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A significant multi-centennial climate variability with a distinct peak at approximately 200 years is 
observed in a pre-industrial (PI) control simulation using the EC-Earth3-LR climate model. This oscillation 
originates predominately from the North Atlantic and displays a strong association with the Atlantic 
Meridional Overturning Circulation (AMOC). Our study identifies the interplay between salinity advection 
feedback and vertical mixing in the subpolar North Atlantic as key roles in providing the continues 
internal energy source to maintain this multi-centennial oscillation. The perturbation flow of mean 
subtropical-subpolar salinity gradients serves as positive feedback to sustain the AMOC anomaly, while 
the mean advection of salinity anomalies and the vertical mixing or convection acts as negative feedback, 
constraining the AMOC anomaly. Notably, this low-frequency variability persists even in a warmer climate 
with weakened AMOC, emphasizing the robustness of the salinity advection feedback mechanism.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons .org /licenses /by /4 .0/).
0. Plain language summary

Understanding climate variability over timescales longer than 
100 years is challenging due to limited observational data. How-
ever, both paleoclimate proxy records and climate model simula-
tions suggest that our climate system experiences multi-centennial 
variability. The driving mechanisms behind these long-lasting os-
cillations have been difficult to identify, with previous research 
suggesting that salinity anomalies from the South Atlantic or the 
Arctic region could be responsible. However, these explanations fail
to account for the continuous internal energy source that main-
tains such a long period of oscillation. In our study, we analyzed
a 2000-years long simulation using EC-Earth3-LR climate model 
under PI conditions to explore the origin of the multi-centennial 
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climate variability. Our results revealed that the salinity advection 
feedback in the subtropical-subpolar North Atlantic plays a crucial 
role in maintaining the AMOC variability at multi-centennial time 
scale. Under the ongoing global warming, even though the AMOC 
is becoming weaker, the multi-centennial oscillation continues to 
persist.

1. Introduction

In recent years, variability on multi-centennial time scale has 
been determined as an important feature of our planet’s climate 
system. Numerous paleoclimate proxy reconstructions, including 
air temperature and sea surface temperature derived from marine, 
lake, ice core, tree ring records, have revealed the presence of low-
frequency variability (Delworth and Mann, 2000; Sicre et al., 2008; 
Jones et al., 2009; Mann et al., 2009; Menary et al., 2012; Srokosz 
and Bryden, 2015; Ayache et al., 2018; Thirumalai et al., 2018). 
Long term climate model simulations also support these findings 
le under the CC BY license (http://creativecommons .org /licenses /by /4 .0/).
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(Vellinga and Wu, 2004; Park and Latif, 2008; Friedrich et al., 2010; 
Menary et al., 2012; Delworth and Zeng, 2012; Jiang et al., 2021). 
A recent work by Askjær et al. (2022) has provided the evidences 
of existence of multi-centennial variability from spectrum analy-
sis on 120 temperature reconstructions during the Holocene and 
transient Holocene simulations from 9 climate models. Significant 
multi-centennial variability was found to be centered in the fre-
quency band >100 to <250 years in both proxies and models.

Notably, both proxy data and model simulations exhibit more 
spectral density on multi-centennial variability in the Northern 
high latitudes, indicating potential driving mechanisms or feed-
backs concentrated in this region (Askjær et al., 2022). Several 
modeling studies have attributed the source of this variability to 
fluctuations in the North Atlantic Meridional Overturning Circula-
tion (AMOC) (Delworth and Zeng, 2012; Lapointe et al., 2020; Jiang 
et al., 2021; Dima et al., 2022; Meccia et al., 2022).

Climate variability recorded in the proxy data can arise from ex-
ternal forcing changes (e.g., solar irradiance and volcanic eruptions, 
see Ottera et al., 2010; Mann et al., 2021) and internal processes 
(e.g., ocean-atmosphere interaction, Mann et al., 2014; Zhang et 
al., 2019). Previous modeling studies using simple models have 
also shown that low-frequency oscillations in climate system can 
emerge from either external forcing or internal processes. External 
forcing is classified as forced oscillatory, where the low-frequency 
variability is attributed to the AMOC’s response to stochastic at-
mospheric forcing (Griffies and Tziperman, 1995; Roebber, 1995; 
Tziperman and Ioannou, 2002). However, the recent Holocene tran-
sient simulations with single forcing demonstrate that none of the 
external forcing, such as the solar irradiance or volcanic activity, 
are identified as the sole driver of the multi-centennial variability 
(Askjær et al., 2022).

