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Abstract
There is a controversy about the origin of the recent decadal Atlantic Meridional Overturning Circulation (AMOC) slowing 
observed at 26.5°N and concurrent sea surface temperature cooling in the central and eastern mid-latitude North Atlantic. 
We investigate decadal AMOC slowing events simulated in a multi-millennial preindustrial control integration of the Kiel 
Climate Model (KCM), providing an estimate of internal AMOC variability. Preindustrial control integrations of 15 models 
participating in the Coupled Model Intercomparison Project phase 5 also are investigated, as well as historical simulations 
with them providing estimates of AMOC variability during 1856–2005. It is shown that the recent decadal AMOC decline is 
still within the range of the models’ internal AMOC variability and thus could be of natural origin. In this case, the decline 
would represent an extreme realization of internal variability provided the climate models yield realistic levels of AMOC 
variability. The model results suggest that internal decadal AMOC variability is large, requiring multi-decadal observational 
records to detect an anthropogenic AMOC signal with high confidence. When analyzing the strongest decadal AMOC slow-
ing events in the KCM, which have amplitudes similar to or larger than the recently observed decadal AMOC decline, the 
following composite picture emerges: a very strong decadal AMOC decline is preceded by a decadal rise in atmospheric 
surface pressure over large parts of the mid-latitude North Atlantic. The change in low-level atmospheric circulation drives 
reduced oceanic heat loss over and diminished upper-ocean salt content in the Labrador Sea. In response, oceanic deep 
convection and subsequently the AMOC and northward oceanic heat transport weaken, and anomalously cold sea surface 
temperatures develop in the central and eastern mid-latitude North Atlantic.

1  Introduction

The Atlantic Meridional Overturning Circulation (AMOC) 
is a major oceanic current system with potentially wide-
spread climate impacts (Sutton and Hodson, 2005; Lever-
mann et al. 2005; McCarthy et al. 2015a, b; Goddard et al. 
2015). Many climate models project a significant AMOC 
slowing during the twenty first century in response to an 
accelerated global warming should atmospheric greenhouse 
gas concentrations continue to rise unabatedly (Schmittner 
et  al. 2005; Reintges et  al. 2017). The Earth’s globally 

averaged surface air temperature (SAT) already rose by 
approximately 1 °C since 1880, which to a large extent has 
been attributed to anthropogenic greenhouse gas emissions 
(Bindoff et al. 2013). There is significant regional variation 
in the surface warming pattern. For example, the centen-
nial sea surface temperature (SST) trend pattern calculated 
over the twentieth century contains a warming hole over 
the North Atlantic, which has been interpreted in a recent 
study as a long-term AMOC slowing (Caesar et al. 2018). 
However, there is some debate about the cause of the warm-
ing hole. By means of climate models employing observed 
external forcing (Cheng et al. 2013; Bindoff et al. 2013), 
the warming hole has been attributed on the one hand to 
a slowing of the AMOC (Drijfhout et al. 2012) and on the 
other hand to anthropogenic aerosol emissions and periods 
of volcanic activity (Booth et al. 2012). The latter expla-
nation has been criticized by Zhang et al. (2013) because 
of major discrepancies between the simulations and obser-
vations, for example with regard to North Atlantic upper-
ocean heat content. Internal, i.e. unforced AMOC variability 
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possibly also could explain the warming hole over the North 
Atlantic, since some climate models simulate pronounced 
multi-decadal to multi-centennial AMOC variability in 
control integrations without time-dependent external forc-
ing (Delworth et al. 1993; Park and Latif 2008; Delworth 
and Zeng 2012). The long-term internal AMOC variability 
simulated in the models is associated with changes in the 
northward oceanic heat transport, which in turn is reflected 
in North Atlantic SST.

Recently, a marked decadal decline in the AMOC strength 
and oceanic poleward heat transport has been observed at 
26.5°N (Cunningham et al. 2013; Bryden et al. 2014; Smeed 
et al. 2014; Srokosz and Bryden 2015), which was followed 
by anomalously low SST in the central and eastern mid-
latitude North Atlantic (Fig. 1a). The underlying mechanism 
of this recent decadal AMOC decline is still under debate; 
and both internal and external factors have been proposed. 
Nigam et al. (2018) report decadal pulses within the lower-
frequency Atlantic Multidecadal Oscillation (AMO), rep-
resenting decadal variability of the subpolar gyre, which 
originate from meridional excursions of the Gulf Stream 
and sectional detachments. Variations in the density of deep 
waters in the Labrador Sea have been suggested as a useful 
predictor of changes in the AMOC (Robson et al. 2013), and 
the recent AMOC slowing has been linked to record-low 
densities in the deep Labrador Sea (Robson et al. 2016). 
On the contrary, observations from a 17-year long mooring 
array at the exit of the Labrador Sea at 53°N, monitoring 
the transport of the Deep Western Boundary Current which 
is part of the cold water path of the AMOC, depict a wide 
range of variability but no sustained long-term trend (Hand-
mann et al. 2018).

