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Interdecadal variability of the Atlantic Meridional Overturning
Circulation (AMOC-IV) plays an important role in climate variation
and has significant societal impacts. Past climate reconstruction
indicates that AMOC-IV has likely undergone significant changes.
Despite some previous studies, responses of AMOC-IV to global
warming remain unclear, in particular regarding its amplitude and
time scale. In this study, we analyze the responses of AMOC-IV under
various scenarios of future global warming in multiple models and
find that AMOC-IV becomes weaker and shorter with enhanced
global warming. From the present climate condition to the strongest
future warming scenario, on average, the major period of AMOC-IV
is shortened from ∼50 y to ∼20 y, and the amplitude is reduced by
∼60%. These reductions in period and amplitude of AMOC-IV are
suggested to be associated with increased oceanic stratification un-
der global warming and, in turn, the speedup of oceanic baroclinic
Rossby waves.
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As a modulator of low-frequency climate variation in the
North Atlantic region (1–5), interdecadal variability of the

Atlantic Meridional Overturning Circulation (AMOC-IV) has
likely undergone significant changes in the past (6). Despite past
efforts (7–9), responses of AMOC-IV to global warming remain
unclear, in particular regarding the amplitude and period
of AMOC-IV.
Here, we investigate the responses of AMOC-IV to future global

warming in the state-of-the-art Coupled Model Intercomparison
Project Phase 5 (CMIP5) simulations (10). We compare AMOC-
IV in the future projection simulations of four warming scenarios
of different Representative Concentration Pathways (RCPs,
namely, RCP26, RCP45, RCP60, and RCP85; Models and Experi-
ments) with AMOC-IV in the preindustrial (PI) control simula-
tions. Five models are selected based on the criterion that each has
at least two sufficiently long RCP simulations of up to the year
2300 (Table S1). With two or more long RCP simulations by each
model, we can assess transient AMOC-IV responses among dif-
ferent scenarios with reasonable statistical significance. In the PI
simulations, all models give significant AMOC-IV (Fig. S1A and
Definition of the AMOC Intensity), exhibiting robust periods within
the range of 10–100 y (Fig. S2). Under future global warming, the
mean transport of the AMOC is reduced, with the ensemble mean
ranging from being reduced by 5% in RCP26 to being reduced by
48% in RCP85 in the years 2100–2300 (Fig. S1 B and D), quali-
tatively consistent with Intergovernmental Panel on Climate
Change studies (11).

Responses of AMOC-IV to Future Global Warming
In response to future global warming, AMOC-IV shows a robust
change, with its major period shortened and its amplitude re-
duced. This can be seen in the analysis of the projected AMOC-
IV in the 200-y window of years 2100–2300. Compared with the
analysis with longer windows or using the entire time series in the

PI simulations, the 200-y window can provide a reasonable
estimation of the dominant features of AMOC-IV (Fig. S2). We
first filter out the long-term background change of the AMOC
from AMOC-IV in the RCP simulations using the method of
Empirical Mode Decomposition (EMD) (12) (Fig. S3 A−E and
Identification of Interdecadal Variability). In response to global
warming, AMOC-IV is changed significantly across all of the
models with respect to the PI simulations (Fig. S3 F−J). With the
global warming intensifying from RCP26 to RCP85, AMOC-IV
tends to have a shorter period and a smaller amplitude, espe-
cially for the stronger warming scenarios. This can be seen most
clearly in the ensemble mean of the AMOC-IV power spectrum
(Fig. 1 and Power Spectral Analysis and Major Period/Amplitude of
AMOC-IV). Similar results can be found when a simple running
mean is used to remove the long-term AMOC changes (Fig. S4).
As global warming intensifies, the ensemble mean of the major

