown in Fig. 3, these models exhibit
diverse AMOC variability with greatly different magnitudes
from interannual to multidecadal timescales. Nevertheless,
all these models have significant peaks on timescales longer
than a decade ranging from 12 to 28 years, which is consist-
ent with previous CMIP5 studies (Muir and Fedorov 2017).

Specifically, 6 out of 9 models have major AMOC timescales
falling in the ~20-30 year window, meanwhile, another 3
models display major AMOC timescales between 10 and
20 years (GFDL-CM4, MIROC6, MRI-ESM2-0). We will
show that all the 10-30 year AMOC variability is related to
the westward propagation of temperature anomalies over the
subpolar North Atlantic.

3.2 The westward temperature propagation
in relation to the AMOC multidecadal variability

We next examine the westward spreading of temperature sig-
nals related to the ~ 10-30 year AMOC variability in these
9 models. Figure 4 is the Hovmoller diagram on the time-
longitude plane displaying the zonal propagation of tempera-
ture anomalies. For each model, the temperature anomalies
are averaged over the subpolar North Atlantic (45°N-60°N,
80°W-0°) in the upper ocean (above ~ 1100 m where the
ocean stratification has large variations, see Fig. 6). The
temperature anomalies in each model are processed by a
band-pass filter around the significant band of the AMOC
spectral peak as denoted on the top-right corner in each plot
of Fig. 4. The usage of band-pass filters helps isolate the
timescale of interest, which has been applied in previous
studies (e.g., Muir and Fedorov 2017; Gastineau et al. 2018;
Arthun et al. 2021). In most models, there are clear westward
temperature propagations with alternative positive and nega-
tive signs across the entire subpolar North Atlantic basin,
consistent with the results in other CMIP5 models (Muir
and Fedorov 2017). The westward propagating temperature
anomalies have common timescales with the AMOC vari-
ability in most models. This could be supported by the power
spectrum of the temperature anomalies averaged over the
subpolar North Atlantic in a narrower latitude band (Fig. 5),
which has peaks in the similar frequency bands to that in
the AMOC spectrum (Fig. 3) in most models. The model
uncertainty exists that the westward propagations are mostly
confined to central parts of the basin in the GISS-E2-R and
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Fig.1 The mean meridional streamfunction in the Atlantic in the
500-year preindustrial simulations of the 9 models. Names of each
model are indicated on the top of each plot. The AMOC strength at

the NorESM2-MM, and that the westward signals are rela-
tively weaker in the GFDL-CM4 than in others. The longi-
tudinal discontinuities in signal propagations as shown in
the Hovmoller diagram are possibly caused by the bottom
topography. For example, the westward propagations are
dominant to the west of 20°W-30°W, the longitude range
of the Mid-Atlantic Ridge in the subpolar North Atlantic,
however, the eastward propagations are observed mostly to
the east of the Mid-Atlantic Ridge. This indicates that the
bottom topography may generate or scatter oceanic waves
over the subpolar North Atlantic (Chelton and Schlax 1996;
Owen et al. 2005; Vianna and Menezes, 2013).

3.3 Potential mechanisms for the dominant
timescale of AMOC multidecadal variability

3.3.1 Therole of the oceanic baroclinic Rossby wave

The potential mechanisms for the various AMOC domi-
nant timescales in different models might be linked to the
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26°N in each model is respectively 23.5+0.9, 28.5+1.8, 183 +1.1,
18.0+1.1,11.5+0.9, 142+1.0, 17.3+ 1.0, 20.7+0.9, 20.5+ 1.0 Sv.
Annual mean data are used here

various speeds of the simulated baroclinic Rossby waves in
the ocean, which is possibly the physical essence underly-
ing the visible signals of westward temperature propaga-
tions. The freely propagating Rossby wave speed could be
computed from an eigenvalue problem in the linearized
quasi-geostrophic potential vorticity (QGPV) equation
(Chelton and Schlax 1996). For the simple case without
consideration of mean zonal flow (i.e., U=0), the line-
arized QGPYV equation in the continuously stratified ocean
is

ol @ o fi o

+ 9 W _
ot | ox*>  o9y* 0z\ N%(z) 0z

ox

+p 0 @

where f,, N?, 3, and y respectively denote the Coriolis
parameter, the buoyancy frequency (or Brunt-Viisila fre-
quency), the planetary vorticity gradient (3 =df/dy), and
geostrophic streamfunction. The buoyancy frequency in the
ocean is
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Fig.2 The standard deviation of the annual mean meridional streamfunction in the Atlantic in the 500-year preindustrial simulations of the 9

models. Names of each model are indicated on the top of each plot

g dp
N()=-=-—=
() 90 02 3)
where g, p,, and p respectively denote the gravitational
acceleration, the referenced ocean density, and ocean poten-
tial density. Set w = ()P (x, y)e~", the vertical component
of Eq. (2) can be derived as

d| o d¢
dz | N2(z) dz

L
—/1¢_0,A_w 4)

with ¢, 4, k, and ® denoting eigenfunction, eigenvalue,
zonal wavenumber, and circular frequency. The eigenvalue
problem is then formed by this vertical structure together
with the rigid vertical boundary conditions (vertical veloci-
ties vanish at the ocean surface and bottom). The numeri-
cal solutions for the eigenvalue and eigenfunction can be
obtained based on given N? and fp (Chelton et al. 1998). In
the longwave approximation, the speed magnitude of the first
baroclinic Rossby wave is