Can some of the recent observations, in particular the 
decadal AMOC decline at 26.5°N, be interpreted in the 
context of an anthropogenic AMOC slowing or does the 
decline simply reflect natural AMOC variability? This 
is a challenging question, as the AMOC strongly var-
ies naturally on a wide range of timescales, which can 
be concluded on the basis of forced ocean model and of 
climate model simulations, ocean syntheses, SST obser-
vations during the instrumental record, and direct current 
measurements covering about the last two decades (Park 
and Latif 2008; Delworth and Zeng 2012; Iwi et al. 2012; 
Park and Latif 2012; Dima and Lohmann 2010; Ritz et al. 
2013; Srokosz and Bryden 2015; McCarthy et al. 2015a, 
b; Pohlmann et al. 2013; Swingedouw et al. 2015; Jackson 
et al. 2016; Handmann et al. 2018). Here we estimate by 
means of a version of the Kiel Climate Model (KCM) and 
a number of models participating in the Coupled Model 
Intercomparison Project phase 5 (CMIP5) the level of 
internal decadal AMOC variability in the model world and 
put the recent decadal AMOC slowing at 26.5°N into per-
spective with the models’ variability. Further, we compare, 
as far as possible, the spatial patterns of selected quanti-
ties, which have been observed in association with the 
recent decadal AMOC slowing, with the model patterns 
and also use analysis/reanalysis products for the compari-
son. The intention of this study is twofold: first, we address 
the question as to whether the observed decadal AMOC 
decline at 26.5°N is within range of natural variability 
simulated by the climate models. Second, we derive a 
physical picture of how strong decadal AMOC slowing 
events are generated internally in the KCM and evaluate 
to which extent the derived mechanism could explain the 

Fig. 1   Anomalies of the AMOC strength (Sv, black) and oceanic 
northward heat transport (PW, green) at 26.5°N, and North Atlantic 
(NA) SST (°C, red) averaged over 50°W–10°W, 40°N–55°N (box 
in Fig. 5c). a Observations: AMOC strength and oceanic northward 
heat transport during April 2004–October 2015 from RAPID, and 

NA SST from HadISST during 1980–2015. b Composite evolution 
derived from the Kiel Climate Model (KCM) by averaging over the 
26 decadal AMOC slowing events simulated in a multi-millennial 
control integration of the model that exceed two standard deviations 
of the decadal AMOC trend distribution (Fig. 2b)
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recent decadal AMOC slowing and concurrent changes in 
other quantities.

The paper is organized as follows. Section 2 introduces 
the KCM and the CMIP5 models, and describes the applied 
methodology. The main results are presented in Sect. 3. A 
summary and discussion of the major results are given in 
Sect. 4 and conclude the paper.

2 � Climate models, data and methods

We use in this study a version of the KCM which was 
described originally in detail by Park et al. (2009). The KCM 
version used here (Park et al. 2016) consists of the ECHAM5 
atmosphere general circulation model (AGCM) on a T42 
(2.8° × 2.8°) grid and with 19 vertical levels coupled to the 
NEMO ocean-sea ice GCM on a 2° Mercator mesh with 
0.5˚ meridional resolution in the equatorial region and 31 
vertical levels. A surface freshwater correction is applied to 
the model over the North Atlantic, which leads to a much 
improved mean horizontal ocean circulation in the North 
Atlantic, a stronger AMOC and related poleward heat trans-
port, and an enhanced multi-decadal AMOC and Northern 
Hemisphere SAT variability relative to the uncorrected 
model version (Park et al. 2016). In particular, the cold SST 
bias over the North Atlantic, a common feature of many 
climate models employing coarse-resolution ocean models, 
is much reduced by the application of the surface freshwater 
correction. The state of the North Atlantic subsurface ocean 
down to about 1 km as well is considerably improved by 
the surface freshwater flux correction. We analyze a multi-
millennial preindustrial control integration of this KCM ver-
sion, employing constant atmospheric CO2-concentration of 
286 parts per million (ppm).