period of AMOC-IV (Power Spectral Analysis and Major Period/
Amplitude of AMOC-IV) decreases from 57 y in the PI simulation
to 54 y, 45 y, 29 y, and 15 y in RCP26, RCP45, RCP60, and
RCP85, respectively (Fig. 2A, black dots). For each scenario, this
ensemble mean major period is obtained as follows. First, the
major period is obtained in each individual model; second, all of
the major periods in different models are averaged. Compared with
the cross-model sampling errors of AMOC-IV periods (42−72 y)
assessed in the PI simulations (Fig. S1A and Fig. S2), the short-
ening of AMOC-IV periods in the stronger warming cases (RCP60
and RCP85) is statistically significant.
The amplitude of AMOC-IV, as measured by the power in the

major period band (Power Spectral Analysis andMajor Period/Amplitude

Significance

The Atlantic Meridional Overturning Circulation (AMOC) is a key
component of the climate system, and its interdecadal variability
(IV) significantly modulates climate changes around the North At-
lantic region and worldwide. We report a robust shortening in
period and weakening in amplitude of AMOC-IV in response to
future global warming, which may be contributed to by increased
oceanic stratification and, in turn, speedup of Rossby wave prop-
agation. This finding sheds light on the mechanism of AMOC-IV
responses to varying background climatology and global warming
and therefore should contribute significantly to our understanding
and projection of future climate changes.
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of AMOC-IV), tends to decrease with intensified warming. This is ev-
ident in the ensemble mean of variance ratio of AMOC-IV between
the warming scenarios and the PI case (Fig. 2B, blue dots). The en-
semble mean of variance ratio decreases by about 7%, 24%, 43%, and
60% for RCP26, RCP45, RCP60, and RCP85, respectively. The mean
amplitude of AMOC-IV in the period band of 10–100 y also shows a
robust decreasing trend (Fig. 2C, green dots).
The decreases in both amplitude and period of AMOC-IV

under global warming can also be seen in each individual model,
albeit with a larger spread than in the cross-model ensemble
mean discussed above, especially for the cases of weak warming
scenarios (Fig. 3). The large spread for each individual model is
expected, because of the strong internal variability sampled in a
200-y window (Fig. S2). Under weak warming scenarios (RCP26
and RCP45), the responses of AMOC-IV can be distorted by the
internal variability. Nevertheless, the shortening in period and
weakening in amplitude of AMOC-IV are clear under stronger
warming scenarios (RCP60 and RCP85) even in individual
models (beyond the sampling error derived from the PI simu-
lations). Regardless of the changes of AMOC-IV under different
warming scenarios in each individual model, Fig. 3 illustrates
that, across the models, there is a systematic trend of a stronger
amplitude accompanied by a longer period of AMOC-IV. The
correlation between the changes of amplitude and period is as
high as 0.7, which is above the 99% significance level (whereas
the amplitude increases from −71% to 33% with respect to the
mean, and the period increases from 12 y to 70 y).
The reduced amplitude of AMOC-IV in response to global

warming is consistent with several modeling studies (7–9). The time
scale of AMOC-IV was suggested to have changed significantly in
the past based on climate reconstructions (6). The responses of the
time scale of AMOC-IV to future global warming, to our knowl-
edge, have not been studied systematically.
It is interesting to note that, in contrast to the significant

weakening of AMOC-IV, there is no clear trend in the amplitude

of AMOC variability at the interannual time scale (Fig. 2C, purple
dots). This seems to suggest that the dynamics for the amplitude of
AMOC variability differ at different time scales, and the weakening
of AMOC-IV is not simply a weakening proportional to that of the
mean AMOC across all of the time scales (Fig. S1 B and D).