_e_#
c=r =7 &)
and the timescale for the wave propagating across the basin
is

T = (6)

L
c
where L denotes the basin width. Here, 3 is set to the value
at 52.5°N, the center latitude of 45°N—60°N, and L is set
to 3700 km as the mean width between 45°N—60°N in the
Atlantic basin. In our calculation, the baroclinic Rossby
wave speed over 45°N—60°N in the Atlantic is not sensitive
to the choice of f value, such as f3 at 52.5°N, or the averaged
S at 45°N, 52.5°N, and 60°N, etc. Consistently, Huck et al.
(1999) found that the mean states and variability patterns
related to the meridional overturning circulation have slight
differences in the idealized ocean model experiments with
J varying realistically and with f5-plane centered at 40°N.
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Fig.3 The power spectrum for the AMOC indices at 45°N in the 500-year preindustrial simulations for the 9 CMIP6/CMIP5 models (solid
lines). Names of each model are indicated on the top of each plot. Dashed lines denote the 95% confidence level of the red noise spectrum

As a metric of oceanic vertical stability represented by
the buoyancy frequency, ocean stratification is an impor-
tant modulator for the speed of baroclinic Rossby wave
and, in turn, the timescale of AMOC variability (Yang et al.
2012; Wu and Liu 2020). The vertical profiles of buoy-
ancy frequency averaged over the subpolar North Atlantic
(45°N-60°N, 0-80°W) in the 9 models are shown together
with those in the 3 sets of observations (Fig. 6). In observa-
tions (Fig. 6b), buoyancy frequency in the top ~60 m depth
from Argo is much smaller than that from the other two,
which is possibly due to the short time coverage of Argo
such that this mean result may be subject to decadal variabil-
ity. Most models can capture the realistic vertical structure
of the ocean that shown in the mean results of observations
(Fig. 6a). An intensely stratified thermocline locates between
a mixed layer with weak stratification and a deep layer with
relatively uniform properties. Note the largest variation of
ocean stratification occurs in the top~ 1100 m depth.
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We then calculate the speed and basin-crossing time-
scale of baroclinic Rossby waves over the subpolar North
Atlantic (Fig. 7) based on ocean stratifications in models and
observations. The baroclinic Rossby wave speeds computed
from models are generally consistent with that from observa-
tions, in which modeled Rossby waves show a little faster
speed than the observed wave (0.0013 m s7h, except [PSL-
CMS5A-LR simulating a bit slower speed than observations
(Fig. 5a, asterisks). Further, the timescales of baroclinic
Rossby waves crossing the subpolar North Atlantic basin in
most models (~43-78 years) are smaller than the observed
timescale (~ 88 years), except IPSL-CM5A-LR (~99 years)
(Fig. 5b, asterisks). However, the AMOC major timescales
obtained from the spectral peaks in these models are in the
magnitude of about 12-28 years (Fig. 5b, circles). If we
compare the baroclinic Rossby wave timescale with the
AMOC timescale, we find in each model that the former is
much larger (about 3 times) than the latter, which means the
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Fig.5 The power spectrum for the temperature anomalies averaged over 5S0°N—-60°N, 80°W-0°, 0-1100 m depth in the 500-year preindustrial
simulations in the 9 models (solid lines). Dashed lines denote the 95% confidence level of the red noise spectrum

baroclinic Rossby wave is too slow to interpret the AMOC
variability. Thus, considering the baroclinic Rossby wave
propagating on a static background mean flow (U =0) does
not capture the dominant timescale of AMOC variability. To
find a way to improve the estimate of the major timescale of
AMOC variability, other factors affecting AMOC variations
need to be included.