We additionally use preindustrial control integrations and 
historical simulations employing observed radiative forcing 
with 15 models participating in the Coupled Model Inter-
comparison Project phase 5 (CMIP5; Taylor et al. 2012). 
The CMIP5 models are: ACCESS1.3, CanESM2, CCSM4, 
CNRM-CM5, FGOALS-s2, GFDL-CM3, GFDL-ESM2M, 
GISS-E2-R, MIROC5, MPI-ESM-LR, MPI-ESM-MR, MPI-
ESM-P, MRI-CGCM3, NorESM1-ME, and NorESM1-M. 
We selected 150 years from the preindustrial control integra-
tions and historical simulations (1856–2005).

We investigate a number of atmospheric and oceanic vari-
ables from the following datasets: NCEP Reanalysis prod-
ucts (1980–2014) for sea level pressure and surface heat flux 
are provided by the National Oceanographic and Atmos-
pheric Administration (https​://www.esrl.noaa.gov/psd/data/
gridd​ed/). We note that surface heat fluxes from NCEP Rea-
nalysis are subject to large uncertainties (Sun et al. 2003). 
For SST we use data from HadISST provided by UK Met 
Office (http://www.metof​fice.gov.uk/hadob​s/hadis​st/). 

Altimetry dynamic sea level data are from Ssalto/Duacs and 
distributed by AVISO (http://www.aviso​.altim​etry.fr/duacs​/). 
Atlantic meridional overturning data from 26.5°N are from 
the RAPID-MOCHA-WBTS program available at http://
www.rapid​.ac.uk/rapid​moc. EN4.1.1 ocean analysis data are 
used for subsurface temperatures and salinities to calculate 
upper ocean (0–700 m) heat content and salt content and 
obtained from UK Met Office (http://www.metof​fi ce.gov.uk/
hadob​s/en4/). For ocean heat content and mixed layer depth 
(MLD), Simple Ocean Data Assimilation (SODA) (https​://
clima​tedat​aguid​e.ucar.edu/clima​te-data/soda-simpl​e-ocean​
-data-assim​ilati​on) is used. For heat content National Ocean-
ographic Data Center (NODC) (https​://www.nodc.noaa.gov/
OC5/3M_HEAT_CONTE​NT/) product is used along with 
the EN4.1.1.

Decadal AMOC trend distributions were calculated and 
a two-sigma threshold was applied to select the strongest 
decadal AMOC slowing events (see Figs. 2, 3). We con-
sider 41 years around each event (Fig. 4). Decadal trends 
are defined by subtracting adjacent 5-year averages. Three 
5-year averages are calculated for each of the AMOC slow-
ing events: P1 (model years 20–24), P2 (model years 25–29) 
and P3 (model years 30–34). These 5-year averages are used 
to compute the decadal trends prior (P2-P1) and during the 
AMOC declines (P3-P2), respectively. The composites are 
based on 26 (KCM, Fig. 4) and 22 (CMIP5) decadal AMOC 
slowing events. Decadal-trend patterns from observations 
and analysis/reanalysis products were calculated in an analo-
gous manner, i.e. by subtracting adjacent 5-year averages: P1 
(2000–2004), P2 (2005–2009) and P3 (2010–2014). Statisti-
cal significance was assessed by a Student’s t-test.

Annual data were used unless stated otherwise, and 
the model data were detrended prior to analysis. We note 
that detrending does not significantly change the decadal 
AMOC-trend distributions calculated from the historical 
simulations with the CMIP5 models.

3 � Results

3.1 � Assessment of the recent decadal AMOC 
slowing

Pronounced AMOC variability on a wide range of time-
scales is observed in the multi-millennial preindustrial 
control integration of the KCM (Fig. 2a), including sev-
eral decadal AMOC slowing events with rates exceed-
ing that during 2005–2014. This can be inferred from 
the distribution of decadal AMOC trends (Fig. 2b). The 
most extreme decadal AMOC slowing event simulated by 
the KCM depicts a decline of more than 6 Sv/decade at 
26.5°N. We note a negative skewness in the distribution 
derived from the KCM: extreme decadal AMOC slowing 

https://www.esrl.noaa.gov/psd/data/gridded/
https://www.esrl.noaa.gov/psd/data/gridded/
http://www.metoffice.gov.uk/hadobs/hadisst/
http://www.aviso.altimetry.fr/duacs/
http://www.rapid.ac.uk/rapidmoc
http://www.rapid.ac.uk/rapidmoc
http://www.metoffice.gov.uk/hadobs/en4/
http://www.metoffice.gov.uk/hadobs/en4/
https://climatedataguide.ucar.edu/climate-data/soda-simple-ocean-data-assimilation
https://climatedataguide.ucar.edu/climate-data/soda-simple-ocean-data-assimilation
https://climatedataguide.ucar.edu/climate-data/soda-simple-ocean-data-assimilation
https://www.nodc.noaa.gov/OC5/3M_HEAT_CONTENT/
https://www.nodc.noaa.gov/OC5/3M_HEAT_CONTENT/
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events can become stronger than decadal AMOC speedup 
events. The recent decadal AMOC decline also is within 
the multi-model decadal trend distributions derived from 
the preindustrial control integrations of (Fig. 3a) and his-
torical simulations (Fig. 3b) with the 15 CMIP5 models.