On the other hand, simple model studies have demonstrated 
that self-sustained oscillation can arise when the ocean generates 
its own oscillation, often due to local vertical density profiles or 
salinity advection feedback (Welander, 1982; Rivin and Tziperman, 
1997; Zhang et al., 2002; Colin de Verdiere et al., 2006). Li and 
Yang (2022) recently introduced an enhanced mixing mechanism 
in the subpolar North Atlantic using a single-hemisphere 4-box 
model, which enables the AMOC to exhibit a self-sustained multi-
centennial oscillation. This mechanism allows the 4-box model to 
approximate a reduced 3-box model, facilitating the theoretical so-
lution to the multi-centennial oscillation. The oscillation period 
is determined by the system’s eigenvalue, which is fundamen-
tally controlled by the upper ocean’s turnover time. Their study 
also reveals that the multi-centennial oscillation can be excited by 
stochastic freshwater forcing. These findings suggest that the North 
Atlantic Ocean has an intrinsic multi-centennial mode, which could 
help better understand the multi-centennial variability identified 
in paleoclimatic proxy data.

Several studies using control simulations employing fully cou-
pled ocean-atmosphere model have suggested that the multi-
centennial variability is driven by salinity anomalies in the North 
Atlantic. However, the mechanism underlying the origins of these 
salinity anomalies differs among these modeling studies. Some 
propose freshwater transport from the South Atlantic (Park and 
Latif, 2008; Delworth and Zeng, 2012), while others suggest at-
mospheric feedback in the equatorial Atlantic Ocean (Vellinga and 
Wu, 2004), or freshwater exchanges between the Arctic and North 
Atlantic regions (Jiang et al., 2021; Meccia et al., 2022). Although 
these studies offer partial explanations for AMOC fluctuations, they 
have not yet identified a continuous energy source that drives this 
long-lasting oscillation.

A distinct 200-year oscillation has recently been observed in 
our 2,000-year output from a PI control experiment using the 
fully coupled EC-Earth3-LR climate model. This long simulation 
presents a unique opportunity for a thorough diagnostic analy-
2

sis of the model output to investigate the underlying mechanism. 
In this paper, we elucidate the physical processes that enable the 
multi-centennial oscillation to persist in our simulation. Our results 
reveal that interplay between salinity advection feedback and ver-
tical mixing in the subtropical-subpolar North Atlantic is crucial for 
maintaining this multi-centennial variability, which aligns with the 
theory proposed by Li and Yang (2022). By examining these mech-
anisms from the fully coupled climate model, we aim to deepen 
our understanding of multi-centennial variability and contribute to 
the ongoing research in this area.

2. Data and methods

2.1. Model description and experimental design

EC-Earth is a fully coupled Earth system model, designed to 
provide an integrated view of our planet’s climate. It is devel-
oped by the European consortium involving expertises from more 
than 30 research institutions and the model enables researchers 
to study a wide range of climate-related topics, including climate 
change simulations, predictions, sensitivity studies, and process 
studies (Semedo et al., 2016; Wyser et al., 2020a,b; Zhang et al., 
2021; Myriokefalitakis et al., 2022).

The EC-Earth model consists of multiple components such as 
atmosphere, ocean, sea ice, land and biosphere, which are cou-
pled together to simulate a detailed and complete picture of the 
Earth’s climate system. In this study, we use the EC-Earth3-LR con-
figuration, which couples the atmosphere, land, ocean and sea-ice 
components. LR stands for low resolution for the atmospheric and 
land model. The atmospheric component of the model is based on 
the Integrated Forecasting System (IFS) model with horizontal res-
olution of about 125 km (T159) and 62 vertical levels (L62), while 
the ocean component utilizes the Nucleus for the European Mod-
elling of the Ocean version 3.6 (NEMO3.6), with horizontal resolu-
tion of about 1◦ (ORCA1) and 75 vertical levels (L75). NEMO also 
includes the Louvain-la-Neuve Sea-ice model version 3 (LIM3), a 
dynamic and thermodynamic sea-ice model with five ice thickness 
categories. For a more in-depth look at the latest model develop-
ment, refer to Döscher et al. (2022).