Mechanism of the AMOC-IV Changes
Various mechanisms have been proposed for the genesis of
AMOC-IV (see the reviews in refs. 1 and 13–17). AMOC-IV has
been proposed to be generated by stochastic atmospheric variability
(18), planetary wave instability (19), or thermohaline instability
(20). The oscillation behavior of AMOC-IV has been proposed to
be associated with the phase lag between the salt and heat advec-
tion (21–27), the zonal and meridional temperature gradients
[thermal Rossby wave (28–33)], and the meridional density gradient
and advective flux [delayed advective oscillator (34)]. In many
previous works, the time scale of AMOC-IV is proposed to be

Fig. 1. Cross-model ensemble mean interdecadal variability of AMOC-IV
from simulations of the PI and four projected global warming scenarios. The
ensemble mean power spectrum (PS) curves of AMOC-IV of five models are
for the PI simulation and four projected global warming scenarios (RCP26,
RCP45, RCP60, and RCP85) in black, blue, dark green, brown, and red, re-
spectively. The vertical lines over each PS indicate cross-model SD.

A

B

C

Fig. 2. Ensemble mean changes of AMOC-IV and baroclinic Rossby wave
from the PI simulation to each of the projected global warming scenarios.
(A) The major periods of AMOC-IV (black dots) and time scales of the first
baroclinic Rossby wave propagation across the high-latitude North Atlantic
(40°N−60°N, red dots). (B) The amplitude ratio (normalized by the PI am-
plitude) of AMOC-IV (blue dots) and the first baroclinic Rossby wave (brown
dots) in each projected global warming scenario. (C) The amplitude ratio of
AMOC variability averaged over interdecadal time scale (10−100 y, green
dots) and over interannual time scale (1−10 y, purple dots). The PI ratio is
subtracted in B and C. In A−C, the vertical line over each dot shows cross-
model SD.
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determined by the propagation of oceanic baroclinic Rossby waves
(34–39) and/or thermal Rossby wave (28–33) across the basin.
Our preliminary analysis suggests that the full responses of

AMOC-IV to global warming cannot be explained simply by
previous mechanisms. For example, under global warming, there
is neither a significant northward shift of the convection center
(9) (Fig. S5) nor a significant change of the Arctic sea ice (27),
especially under strong global warming. The latitudinal tem-
perature gradient in the upper North Atlantic is increased, but by
less than 43% (see Fig. S6). The implied speedup of thermal
Rossby wave (28–30), if it is important, falls far short of
explaining the 280% reduction of the major period of AMOC-IV
(Fig. 2A). Therefore, a systematic study is needed to fully un-
derstand the response of AMOC-IV to global warming.
One candidate mechanism for the AMOC-IV responses, we

suggest, is the oceanic baroclinic Rossby waves. The establishment
and variability of the AMOC are accomplished by a basin-wide
adjustment of oceanic density field in the North Atlantic, with the
adjustment time scale determined primarily by the propagation of
Rossby waves across the basin (35, 36), especially in high latitudes
(37–39). With global warming, oceanic stratification is projected to
be enhanced over the globe owing to a weaker warming with depth
(40), and the stratification enhancement is more robust in a
stronger warming scenario (11). A stronger stratification should
lead to faster baroclinic Rossby waves and, potentially, a shorter
period of AMOC-IV.
Here, the AMOC-IV in all of the models is associated with

density anomalies mainly in high latitudes (40°N−60°N) of the
North Atlantic (Fig. S7). Global warming increases oceanic
stratification and, in turn, the buoyancy frequency (N2) in the
upper ocean of the high-latitude North Atlantic (Fig. S8). This
leads to an acceleration of baroclinic Rossby waves, as calculated
in each individual model under different scenarios. The wave

speed is calculated from the eigenvalue problem in a linearized
quasi-geostrophic potential vorticity equation, with the buoyancy
frequency derived from the area mean N2 profiles of the high-
latitude North Atlantic (see Supporting Information). The most
striking feature of the eigenvalues is an increase of wave speed
with intensified global warming, whereas the eigenfunction
structure remains largely unchanged (Fig. S9). The increased
wave speed then reduces the cross-basin time scale of Rossby
waves, as seen in the ensemble mean wave speed (Fig. 2A, red
dots). This reduction of cross-basin time scale is largely con-
sistent with the shortening of the major period of AMOC-IV
(Fig. 2A, black dots). This wave calculation, although very
crude, is consistent with the speculation that the shortening of
the AMOC-IV major period could be contributed by the
faster propagation of baroclinic Rossby waves in the mid-
latitude and high-latitude North Atlantic associated with
strengthened stratification.
The mechanism for the weakening of AMOC-IV seems even