In summary, the climate models investigated here 
suggest that the recent marked decadal AMOC decline 
could have been due to internal variability, which also has 
been suggested by Roberts et al. (2014) and Jackson et al. 
(2016). In this case, however, the recent decadal AMOC 
slowing would represent an extreme realization of such 
variability provided the climate models realistically cap-
ture the level of internal AMOC variability.

3.2 � Spatial structure of trends in selected 
quantities linked to decadal AMOC slowing 
events

Many realizations of extraordinarily strong decadal AMOC 
slowing events can be analyzed from the preindustrial con-
trol integration of the KCM (Fig. 4), which allows identify-
ing common behavior among as well as variation across the 
decadal AMOC slowing events. The composite-time evolu-
tions of the AMOC strength and oceanic northward heat 
transport at 26.5°N as well as the mid-latitude North Atlantic 
SST east of 50°W (Fig. 1b), as calculated from the 26 dec-
adal AMOC slowing events exceeding the 2σ-threshold, are 

Fig. 2   Pronounced AMOC 
variability is simulated in a 
multi-millennial preindus-
trial control integration of 
the KCM. a Annual values 
of the maximum overturning 
streamfunction (Sv) at the grid 
point nearest to 26.5°N (black) 
and the data from the RAPID 
array (red). b The distribution 
of non-overlapping decadal 
(10-year) AMOC trends (Sv/10-
year) derived from the model 
time series shown in a. The 
vertical lines are the decadal 
trend (2005–2014) from RAPID 
(red), and the ± 2σ and ± 1σ 
decadal trends (blue) from the 
KCM. The model data were 
detrended prior to analysis
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consistent with the observed evolutions during 2005–2014 
with respect to amplitude and phasing (Fig. 1a). This sup-
ports the notion that the strongest decadal AMOC slowing 
events in the model exhibit aspects that also played a role in 
the recently observed AMOC decline.

We now turn to the spatial trend patterns of selected 
variables that are associated with decadal AMOC slowing 
events. First, the decadal trend patterns derived from obser-
vations and analysis/reanalysis products during the decadal 
AMOC slowing of 2005–2014 are briefly described (Fig. 5, 
left panels). A decadal rise in sea level pressure (SLP) dur-
ing 2000–2009, centered near 45°N and 30°W (Fig. 5a), 
preceded the AMOC slowing. The SLP trend pattern does 
not project well on the North Atlantic Oscillation (NAO; 
Hurrell 1995) and shares some similarities with the East 
Atlantic Pattern (EAP; Barnston and Livezey 1987). Dec-
adal trends shifted by 5 years, representing changes during 
2005–2014, depict a cooling of mid-latitude North Atlantic 

SST east of 50° W and warming off the coast of North 
America (Fig. 5c). In climate models, this kind of a dipolar 
SST change pattern is often linked with a weakening of the 
AMOC, a connection which also is supported by proxy data 
(Saba et al. 2016). Sea surface height (SSH, Fig. 5e) from 
satellites and upper ocean (0–700 m) heat content (OHC) 
from 3 products (Fig. 6a–c) imply pronounced horizontal 
ocean circulation changes during 2005–2014: a northward 
displacement of the Gulf Stream, as described by Nigam 
et al. (2018) discussing decadal pulses in the AMO during 
1954–2012 by means of ocean surface and subsurface salin-
ity and temperature observations, and an eastward expansion 
of the subpolar gyre. Differences among the OHC products 
are obvious but the large-scale features robust. Changes in 
net surface heat flux (Qnet, Fig. 5g) during 2005–2014 are 
mostly out of phase with the SST changes, suggesting that 
the latter are primarily driven by ocean dynamical processes.