To test the model’s capabilities, we conducted a control simu-
lation using the PI conditions. This involved initializing the model 
with a steady restart file, obtained from 500-year PI control sim-
ulation, and then running it for 2000 years. We also explored the 
model’s sensitivity to the changing CO2 level by conducting two 
additional experiments, which changed CO2 concentration to 400 
ppm (E400) and 560 ppm (E560) and were integrated for over 
3000 years. We used the final 2000-year outputs of these simu-
lations to investigate the multi-centennial climate variability.

2.2. Proxy data and observational data sources

To gain insights into the North Atlantic’s past climate, we have 
selected reconstruction data from six sites featured in the “Tem-
perature 12k Database” (Temp12k) by Kaufman et al. (2020). These 
data include four sites in Greenland, one in Iceland, and another in 
the Central and Eastern Pyrenees.

Additionally, we have utilized the Hadley Centre Central Eng-
land Temperature (HadCET, Parker et al., 1992) dataset, which 
is the world’s longest instrumental record and begins in 1659 
(https://www.metoffice .gov.uk /hadobs /hadcet/). These temperatures 
are representative of a roughly triangular area of the United King-
dom enclosed by Lancashire, London and Bristol, and are now kept 
up to date by the Climate Data Monitoring section of the Hadley 
Centre, Met Office.

https://www.metoffice.gov.uk/hadobs/hadcet/
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Fig. 1. (a) Locations of six proxy records (circles) and the Central England Temperature (CET) record (star) with a base map from ETOPO2, and the North Atlantic Deep-Water 
(NADW) formation region is marked as a dotted box, and red lines indicate the boundaries between the North Atlantic and the Arctic through the Baffin Bay (2), the Fram 
Strait (3) and the Barents Sea (4), while line 1 indicates the boundary between the Subpolar North Atlantic and the Subtropical North Atlantic; (b) Spectra of the longest 
yearly mean observed temperature for the Midlands region of England (CET record) following the red noise significant test; (c) Standardized proxy temperature records at six 
locations and the CET record. Proxy records are interpolated using a Modified Akima Interpolation in MATLAB. All time series are low-pass filtered with the Lanczos method, 
using 100 weights and a cutoff period of 60 years.
3. Presence of multi-centennial variability in the observation 
and model control simulation

Multi-centennial climate variability has long been a topic of 
interest among the climate researchers. Evidence supporting its ex-
istence can be found in proxy reconstructions, transient Holocene 
simulations, and control simulations using coupled climate mod-
els as mentioned in the introduction. We have previously analyzed
120 proxy records collected globally from the “Arctic Holocene 
Proxy Climate Database” (AHPC) by Sundqvist et al. (2014) and the 
“Temperature 12k Database” (Temp12k) by Kaufman et al. (2020), 
as detailed in Askjær et al. (2022). Building on this work, we have 
selected 6 proxy records from around the North Atlantic (Fig. 1a) 
to further explore the multi-centennial variability. Our low-pass 
filtered time series analysis reveals a dominant multi-centennial 
variability with period ranging from 100 to 250 years (Fig. 1c), 
confirmed the results from a large group of data in Askjær et al. 
(2022).

In addition, we have examined the Central England Tempera-
ture (CET), the longest instrumental temperature record available 
from the year 1659, as a realistic reference for low-frequency 
climate variability. Our spectral analysis of the unfiltered yearly 
mean temperature (1659-2022) from CET dataset, shown in Fig. 1b, 
shows a low-frequency spectrum with the most significant vari-
ance at time scales of century to multi-century years.
3

In our PI simulation with EC-Earth3-LR, as is shown in Fig. 2(a), 
the global mean near-surface air temperature time series displays 
significant multi-centennial variability, with standard deviation of 
0.18 ◦C. The Northern Hemisphere exhibits even larger variations, 
with a standard deviation of 0.28 ◦C, and the Southern Hemisphere 
shows smaller variations with a standard deviation of 0.13 ◦C. In-
terestingly, we also examined the observed global mean temper-
ature from 1880 to 2022 and found that it exhibits comparable 
fluctuations with standard deviation of 0.18 ◦C after removing the 
linear trend.