3.3.2 Therole of the mean flow

Considering the mean flow effects may help enhance the esti-
mate of AMOC major timescales, based on the dual roles of
the mean zonal flow—the eastward mean advection and the
additional westward propagation—in the AMOC variability
and the related westward temperature propagating (Sévellec
and Fedorov 2013, 2015; Ortega et al. 2015; Muir and Fedorov
2017). Here, we apply the propagating mode formulated in
an idealized two-layer ocean model (Sévellec and Fedorov
2013, 2015) to the continuously stratified oceans, in order to
generally estimate the contribution of the mean flow effects

@ Springer

to wave propagations and hence AMOC timescales in the 9
models. Particularly, the resulting propagation speed with the
consideration of the mean flow effects as well as the baroclinic
Rossby wave can be written in the form of

p

c=U-U -
2

@)
where U and U’ are the speed magnitude of the mean zonal
advection and the additional westward propagation. The
negative sign denotes the westward speed direction. Here,

U = 8D L% genoted by ocean density is based on the
2Hfy  py Oy

form expressed by ocean temperature and salinity in Sével-
lec and Fedorov (2013), where p, H, and & is the mean ocean
potential density, ocean total depth, and upper ocean thick-
ness, respectively. The ocean potential density including
both thermal and saline impacts is used in the calculation of
the additional westward propagation. The magnitude of the
additional westward propagation (U') is mainly determined
by the background meridional density gradient, which is
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Thick black line in (a) denotes the average of the 3 observation data-

called as thermal Rossby wave (e.g., Te Raa and Dijkstra
2002; Dijkstra et al. 2006). Assume the mean zonal advec-
tion (U) is eastward, the background northward density gra-
dient causes a northward potential vorticity gradient,
enhances the generalized beta, and therefore induces an
additional westward propagation (or thermal Rossby wave).
Here, we set H=4500 m in our analyses according to the
AMOC vertical structure as well as the Atlantic topography
among the models we used (Fig. 1). We set A=1100 m since
that the AMOC maximum exists around 1100 m depth in
most models (Fig. 1) and that ocean stratification has large
changes in the top 1100 m depth (Fig. 6). Since the poor
availability in the gridded product of ocean current observa-
tions, we only examine the mean flow effects in model
simulations.

We consider the mean flow effects in the upper ocean
since the deeper layer has little changes. In each model,
the vertically averaged (0—1100 m) U and U’ show similar
spatial patterns with generally inverse signs and differ-
ent magnitudes, in which large anomalies appear over the
Gulf Stream region and to the south of Greenland (Figs. 8,
9). We average U and U’ over the subpolar North Atlantic
(45°N-60°N, 80°W-0°, 0-1100 m) and compute the result-
ing propagation speed based on Eq. (7). In all models, the
resulting propagation speeds with the consideration of the

sets. Colored lines in (b) denote the results of individual observation
datasets. Notice two different scales above and below 500 m depth are
used

mean flow effects are westward and faster (Fig. 7a, crosses)
than the previous calculations without the mean flow effects
(Fig. 7a, asterisks). The increased amount of propagation
speeds due to the mean flow effects is distinct from model to
model (69%—454%). Further, the basin-crossing timescales
of the resulting westward propagation mode with the con-
sideration of the mean flow effects show a nice coincidence
with the AMOC timescales almost in all models (Fig. 7b,
crosses and circles). Note that in the GFDL-CM4, the result-
ing westward propagation time (~42 years) does not capture
the AMOC timescale (~ 12 years) very well. This could be
combined with the relatively weak temperature westward
propagation in this model (Fig. 4c) and may be related to the
dominant eastward currents extending to the coastal England
in this model (Fig. 8c). In general, considering the mean
flow effects as well as the baroclinic Rossby wave tends to
provide a greatly improved estimate of the AMOC major
timescales in multiple models. Here we just evaluate the
mean flow effects on the wave propagation in a qualitative
manner by using Eq. (7), which is not a strictly solved for-
mula aiming to get an accurate computation.

The contributions of the three sources to the result-
ing propagation speed based on Eq. (7) over the subpolar
North Atlantic in the 9 models are shown in Fig. 10. The
additional westward propagation serves as the main factor
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determining the resulting westward propagation speed and
hence the AMOC major timescale. In most models, the
mean flow effects as a whole account for a majority of the
resulting westward speed, the baroclinic Rossby wave on
the other hand takes a relatively small share.

The changes in the mean flow might also play a part
in the longitudinal discontinuities in the AMOC-related
westward temperature propagations (Fig. 4). We calculate
the resulting propagation speeds based on Eq. (7) but with
Uand U averaged over the west (80°W-30°W) and the
east (20°W-0°) of the Mid-Atlantic Ridge (30°W-20°W).
The propagation directions over the two subsections of
the North Atlantic are mostly agreeable with the results
in Fig. 4: westward propagations to the west of the Mid-
Atlantic Ridge and eastward propagations to the east of
the Mid-Atlantic Ridge, excepting the uniform westward
propagations in FGOALS-g2 and MIROC6.
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4 Conclusion and discussion