more complex. This weakening does not seem to be caused by the
weakening of stochastic atmospheric forcing, because the amplitude
of atmospheric forcing on AMOC-IV remains nearly unchanged
under global warming, as seen in the amplitude of the North Atlantic
Oscillation that is the dominant atmospheric internal variability over
the North Atlantic (Fig. S10). The weakening of AMOC-IV is also in
contrast to the AMOC variability at higher frequencies, notably at
the interannual time scale; the latter exhibits less clear weakening
signals under global warming (Fig. 2C, purple dots). A further study
is needed to understand the amplitude response to global warming.
Here, we speculate on two mechanisms that may contribute to the
weakening of AMOC-IV, both related to the speedup of Rossby
waves. First, for the very low frequency variability like AMOC-IV,
we may assume a quasi-stationary oceanic response to atmospheric
forcing. Then, the amplitude of forced baroclinic Rossby wave re-
sponse is inversely proportional to its wave speed, and therefore the
cross-basin time scale (see Supporting Information). As a result, the
amplitude weakens with the speedup of Rossby waves in response to
global warming. This explains the reduction of variance ratio of the
baroclinic Rossby wave under global warming (Fig. 2B, brown dots),
which resembles closely that of AMOC-IV amplitude, both decreasing
by ∼60% from the PI simulation to RCP85 (Fig. 2B, blue dots).
Second, the weakening of AMOC-IV may also be interpreted from a
nonlinear delayed oscillator perspective (34). As the Rossby wave
speeds up, the delay time of the negative feedback diminishes, so that
the delayed negative feedback becomes direct damping, and therefore
reduces the instantaneous growth rate; in turn, the amplitude of
AMOC-IV is reduced (see Supporting Information and Fig. S11).
Our study suggests that AMOC-IV may be significantly

weakened in amplitude and shortened in period under future
global warming, and that these responses could be caused by
strengthened ocean stratification and, in turn, the speedup of
baroclinic Rossby waves. Our results shed light on the responses
of interdecadal variability to global warming and may help im-
prove future predictions of climate changes at the interdecadal
time scale.

Materials and Methods
Models and Experiments.We analyzed 19 experiments from five models in the
CMIP5 archive (10), and each experiment has one preindustrial (PI) control
simulation and four future warming scenarios (Table S1). The PI simulation
uses the fixed forcing at the year 1850. Four simulations of future global
warming scenarios are used, which are forced according to RCP26, RCP45,
RCP60, and RCP85 (additional radiative forcing of 2.6 W·m−2, 4.5 W·m−2,
6.0 W·m−2, and 8.5 W·m−2, respectively, near year 2100, relative to the PI
forcing). All potential density and pressure at sea level were regridded to a
1° × 1° grid before analysis. Different periods of the RCP simulations are
used for the EMD method (period of 2100–2300) and the running mean
method (period of 2050–2250). The entire period of the PI simulation in each
model is used. Annual mean data are used in all of the analyses.
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Fig. 3. Major periods and amplitudes of AMOC-IV from the PI simulation to
each projected global warming scenario in individual models. A specific color
is used for each model, and a unique marker is used for each experiment.
Dashed lines over the PI dots show the sampling errors of AMOC-IV major
period and amplitude in each individual model, which are derived as the SD
of the major periods and amplitudes in multiple 200-y windows of the long
PI simulations.