4. Searching for drivers of multi-centennial variability: AMOC 
versus zonal and vertical propagation of salinity anomaly

Proxy records and transient simulations used in Askjær et al. 
(2022) demonstrate that the multi-centennial variability is a global 
signal rather than a regional one. However, external forcing may 
trigger such low frequency signals in these datasets. In our PI con-
trol experiment, with the absence of external forcing, the multi-
centennial variability can be studied as an internal variability of 
the climate system. The multi-centennial variability is most pro-
nounced in the northern hemisphere in our PI simulation, par-
ticularly around the subpolar North Atlantic (see Fig. 2b), which 
can also be seen in transient Holocene simulations with differ-
ent climate models (Askjær et al., 2022), as well as other control 
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Fig. 2. (a) Time series of anomalous global mean (black), Northern Hemisphere mean (blue) and Southern Hemisphere mean (red) near-surface air temperature from the PI 
control simulation with the EC-Earth3-LR model. (b) Standard deviation (SD) of near-surface air temperature for 150-250 years frequency bands obtained using bandpass 
function in MATLAB.
simulations using different models that was reported in previous 
studies.

The variation of meridional ocean heat transport across 40◦N 
in the Atlantic is highly consistent with the global mean surface 
air temperature (Fig. 3a,b), considered to trigger the temperature 
changes in the Northern Hemisphere (Delworth and Zeng, 2012). 
This suggests that the AMOC drives northward ocean heat trans-
port, which is in line with the previous suggestions the AMOC 
mainly drives low-frequency variabilities in the Earth’s climate sys-
tem (Delworth and Zeng, 2012; Lapointe et al., 2020; Dima et al., 
2022). We define the AMOC index as the annual-mean maximum 
ocean overturning stream function between 20◦N to 70◦N from 
depths 200 to 3000 meters. Fig. 3c shows the time series of the 
AMOC index, with an average strength of 17.5 ± 1.3 Sv (1 Sv =
106 m3 s−1). The variation of the AMOC is highly correlated with 
the global mean surface air temperature, with a correlation coeffi-
cient of 0.60.

For the variability of AMOC, two classes of oscillations have 
been long known and covered extensively in the 1990s: (1) 
damped AMOC/thermohaline oscillations driven by stochastic noise, 
for example, due to atmospheric weather variability, and (2) self-
sustained AMOC/thermohaline oscillations. A given model can 
transition between these two regimes via a Hopf bifurcation, which 
can lead from damped to self-sustained variability as a result of 
a change in a friction/diffusion parameter or the strength of the 
mean freshwater forcing.

Previous modeling studies suggest that the AMOC variation is 
mainly driven by density fluctuation in North Atlantic Deep-Water 
(NADW) formation region (Danabasoglu, 2008; Delworth and Zeng, 
2012; Dima et al., 2022). Our simulation supports this viewpoint 
(see Figures S1 & S2 in the supplement material). Seawater density 
is influenced by temperature and salinity, with salinity variation 
dominating overall density fluctuation in the NADW regions. Fol-
4

lowing the work of Delworth and Zeng (2012), the NADW forma-
tion region is defined as the horizontal ocean area between 70◦W 
- 10◦E and 50◦N - 80◦N, encompassing the Labrador Sea, Irminger 
Sea, and Greenland-Icelandic-Norwegian (GIN) Seas, collectively re-
ferred to as the subpolar North Atlantic in this work, as is shown 
in Fig. 1a. Our simulation shows that sea surface temperature (SST, 
Fig. 3d) and sea surface salinity (SSS, Fig. 3e) averaged over the 
subpolar area exhibit variations quite similar to those of the AMOC 
index, with correlation coefficients of 0.69 (SST) and 0.61 (SSS) 
respectively. Spectrum analyses of these time series reveal com-
parable spectra with a distinct peak around 200 years (Fig. 3f).