Next, the decadal-trend composites are discussed that 
have been calculated from the 26 strongest decadal AMOC 
slowing events simulated in the preindustrial control inte-
gration of the KCM (Fig. 5, right panels). We note that 
significant model-data differences are to be expected, 
because a single event, as the decadal AMOC decline 
during 2005–2014, is potentially more influenced by the 
effects of atmospheric or oceanic noise than a composite 
which provides the evolution averaged over many decadal 
AMOC slowing events, in which the influence of the noise 
is strongly damped. We note in this context that the coarse-
resolution of the ocean model used in the KCM largely 

Fig. 3   The distribution of non-overlapping decadal (10-year) AMOC 
trends (Sv/10-year) computed from the 15 CMIP5 models. a Calcu-
lated from the preindustrial control integrations, b calculated from 
the historical simulations employing observed external forcing. The 
vertical lines are the decadal trend from RAPID (red), and the ± 2σ 
and ± 1σ decadal trends from the model ensemble (blue). The model 
data were detrended prior to analysis

Fig. 4   The KCM simulates a number of rather strong decadal 
AMOC slowing events. Shown are the 26 events (Sv) exceeding the 
2σ-threshold depicted in Fig.  2b. The composite evolution is calcu-
lated by averaging over these 26 AMOC slowing events and shown 
by the solid black line
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inhibits the generation of chaotic ocean variability as that 
linked to mesoscale eddies. Thus the noise in the KCM is 
basically due to chaotic weather fluctuations. The influ-
ence of the noise is reflected among others in the statistical 
significance: while only limited regions in the trend pat-
terns associated with the recent decadal AMOC decline, 
which have been derived from observations and analysis/
reanalysis products, exhibit statistical significance at the 
90% level, the model’s composite-trend patterns linked to 
the 26 strongest decadal AMOC declines exhibit statistical 
significance over large regions.

Prior (P2-P1) to major decadal AMOC slowing events 
in the KCM, on average a decadal rise in SLP is simulated 
over most of the mid-latitude North Atlantic (Fig. 5b), 
somewhat similar to the decadal SLP-trends observed 
during 2000–2009 (Fig. 5a). The composite decadal-SST 
trends shifted by 5 years (P3-P2) relative to the SLP trends 
(P2-P1) depict cooling over large parts of the mid-latitude 
North Atlantic and warming off the coast of North Amer-
ica (Fig. 5d), which also is consistent with the observations 
(Fig. 5c). A rather similar decadal SST-trend composite is 
obtained from the preindustrial control integrations of the 
15 CMIP5 models (Fig. 7), which has been computed in an 
analogous manner as that from the KCM, i.e. by applying 
the 2σ-threshold to the decadal AMOC-trend distribution 
to select the events (Fig. 3a).

The decadal trend composites (P3-P2) of SSH (Fig. 5f) 
and OHC (Fig. 6d) calculated from the KCM, like the 
data, imply changes in the horizontal ocean circulation. 
A common feature among the model and the data is the 
dipolar pattern in SSH and OHC with positive signals in 
the western North Atlantic off the coast of North America 
and negative signals in the central North Atlantic stretch-
ing in a northeastern direction. The composite-decadal 
trends (P3-P2) in the net surface heat flux (Qnet, Fig. 5h) 
is in opposite phase with the SST trends (Fig. 5d), indicat-
ing that the decadal SST changes in the KCM, linked to 
strong decadal AMOC slowing events, are mostly driven 
by ocean dynamical processes. The decadal trend compos-
ite (P3-P2) of the overturning stream function Ψ (Fig. 5i) 
derived from the KCM indicates a basin-wide weakening 
of the North Atlantic Deep Water Cell.

3.3 � Role of noise in biasing decadal SST trends

As mentioned above, a “perfect” match between the 
observed changes, which represent a single realization of 
decadal variability, and the composite decadal-trend maps 
cannot be expected given the large noise level in the mid-
latitudes. For example, major differences with respect to the 
decadal SST trends are seen over the Labrador Sea: while 
the observations depict weak warming or no change in SST 
(Fig. 5c), the KCM on average simulates surface cooling 
(Fig. 5d). The decadal SST-trend composite calculated from 
the CMIP5 models also depicts cooling over the Labrador 
Sea (Fig. 7). We hypothesize that the model-data differences 
in the SST over the Labrador Sea are due to weather noise, 
specifically the exceptional but short-lived drop in the win-
ter-NAO index during 2009–2010 (Jung et al. 2011), keeping 
in mind that the annual-mean NAO index is dominated by 
the winter-mean index. A negative phase of the winter-NAO 
index is generally associated with warming SSTs over the 
Labrador Sea due to reduced oceanic heat loss mainly forced 
by diminished cold air advection from the north. The excep-
tional drop in the winter-NAO index during 2009–2010 also 
would explain the warming SSTs observed over the sub-
tropical North Atlantic, as a negative NAO-phase is associ-
ated with anomalously weak trade winds in this region that 
drive a reduction in evaporation from and warming of the 
sea surface. In contrast, the KCM and the CMIP5 models, 
when averaging over the strongest decadal AMOC declines, 
simulate cooling SSTs over most of the trade wind region.