Cheng et al. PNAS Early Edition | 3 of 4

EA
RT

H
,A

TM
O
SP

H
ER

IC
,

A
N
D
PL

A
N
ET

A
RY

SC
IE
N
CE

S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1519827113/-/DCSupplemental/pnas.201519827SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1519827113/-/DCSupplemental/pnas.201519827SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1519827113/-/DCSupplemental/pnas.201519827SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1519827113/-/DCSupplemental/pnas.201519827SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1519827113/-/DCSupplemental/pnas.201519827SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1519827113/-/DCSupplemental/pnas.201519827SI.pdf?targetid=nameddest=SF9
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1519827113/-/DCSupplemental/pnas.201519827SI.pdf?targetid=nameddest=SF10
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1519827113/-/DCSupplemental/pnas.201519827SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1519827113/-/DCSupplemental/pnas.201519827SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1519827113/-/DCSupplemental/pnas.201519827SI.pdf?targetid=nameddest=SF11
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1519827113/-/DCSupplemental/pnas.201519827SI.pdf?targetid=nameddest=ST1


Definition of the AMOC Intensity. The intensity of the AMOC is defined as the
maximum overturning streamfunction below 500 m in the Atlantic.

Identification of Interdecadal Variability. Interdecadal variability is identified
using the Fast Fourier Transform (41) in power spectrum (42) after filtering
out the variability longer than 100 y. In the simulations of different warming
scenarios, the long-term trends are removed with the EMD method (12) (or
with a high-pass 100-y running mean).

Power Spectral Analysis and Major Period/Amplitude of AMOC-IV. The long PI
simulation is separated into a batch of 200-y windows with a 150-y overlay in
adjacent windows (Fig. S1A). The power spectrum of each 200-y window and
its mean are calculated for comparison with the results of the RCP experi-
ments (years 2100–2300).

The cross-window ensemble mean power spectrum (for the 200-y window) can
capture themajor periodofAMOC-IV (about 70yor shorter),which is derived from
longer windows, including the entire time series (Fig. S2). This implies that most of
the 200-y windows are sufficient for the detection of the dominant features of
AMOC-IV. In some cases, the lower variance for the major period of AMOC-IV is
caused by the coarse period/frequency resolution at the interdecadal scale.

The ensemble mean power spectrum for each scenario is performed after
being normalized by the spectral peak of the PI simulation of each model, so
that the variance ratio between each warming scenario and the PI case is
comparable among different models.

For each model, the major period and amplitude of AMOC-IV for an RCP
simulation are defined by the spectral peak of the 200-y window of 2100–
2300, whereas those for the PI simulation are calculated as the arithmetic
mean of the spectra of all of the 200-y windows, instead of the spectrum of
the entire PI simulation (although the two are similar). The cross-model
ensemble mean spectrum is the mean of the spectra across different models.
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SI Materials and Methods
Time Scale of Rossby Wave. The Rossby wave speed is calculated
from the eigenvalue problem in the linearized quasi-geostrophic
potential vorticity equation (43), with the buoyancy frequency
(N2) vertical profiles derived for each model’s mean ocean state
in the high-latitude North Atlantic (40°N−60°N),

∂t
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∂z
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dz, and φ denotes the streamfunction.
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The vertical boundary condition of no motion at the top and bot-
tom reduces to

dϕ
dz

����z=0,D = 0. [S2]

The buoyancy frequency N2 in each experiment is interpolated to
a uniform 5-m layer in the depth range of 4,000 m. A centered
three-point finite difference scheme is used to solve the eigen-
value problem of Eqs. S1 and S2. The finite difference form of
the eigenvalue problem is therefore of the form

Aϕm = λmϕm

where λm is the mth eigenvalue and ϕm is the mth eigenfunction.
For specific values of f0 and N2, we can obtain the values of λm
and ϕm. The phase speed of the first baroclinic Rossby wave is

c1 =
ω

k
=

β

λ1
.

The time scale of the first baroclinic Rossby wave propagating
from the east to the west in the latitude band of 40°N−60°N of
the North Atlantic is

T =
L
c1

where L denotes the mean width of the North Atlantic between
40°N and 60°N and is set to 3,700 km. The application of the
eigenvalue problem to different models shows that the wave
speed increases rapidly with global warming (Fig. S9A) whereas
the eigenfunction of the wave (Fig. S9 B−F) exhibits a typical
first baroclinic mode structure.