4.1. AMOC versus zonal advection of salinity anomalies

To explore the origin of salinity anomalies in the subpolar area, 
Fig. 4 presents the Hovmöller diagrams of the regressed zonal-
integral salinity, averaged at ocean layers of 0-100, 100-300, 300-
500, 500-1000, 1000-2000 and 2000-3000 m across the Atlantic 
and Arctic basins, onto the low-pass-filtered AMOC time series. 
At the surface layer (0-100 m, Fig. 4a), salinity anomalies are 
most pronounced in the subpolar area, with no significant salinity 
anomalies originating from the South Atlantic to the mid-latitude 
Atlantic, unlike that in Delworth and Zeng (2012). At the subsur-
face layer (100-300 m, Fig. 4b), anomalies in the subpolar area are 
weaker than those in the surface layer, and a stable connection be-
tween the subpolar and subtropical regions forms roughly within 
100 years. Anomalies in the subtropical region strengthen at the 
300-500 m layer (Fig. 4c). At depth greater than 500 m (Fig. 4d∼f), 
a clear southward advection of lagged salinity anomalies appears, 
resulting from strong convection in the subpolar area and the re-
lated southward flow to the lower AMOC branch. The upper layer 
salinity anomalies in the subpolar area are locally driven, possi-
bly associated with local salinity change in the subpolar Atlantic. 
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Fig. 3. (a∼e) Time series of global mean surface air temperature (GMSAT), ocean heat transport crossing 40◦N in the Atlantic (OHT, 1 PW = 1015 Watt), AMOC index, sea 
surface temperature (SST) and sea surface salinity (SSS) averaged over the subpolar area, along with the low-pass filtered series (red curves, using Lanczos method with 201 
weights and a 100-year cutoff period); (f) Power spectra of these corresponding time series.
The accumulated anomalies at the upper layer subpolar North At-
lantic can sink and propagate southward with the help of the 
mean AMOC, reaching depth of up to 3000 m in the North Atlantic 
(Fig. 4f).

Besides, the salinity anomalies in the Arctic are also apparent 
in the upper 300 m ocean layer, as shown in Fig. 4a&b. It seems 
that a clear southward propagation from the Arctic (north of 80◦N) 
to the North Atlantic, which was considered as the key driver of 
multi-centennial variability of AMOC (Jiang et al., 2021; Meccia et 
al., 2022). They suggested that when AMOC resides in its strong 
phase, the Arctic Ocean is warmed, and thus more sea-ice melting 
and southward freshwater transport will hamper the deep convec-
tion and driving AMOC into its negative phase. There indeed are 
coherent relations between the subpolar North Atlantic and the 
Arctic in our results. However, the Arctic Ocean is relatively a sep-
arate ocean basin, which connects with the Atlantic through the 
Fram Strait, the Baffin Bay and the Barents Sea. Thus the transports 
through these boundaries are quite limited. In Fig. 1a, the NADW 
formation region is marked as a dotted box, and red lines indicate 
the boundaries between the North Atlantic and the Arctic through 
the Baffin Bay (2), the Fram Strait (3) and the Barents Sea (4), while 
line 1 indicates the boundary between the Subpolar North Atlantic 
and the Subtropical North Atlantic. The salinity transports across 
four boundaries are computed, and the results are shown in Figure 
S3 in the supplement material. The mean salinity transport from 
the subtropical North Atlantic to the subpolar North Atlantic in the 
upper 1000 m layer across boundary 1 is 406.53 ± 71.17 psu·Sv 
(mean value ± a standard deviation), while that from the Arctic to 
the subpolar North Atlantic across boundaries 2, 3 & 4 is 49.74 ±
22.87 psu·Sv. On average, the salinity transports from the Arctic to 
the Atlantic are quite limited, through boundaries 2, 3, 4, with less 
than 50 psu·Sv. Meanwhile, the salinity transport through bound-
ary 1 shows a mean value larger than 400 psu·Sv, which is about 8 
times larger than that from the Arctic. For the variations, transport 
across boundary 1 also shows more than 3 times stronger than 
that of transport from the Arctic. This confirms the dominant and 
driving role of salinity transport from the subtropical basin in the 
AMOC change, which in turn drives the multi-centennial oscilla-
tion in the Arctic oceans. The multi-centennial salinity variation in 
5

the subpolar North Atlantic is dominated by processes related to 
large-scale circulation in the subtropical-subpolar basin.