Each of the major decadal AMOC slowing events derived 
from the KCM evolves differently, as exemplified by the 
individual AMOC indices (Fig. 4). The spatial trend pat-
terns associated with each of the decadal AMOC declines 
also considerably differ among realizations. To demonstrate 
the influence of the noise on the decadal SST-trend maps 
we have chosen 3 out of the 26 AMOC slowing events from 
the KCM, which exhibit warming over the Labrador Sea 
(Fig. 8, bottom panels). As shown above, the composite dec-
adal SST-trend map calculated by averaging over all 26 cases 
(Fig. 5d) features an SST cooling in this region as does the 
multi-model decadal SST-trend composite pattern calculated 
from the 15 CMIP5 models (Fig. 7). The three realizations 
from the KCM indicate that the individual decadal SST-
trend patterns can largely differ from each other and from the 
composite-trend pattern (Fig. 5d), although, by definition, 
all realizations are linked to a very strong decadal AMOC 
slowing event. The situation can be compared to the El Niño/
Southern Oscillation (ENSO). Individual El Niño events, for 
example, come in different flavors with regard to the spatial 
SST anomaly pattern, but all El Niño events are preceded by 
a buildup of equatorial heat content.

In the top panels of Fig. 8, we show the annual SLP 
anomalies during model years 29–30 (which would 

Fig. 5   a SLP differences (hPa) P2 (2005–2009) minus P1 (2000–
2004) from NCEP, b KCM composite. c SST differences (K) P3 
(2010–2014) minus P2 (2005–2009) from HadISST, d KCM com-
posite. e SSH differences (m, global average removed) P3-P2 from 
AVISO, f KCM composite. g Net surface heat flux differences 
(W  m−2, positive values indicate flux into the ocean) P3-P2 from 
NCEP, h KCM composite. i KCM overturning streamfunction com-
posite (Sv). Contours in a, b, e, f depict long-term climatology. Dot-
ted regions indicate areas which are significant at the 90%-level

◂
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correspond to years 2009–2010 in the observations), 
which is in the middle of the composite-AMOC decline 
(Fig. 1b), for each of the three decadal AMOC-slowing 
events which exhibit surface warming over the Labrador 
Sea (Fig. 8, bottom panels). The annual SLP anomalies 
have been calculated relative to the 41-year mean of each 
event. Although all three annual SLP anomalies differ 
from each other, they have one element in common: a less 
intense Icelandic low. The implied low-level atmospheric 
circulation anomaly has a southerly component over the 
Labrador Sea, which would hinder cold air advection from 
the north, thereby explaining the surface warming over the 
Labrador Sea. This supports our hypothesis, put forward 
above, that the large drop in the winter-NAO index dur-
ing 2009–2010 and the associated changes in the oceanic 
heat loss biased the decadal SST trend over the Labrador 
Sea. The above considerations suggest that decadal SST 
trends over the North Atlantic are strongly affected by 
short-term atmospheric noise not well suited to monitor 
decadal AMOC variability. We note that this statement 

Fig. 6   Upper (0–700  m) ocean heat content (OHC, 109 J/m2) dif-
ferences between 5-year averages around decadal AMOC slowing. 
a–c OHC differences between 2010–2014 and 2005–2009 from EN4, 

NODC and SODA, respectively. d OHC composite differences from 
the KCM. Differences between P3 and P2 are shown

Fig. 7   SST composite differences (°C) calculated from the decadal 
AMOC slowing events exceeding two standard deviations of the dec-
adal AMOC variability simulated in preindustrial control integrations 
(Fig. 3a) of the models participating in the Coupled Model Intercom-
parison Project phase 5 (CMIP5). Differences between P3 and P2 are 
shown
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may not necessarily apply to AMOC variability on multi-
decadal and longer timescales.

3.4 � Mechanism of decadal AMOC slowing events 
in the KCM

The composite evolution is now used to investigate the joint 
aspects behind the major decadal AMOC declines in the 
KCM. We also do this to help interpreting the limited obser-
vations during the recently observed AMOC decline. This 
is justified, because, in our opinion, the model reproduces 
some important aspects observed during the recent AMOC 
decline, keeping in mind that we are comparing a model 
composite, based on many decadal AMOC slowing events, 
with a single event.