In this study, we make multi-model analyses of the
dominant timescales and underlying mechanisms in the
AMOC multidecadal variability using the preindustrial
simulations of 9 CMIP6/CMIP5 models. We find domi-
nant AMOC timescales ranging from 12 to 28 years and
the relevant evidence of westward spread of temperature
anomalies over the subpolar North Atlantic. We attribute
these phenomena in the AMOC multidecadal variability
partly to the large-scale baroclinic Rossby wave in the
ocean, which is largely affected by the state of ocean strati-
fication. However, the calculations based on the baroclinic
Rossby wave timescales generally overestimate the AMOC
timescales by 182%—650% in these models. Further, we
find that the mean flow effects in the subpolar North Atlan-
tic play greater roles in setting the AMOC major time-
scale, in which the additional westward propagation (i.e.,
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Fig.8 The mean zonal advection U averaged in 0-1100 m depth over the 500-year simulations in the 9 models

thermal Rossby wave) due to the enhanced mean meridi-
onal potential vorticity gradient plays a larger role than
the mean eastward advection. The calculations established
on the resulting propagation timescales including both the
mean flow effects and the baroclinic Rossby wave greatly
improve the estimate of AMOC timescales in these mod-
els, with the accuracy of 80.83%-357.60% (if excludes
GFDL-CM4, 80.83%—134.22%). In summary, the major
timescales of AMOC multidecadal variability is generally
controlled by the comprehensive effects of the baroclinic
Rossby wave and the mean flow effects.

To interpret the AMOC major timescale at 45°N, we
discuss the temperature propagation and baroclinic Rossby
waves across the subpolar North Atlantic (45°N-60°N)
where the majority of models exhibit intense AMOC vari-
ations (Fig. 2). This serves as a uniform way to conduct
analyses in multiple models. However, the strongest AMOC
variability indeed occurs at different latitudes in multiple
models (Fig. 2), which indicates that the exact latitude of
the temperature propagation and Rossby wave responsible
for AMOC variability is possibly different among models
(Ortega et al. 2015; Cheng et al. 2016; Muir and Fedorov
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Fig.9 The additional westward propagation U’ averaged in 0—1100 m depth over the 500-year simulations in the 9 models

2017). Previous studies have investigated the dependence on
the latitude of the baroclinic Rossby wave speed and sug-
gested that in high-latitude oceans the baroclinic Rossby
wave propagates on decadal timescales while in low-lati-
tude oceans it propagates on interannual timescales (Chel-
ton and Schlax 1996). The much slower Rossby waves in
high-latitude oceans are possibly due to the larger planetary
vorticity, the weaker stratification (Yang et al. 2012; Sévellec
and Fedorov 2013), or the smaller Rossby deformation scale
(Tulloch et al. 2009).
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The calculation of the mean flow effects here regards the
upper ocean thickness as a simple constant of 1100 m in all
models, neither different constants for individual model nor
a variable as a function of spatial positions. This might be
another caveat of our study. The sensitivity of the AMOC
timescale to the upper ocean thickness in an idealized model
has been illustrated in Sévellec and Fedorov (2013) that
increasing the upper ocean thickness causes a faster west-
ward wave speed and a shorter timescale, which is also true
in the 9 models used in our study.
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Fig. 10 Contributions of the three sources (the mean zonal advec-
tion, the additional westward propagation, and the baroclinic Rossby
wave) to the resulting propagation speed based on Eq. (7) in the 9

The Rossby wave mode in an idealized two-layer model
has many simplifications such that the inclusion of the mean
flow effects may not always produce westward propagation
speed (Sévellec and Fedorov 2013, 2015). At least in the
9 models we examined, the mean flow effects generate a
westward speed tendency (IU’'l >|Ul) over the subpolar North
Atlantic and make the resulting basin-crossing time closer
to the AMOC timescale. The relative magnitude of U and
U’ is however model dependent, which might rely on the
temperature and salinity patterns in the ocean, ocean—atmos-
phere interactions, etc. Other models well simulating the
multidecadal AMOC variability may have 1U’| <IUI, such
as the CESM2-FV2 and the CESM2-WACCM, in which an
eastward speed tendency could be produced by the mean
flow effects.

Our study mainly explores the AMOC-related temperature
anomalies spreading across the subpolar North Atlantic basin.
Besides temperature anomalies, some model studies have dis-
played the propagating features in salinity or density anomalies
associated with the AMOC variability, which also has clear
westward spreading signals over the subpolar North Atlan-
tic (Tulloch and Marshall 2012; Ortega et al. 2015; Sévellec
and Fedorov 2013, 2015). The vertical structures of density or
temperature anomalies over the subpolar North Atlantic have
large uncertainties among the models used in this study and
do not match well with the vertical structure of the first baro-
clinic Rossby wave. The mechanisms for the formation of the
oceanic vertical structure related to the AMOC multidecadal

'1”&/
\8 .S'
-

Yo, s 84 W
Mo, 4///1// W, /Co
v

models. The results are calculated over the subpolar North Atlantic
(45°N-60°N, 80°W-0°)

variability when the mean flow effects are considered need
further investigations.
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