Surface freshwater fluxes including precipitation, evaporation 
and condensation, liquid water runoff and solid masses that enter 
the ocean from land-ocean boundaries, and the melt or freezing of 
sea ice, being represented with the virtual salt flux at the ocean 
surface, is also computed. Results show that the freshwater flux at 
the ocean surface result an overall virtual salt flux of 8.17 ± 0.95 
psu·Sv and its role in the AMOC variation can be neglected. Thus, 
the following analysis will focus on the salinity advection feedback 
and vertical mixing in the North Atlantic.

4.2. AMOC versus vertical mixing of salinity anomalies

Fig. 5 displays the latitude-depth profiles of zonally integrated 
salinity across the Atlantic and Arctic basins, regressed on the 
AMOC time series at interval of 20 years, covering a range from 
80 years prior to the AMOC maximum to 100 years after it. The 
salinity variability follows a cycle of approximately 200 years, in 
line with Fig. 3f.

From 80 to 60 years prior to the AMOC maximum, negative 
salinity anomalies span the entire subpolar North Atlantic from 
surface to deep ocean, most pronounced in the upper-500 m layer. 
Positive anomalies are observed in the subsurface layer of the sub-
tropical North Atlantic. The negative anomalies in the subpolar 
region descend deeper, reducing surface anomalies, while positive 
anomalies in the subtropical area intensify and expand.

At 40 years before the AMOC maximum, the subpolar upper 
layer anomalies transition from negative to positive, while negative 
anomalies in the deep ocean shift southward. Subsequently, the 
positive anomalies in the subpolar area grow rapidly, and negative 
anomalies occupy the subtropical North Atlantic deep ocean.

When the AMOC reaches its maximum (lag 0), positive salin-
ity anomalies fill the entire subpolar area, with noticeable vertical 
mixing around 60◦N. The negative anomalies in the subtropical 
lower ocean rise with enhanced amplitudes and connect with the 
negative salinity anomalies around 10◦N at a depth of roughly 
300 m.
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Fig. 4. Zonal integral of salinity regression coefficients across the Atlantic basin versus the low-pass-filtered AMOC time series. Units are psu m Sv−1. The y-axis represents 
latitude, and the x-axis represents lag time of maximum AMOC. Negative (positive) values on the time axis indicate periods leading (lagging) to the maximum AMOC. (a-f) 
Mean values at layers of 0-100, 100-300, 300-500, 500-1000, 1000-2000, and 2000-3000 m, respectively.
Over the next 40 years, positive anomalies in the subpolar re-
gion sink into the deep ocean, weakening the surface anomalies. 
The negative anomalies in the subtropical region strengthen, and 
by lag 40, most subpolar positive anomalies have sunk into the 
deep ocean, moving southward. The negative anomalies in the sub-
tropical region continue to intensify and expand.

At lag 60, the subpolar upper layer salinity anomalies shift from 
positive to negative, and the sinking positive anomalies in the deep 
ocean continue southward. Negative anomalies in the upper sub-
polar ocean and positive anomalies in the subsurface layer both 
strengthen.

By lag 100, the subpolar area displays a clear descent of neg-
ative anomalies, with a pattern similar to lag −80, signifying the 
beginning of a new oscillation cycle.

Figs. 4 and 5 demonstrate that surface salinity anomalies in the 
subpolar North Atlantic mainly originate locally rather than be-
ing transported from lower latitudes or the Arctic. We discover 
that these local salinity anomalies (Fig. 4a-b) result from per-
turbation advection of mean salinity. In contrast, deeper ocean 
salinity changes (Figs. 4e-f) are attributed to mean advection of 
salinity anomalies. Perturbation salinity advection acts as positive 
feedback, amplifying the local signal in the upper ocean (Fig. 4a-
b). Meanwhile, mean salinity advection acts as negative feedback, 
generating a southward-propagating signal in the lower ocean 
(Figs. 4e-f) and removing the anomalies from the subpolar North 
Atlantic.
6

4.3. The role of salinity advection feedback and vertical mixing in the 
subpolar North Atlantic in sustaining the AMOC oscillation

Our above findings from the coupled climate model simulation 
align with the theory of Li and Yang (2022), which states that 
the perturbation salinity feedback provides the energy source for 
maintaining the oscillation, while mean salinity feedback damp-
ens the salinity anomalies. In their theory, enhanced mixing in 
the subpolar ocean is also considered as a critical mechanism for 
weakening the positive salinity advection feedback and limiting os-
cillation amplitude. This vertical mixing of salinity anomalies can 
be clearly seen in Fig. 5 at the subpolar North Atlantic latitudes.