We first briefly discuss the time evolution of Labrador 
Sea density from the surface down to 2500 m as obtained 
from ocean analysis. In many climate models, Labrador Sea 
density is an important driver of the AMOC. We note that 
the density evolution from ocean analysis is quite noisy and 
exhibits strong interannual variability (Fig. 9a). Most promi-
nent are the density changes in the upper ocean, but changes 
at mid-depth may be more important to the AMOC. Between 
about 500 and 1000 m, a negative density anomaly develops 
in the early 2000s, which leads the decline in the AMOC 

index at 26.5°N. Only the salinity contribution (Fig. 9c) 
depicts a negative signal at mid-depth in the early 2000s. 
At this time, the temperature contribution (Fig. 9e) shows a 
negative signal above 500 m, which seems to slowly propa-
gate downward during the following years. In the mid-2000s, 
the temperature contribution also becomes negative at mid-
depth, so that both temperature and salinity now contribute 
to the reduction in density in this depth range. During the 
following few years, the temperature contribution remains 
negative with largest magnitudes from the surface down 
to about 700 m, while the salinity contribution becomes 
positive.

The composite-density evolution calculated from the 
KCM is rather smooth, as expected from the averaging, 
and also shows the largest density anomalies in the upper 
ocean (Fig. 9b). Negative density anomalies at mid-depth 
(Fig. 9b) precede the fast composite-AMOC slowing in 
model year 30. There is a marked difference between the 
salinity (Fig. 9d) and temperature (Fig. 9f) contributions to 
the density change at mid-depth with respect to the timing: 
in the model, the temperature contribution becomes nega-
tive several years earlier than the salinity contribution. As 
in the ocean analysis (Fig. 9e), the temperature contribution 
seems to originate at the surface and then slowly propagates 
downward.

Fig. 8   Short-term atmospheric fluctuations can bias SST trends 
linked to decadal AMOC-slowing events. Three decadal AMOC 
slowing events taken from the multi-millennial control integration of 
the KCM are considered. Top: Biennial SLP anomalies during model 
years 29–30 (calculated relative to the 41-year mean of each decadal 

AMOC-slowing event, Fig.  4), when the rate of AMOC slowing is 
large. Contours depict long-term climatology. Bottom: Decadal SST-
trend maps (P3-P2) from the three decadal AMOC-slowing events 
chosen, which all depict warming over the Labrador Sea
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The picture which emerges from the KCM suggests two 
stages of density change at mid-depth in the Labrador Sea 
prior to the composite-AMOC index decline: during the first 
stage, which starts about 10–15 years before the AMOC 
slowing, a temperature-related density signal, which origi-
nates from reduced oceanic heat loss (see below), develops 
at the surface and slowly propagates downward. During the 
second stage, a few years prior to the AMOC slowing, the 
salinity contribution to the density change also becomes neg-
ative. Both contributions exhibit negative anomalies around 
model year 30. We argue that the time difference between 
the temperature and salinity contributions to the density 
change is due to the adjustment of the horizontal ocean cir-
culation in response to the change in low-level atmospheric 
circulation, which alters the upper-ocean salt content (see 
below). The oceanic heat loss, on the other hand, responds 
more or less instantaneously to the change in the low-level 
atmospheric circulation.

We now discuss the two stages in more detail. The oce-
anic heat loss over the Labrador Sea is shown together 
with the upper ocean (0–700 m) heat content in Fig. 10. As 

described above, the observations depict a decadal rise in 
SLP over parts of the North Atlantic prior to the AMOC 
decline (Fig. 5a), which implies anomalous southerly surface 
flow to the west of the high pressure anomaly center and 
thus also over the Labrador Sea. The anomalous southerlies 
tend to oppose the cold air advection from the north, thereby 
reducing the oceanic heat loss over the Labrador Sea. In fact, 
atmospheric reanalysis though noisy yields a decadal reduc-
tion in the oceanic heat loss over the Labrador Sea prior to 
the AMOC decline at 26.5°N (Fig. 10a). The composite-
evolution of the oceanic heat loss over the Labrador Sea 
calculated from the KCM also shows a decline prior to major 
decadal AMOC declines (Fig. 10b). Upper-ocean (0–700 m) 
Labrador Sea heat content evolves basically in phase with 
the AMOC index, in both ocean analysis (Fig. 10c) and in 
the composite derived from the KCM (Fig. 10d), which is 
consistent with the temporal evolution of the northward heat 
transport at 26.5°N (Fig. 1).