It is worth noting that the domain of 40°N–60°N in the North
Atlantic is selected here as a crude representation of the sub-
polar region where AMOC-IV is dominant (Fig. S7). The exact
latitude of the Rossby wave that is relevant to the time scale of
the AMOC-IV, if it exists, still remains to be explored. Here,
however, the robust feature is the relative change of the wave
speed with global warming, with a rapid speedup of ∼200% (Fig.
2A). This feature is determined mainly by the change of strati-
fication. In contrast to the stratification, the major latitude fac-
tor, f2 in Eq. S1, although it affects the absolute magnitude of the
wave speed, remains the same across different warming scenarios
and therefore does not contribute directly to the relative change
of the wave speed with global warming. Because the magnitude
of the speedup due to stratification is roughly comparable to the
shortening of the AMOC-IV (∼280%, Fig. 2A), we speculate
that the Rossby wave mechanism can be an important mecha-
nism. Meanwhile, we note that it is likely that other mechanisms
can also contribute to the shortening of the AMOC-IV, such as
the latitudinal density change and the associated thermal Rossby
wave, as discussed in the second paragraph of Mechanism of the
AMOC-IV Changes (Fig. S6).

Amplitude of Rossby Wave. The weakening of the AMOC-IV may
be interpreted in terms of forced Rossby wave. The equation for
the Rossby wave forced by atmospheric forcing Q can be written
as (43)

∂tφ+ c1∂xφ=Q [S3]

where ∂xφ= v denotes the northward geostrophic velocity. For
the low-frequency forcing case in which temporal variability is
not dominant, we may have a quasi-stationary response c1v∼Q.
If the atmospheric forcing Q remains largely unchanged in re-
sponse to global warming while the wave speed c1 is accelerated,
the amplitude of the forced response will be inversely propor-
tional to the wave speed, or proportional to the cross-basin time
scale, namely, v∼ Q

c1
∼QT. Therefore, a faster wave also leads to

a smaller amplitude of response, as long as the wave is not too fast to
lead to a failure of the quasi-equilibrium response.

AMOC-IV Amplitude in Delayed Oscillator Perspective. The weak-
ening of the AMOC-IV may also be interpreted from a nonlinear
delayed oscillator (34) perspective. With global warming and the
speedup of Rossby wave, the delay time is reduced such that the
amplitude of the AMOC-IV is reducedmonotonically as shown in
Fig. S11. Indeed, this reduction of wave amplitude with wave
delay can be calculated as a robust feature in a more general
delayed oscillator model, such as that of Suarez and Schopf (44).
Mechanistically, when the wave delay diminishes, the negative
feedback associated with the delay becomes an instantaneous
negative feedback that cancels the instantaneous growth rate,
leading to a reduced amplitude of the oscillation.
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Fig. S1. AMOC intensity, AMOC-IV amplitude and long-term changes. AMOC intensity in the PI (A) and RCP (B) simulations. (C) SD of AMOC interdecadal
variability (10−100 y) of each model in the PI simulation and their ensemble mean. (D) Ensemble mean of the amplitude ratio of AMOC intensity of each RCP
simulation (averaged over the years 2100–2300) normalized by the PI case. Error bar shows the cross-model SDs in each RCP simulation. Horizontal lines in A
and B show the 200-y windows for the PS analysis.
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Fig. S2. Power spectrum of AMOC in the PI simulation. Shown are results for each of the five models: (A) CCSM4, (B) CESM1-CAM5, (C) MPI-ESM-LR, (D) CNRM-
CM5, and (E) CanESM2. Cross-window ensemble mean power spectrum curves with different window lengths (200 y, 300 y, and 400 y) are shown as black, blue,
and green solid lines, respectively, with the corresponding SDs marked as vertical bars of the same color. The power spectrum of the entire time series is shown
as the dashed black curve.
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Fig. S3. Identification and power spectrum (Pwr Spctrm) of AMOC-IV. (A−E) AMOC intensity series (thin curves) and their long-term trends (derived using the
EMD method, thicker curves) for the RCP simulations by each model. (F−J) Power spectrum of AMOC intensity in each model for the PI simulation (black curve)
and RCP simulations in the years 2100–2300 after removing their long-term trends (color curves). The 95% confidence level of each power spectrum is labeled
using a dashed curves. Cross-window SDs of the power spectrum in the long PI simulation are shown as gray shading. The PI power spectrum is derived as the
mean of all of the 200-y windows. Models are (A and F) CCSM4, (B and G) CESM1-CAM5, (C and H) MPI-ESM-LR, (D and I) CNRM-CM5, and (E and J) CanESM2.
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Fig. S4. (A−J) Same as Fig. S3, except using the low-pass filter of a 100-y running mean (RM) (instead of EMD). (K) Ensemble mean of the power spectrum. The
power spectrum for each RCP simulation is performed for the years 2050–2250.
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Fig. S5. Distribution of mixed layer depth in winter (December−February) and its changes under global warming. (A) Five-model mean mixed layer depth in
winter in the PI simulation. (B−F) Zonal mean mixed layer depth (60°W−20°E) in the PI and RCP simulations for each model: (B) CCSM4, (C) CESM1-CAM5,
(D) MPI-ESM-LR, (E) CNRM-CM5, and (F) CanESM2. There is no significant northward shift of mixed layer depth in winter under global warming.