To estimate these effects, we used small-perturbation theory on 
the salinity equation, ignoring the nonlinear advection terms. We 
divided anomalous meridional salinity advection into perturbation 
advection of mean salinity gradients and mean advection of salin-
ity anomaly. We defined four boxes in the North Atlantic (shown 
in Fig. 5 on vertical profile view): Box-1 represents the subtropi-
cal upper layer (0 - 40◦N, 0-300 meters deep); Box-2 represents 
the subpolar upper layer from (50 - 80◦N, 0-300 meters deep, be-
tween 70◦W to 10◦E); Box-3 represents the subpolar deep layer 
(50 - 80◦N, 1000-3000 meters deep, between 70◦W to 10◦E); and 
Box-4 represents the subtropical deep layer (0 - 40◦N, 1000-3000 
meters deep).

Seawater salinity variations in Box-2 can be determined by an 
equation suggested in Li and Yang (2022) (Eq. 8a).

V 2 Ṡ2 = q′ (S1 − S2
) + q

(
S ′

1 − S ′ ) − km(S ′ − S ′ ) (1)
2 2 3



N. Cao, Q. Zhang, K.E. Power et al. Earth and Planetary Science Letters 621 (2023) 118372

Fig. 5. Latitude-depth profiles of zonal integral salinity across the Atlantic and Arctic basins, regressed on the 100-year low-pass filtered AMOC time series. The lag is positive 
when the AMOC leads. Units are psu m Sv−1. The scale of layers shallower than 500 m is amplified by two.
where V 2 is the volume of Box-2, q is the volume transport by 
the AMOC which can be divided into a mean state q and a per-
turbation q′ , S ′

i is the perturbation salinity of each ocean box, Si
is the mean salinity during the reference period. Following Li and 
Yang (2022), we similarly define an enhanced mixing effect coeffi-
cient km = κ

(
q′)2

, in which κ = 1.0 m−3 s (note that the value of 
κ only affects the amplitude of the oscillation but not the period-
icity).

Fig. 6 shows the lead-lag regression of terms contributing to 
salinity anomaly in Box-2 (S ′

2). The perturbation flow of mean 
salinity gradients from Box-1 to Box-2 (black curve) coincides 
with the salinity anomaly, indicating positive feedback. Conversely, 
mean advection of salinity anomalies (red curve) counteracts the 
salinity anomaly, demonstrating a significant negative impact on 
salinity change and causing the oscillation to change phase. Ver-
tical mixing between Box-2 and Box-3 (blue curve) also acts as 
negative feedback, limiting the salinity anomaly. The most notice-
able southward flow related to the lower branch of the AMOC 
lags behind the maximum AMOC by about 40-50 years, serving 
as lagged indirect negative feedback (cyan curve), which helps to 
limit the salinity anomaly by transferring mixed anomalies from 
Box-3 to Box-4.

These results demonstrate that the multi-centennial variability 
of AMOC in our model is sustained by positive feedback from per-
turbation advection of mean salinity gradients, the negative feed-
back from mean advection of salinity anomalies, and enhanced 
vertical mixing in the subpolar ocean. These findings are consis-
tent with the theoretical prediction of Li and Yang (2022).

5. Conclusion and discussion

In a 2000-year PI control simulation using the EC-Earth3-LR cli-
mate model, we identified significant multi-centennial variability 
with a timescale of approximately 200 years in global mean sur-
face air temperature. This variability can be attributed to AMOC 
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fluctuations. A strengthened AMOC correlates with positive den-
sity anomalies in the North Atlantic deep-water formation region, 
where salinity variations primarily drive overall density fluctua-
tions in the subpolar area.

The mechanism maintaining multi-centennial variability in the 
simulated climate system is revealed in this study. Perturbation ad-
vection of mean subtropics-subpolar salinity gradients generates 
positive feedback for the growth of the AMOC anomalies. Mean-
while, mean advection of salinity anomalies and vertical mixing or 
convection serve as negative feedback, constraining AMOC anoma-
lies. Both our fully coupled model simulation and simple concep-
tual model in Li and Yang (2022) suggest that subpolar salinity 
anomalies are mainly driven by perturbed ocean circulation on 
multi-centennial timescales, rather than by the mean flow of salin-
ity anomaly from the south Atlantic (Delworth and Zeng, 2012) 
or the Arctic (Jiang et al., 2021; Meccia et al., 2022). The salinity 
advection feedback mechanism is crucial for explaining the self-
sustained AMOC oscillation.

Freshwater anomalies from the Arctic do impact seawater den-
sity in the subpolar area, but they cannot be considered the pri-
mary energy source for AMOC fluctuations. In Figure S4 in the 
supplement material, salinity and ocean current patterns in the 
upper 100 m ocean layer show that the anomalies in the Arctic 
feature opposite sign to that in the subpolar North Atlantic. But the 
anomalies in the subpolar North Atlantic are much stronger. Fresh-
water in the Arctic transporting to the subpolar North Atlantic, 
which is considered as the driver of seawater density fluctuations 
in this region in Jiang et al. (2021) and Meccia et al. (2022), cannot 
excite such strong anomalies without the salinity advection feed-
back shown in this work. The anomaly in the Arctic act as more 
like a response to stronger or weaker AMOC, rather than a sole 
driver of AMOC variations.

In a warmer climate, such as during ongoing global warming, 
the AMOC weakens compared to the PI period (Rahmstorf et al., 
2015; Caesar et al., 2021). However, there is ongoing debate re-
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Fig. 6. Regression of three direct terms (black, red and blue curves) contributing to seawater salinity variations in Box-2 (defined in Eq. (1)), and one indirect term (cyan 
curve) indicating the southward flow related to the lower branch of the AMOC, onto the time series of salinity in Box-2.
garding the role of climate change versus the circulation’s century-
to-millennial-scale variability (Kilbourne et al., 2022; Latif et al., 
2022). Our simulations under 400 ppm and 560 ppm CO2 forcing 
show a weakened AMOC (Figure S5a∼c). Nevertheless, the spectra 
still reveal multi-centennial variability with dominant oscillation 
periods of around 100-300 years, as illustrated in Figure S5d. Al-
though the oscillation amplitude is suppressed under higher CO2
forcing, the multi-centennial scale variability of the AMOC still per-
sists. Under 400 ppm CO2 forcing, the spectra peaks at about 148 
years, while it peaks at 256 years under 560 ppm CO2 forcing. The 
total Arctic sea-ice mass under 280, 400 and 560 ppm CO2 forcing 
shows that, under PI (280 ppm) simulation, the Arctic sea ice mass 
is 24.17 ± 3.71 × 1025 kg, and it is 6.61 ± 0.97 × 1025 kg un-
der 400 ppm CO2 forcing, and 2.43 ± 0.44 × 1025 kg under 560 
ppm CO2 forcing. This further confirms that the multi-centennial 
oscillation of the AMOC is an intrinsic mode in the system rather 
than climate state-dependent as suggested in Meccia et al. (2022). 
A warmer climate has the potential to suppress the oscillation 
amplitude and modify the oscillation periods through increased 
ocean heat content, enhanced freshwater flows from the melting 
of Greenland ice sheets and the Arctic sea-ice. The actual physical 
processes in these changing aspects warrant further investigation.

Our experiment has a few notable limitations. Firstly, while 
modern observations and many model simulations typically show 
decadal or multi-decadal climate variability around the North At-
lantic, our PI simulation lacks this feature (although it is present 
in our E400 and E560 experiments, see Figure S5d). Further inves-
tigation is needed to determine the reason behind this discrep-
ancy. It is worth mentioning that our study specifically focuses 
on multi-centennial variability driven by deep ocean dynamics, 
whereas multi-decadal variability is likely influenced by regional 
air-sea interactions. Secondly, the EC-Earth model is not coupled 
with an ice-sheet model and the Greenland ice sheet remains con-
stant during the simulation. This might affect the freshwater fluxes 
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in the subpolar North Atlantic. Lastly, the EC-Earth model exhibits 
overestimated biases in sea ice coverage over the Arctic and sub-
polar North Atlantic, with modeled sea ice extending too far into 
the Labrador Sea (Döscher et al., 2022). Consequently, it is crucial 
to evaluate and quantify the potential impact on these biases on 
the simulated multi-centennial variability in this region.
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