Fig. S6. Change ratio of meridional SST gradient (SST dff ratio) in the Atlantic of the RCP simulations compared with the value of the PI simulation for
each model.
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Fig. S7. Interdecadal (10−100 y) SD of oceanic potential density in the PI simulation. (A−E) Averaged in the depth range of the upper 1,000 m. (F−J) Averaged
between 40°N and 60°N. Models are (A and F) CCSM4, (B and G) CESM1-CAM5, (C and H) MPI-ESM-LR, (D and I) CNRM-CM5, and (E and J) CanESM2. Units are
kilogram per cubic meter.
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Fig. S8. Vertical profiles of area mean potential density and buoyancy frequency (N2) of North Atlantic. (A−E) Potential density for each model and (F−J) N2

for each model: (A and F) CCSM4, (B and G) CESM1-CAM5, (C and H) MPI-ESM-LR, (D and I) CNRM-CM5, and (E and J) CanESM2. Results of the PI and RCP
simulations are shown as black, blue, dark green, brown, and red for PI, RCP26, RCP45, RCP60, and RCP85, respectively.
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Fig. S9. Eigenvalue and eigenfunction of the first baroclinic Rossby wave. (A) Eigenvalues in the PI and RCP simulations of individual models. (B−F) Ei-
genfunctions in the PI and RCP simulations of individual models: (B) CCSM4, (C) CESM1-CAM5, (D) MPI-ESM-LR, (E) CNRM-CM5, and (F) CanESM2.

Fig. S10. Ensemble mean power spectrum of the North Atlantic Oscillation (NAO). The NAO index is defined as the difference of area mean sea level pressure
between (90°W−60°E, 20°N−55°N) and (90°W−60°E, 55°N−90°N). The NAO does not show a systematic shift toward weaker amplitude and shorter period at
the interdecadal time scale.
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Fig. S11. Changes of major period and amplitude of circulation with respect to different delay times in a four-box ocean model with white noise forcing (34).

Table S1. Climate models and simulations

Model name Country PI RCP26 RCP45 RCP60 RCP85

CCSM4 United States Y Y Y Y Y
CESM1-CAM5 United States Y Y Y Y
MPI-ESM-LR Germany Y Y Y Y
CNRM-CM5 France Y Y Y
CanESM2 Canada Y Y Y

“Y” indicates the simulation is used in this study.
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