We depict the evolution of the upper (0–700 m) Lab-
rador Sea salt content in Fig. 10e, f. A drop in the upper-
ocean salt content a few years prior to the AMOC decline 

Fig. 9   a, b Anomalies of the density in the Labrador Sea 
(70°W–45°W, 55°N–70°N), and their c, d salinity and e, f tempera-
ture contributions. Left panels depict results from EN4 ocean analy-
sis, right panels the composite time evolutions from the KCM. Den-

sity and its contributions are in units of (kg m−3). The black vertical 
lines indicate the time of the minimum of the AMOC index at 26.5°N 
in the observations (left panels) and the middle of the composite-
AMOC slowing from the KCM (right panels)
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is inferred from ocean analysis (Fig. 10e). Consistent with 
this, the composite-salt content from the KCM also has 
a drop a few years prior to the decadal AMOC decline 
(Fig. 10f). The reduction in salt content must be due to 
dynamical processes, because the change in salt content 
induced by the surface freshwater flux, as derived from 
the KCM as well from ocean analysis, is very small (not 
shown).

Late-winter Labrador Sea mixed layer depth (MLD), a 
measure of oceanic deep convection, calculated from ocean 
reanalysis exhibits a decadal decline prior to the AMOC 
slowing but with large interannual variability superimposed 
(Fig. 11a). The composite-evolution of the Labrador Sea 
MLD calculated from the KCM is less noisy and shows 
a pronounced drop prior to the decline in the composite-
AMOC index (Fig. 11b). We hypothesize that the composite 

Fig. 10   Anomalies of the oceanic heat loss (W  m−2) and the upper 
ocean (0–700 m) heat content (109 J m−2, red) and salt content (103 
kg m−2, red) of the Labrador Sea (70°W–45°W, 55°N–70°N), and of 
the AMOC index at 26.5°N (Sv). a The heat loss over the Labrador 

Sea from NCEP reanalysis (red) and the AMOC index from RAPID 
(black) and b composite evolutions from the KCM. The upper ocean 
c heat and e salt content from EN4 ocean analysis and d, f composite 
evolutions from the KCM
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evolution of the MLD in the KCM is due to both diminishing 
oceanic heat loss at the surface and upper-ocean salt content, 
as has already been suggested by the contributions of salinity 
and temperature to the density change at mid-depth (Fig. 9d, 
f). This view also is supported by the time lag between the 
Labrador Sea MLD and the AMOC index: whereas the oce-
anic heat loss would argue for a relatively long time lag of 
at least a decade (Figs. 9f, 10b), the upper-ocean salt con-
tent would support a time lag of only a few years (Figs. 9d, 
10f). The MLD leads the AMOC index with a time lag that 
is between these two time lags, which presumably is the 
result of the two different timescales involved in changing 
the Labrador Sea density (Fig. 9d, f).

4 � Summary and discussion

We have analyzed a large number of decadal AMOC slowing 
events simulated in a multi-millennial preindustrial control 
integration of the KCM and investigated to which extent the 
recently observed decadal AMOC decline could have been 
due to internal variability. The analysis was augmented by 
preindustrial control and historical simulations with 15 cli-
mate models participating in the CMIP5. We find that the 
recently observed AMOC decline is still within the range of 
the models’ internal variability, but it would constitute an 
extreme realization of such variability provided the mod-
els exhibit realistic levels of decadal AMOC variability. 
In fact the observed decadal AMOC decline exceeds the 
two-sigma range of the model events. We note that there 
is some evidence that the CMIP5 models may underesti-
mate internal low-frequency variability in SAT over the 
North Atlantic (e.g. Cheung et al. 2017). The reasons for 

the underestimation are unclear, but one possibility for the 
failure in simulating realistic levels of SAT variability could 
be biases in AMOC variability. A number of CMIP5 models 
underestimate AMOC variability on interannual time scales 
and therefore may also underestimate variability on longer 
time scales (Roberts et al. 2014). The KCM as well underes-
timates interannual AMOC variability (not shown).

We derived the mechanism underlying strong decadal 
AMOC declines in the KCM. The following mechanism for 
the development of strong decadal AMOC slowing events 
is suggested, which involves two factors. First, a rise in SLP 
over the central and eastern mid-latitude North Atlantic prior 
to the decadal AMOC slowing reduces the oceanic heat 
loss over the Labrador Sea. During the following years, the 
related density signal propagates down to a depth of about 
2 km. Second, changes in the horizontal ocean circulation, 
implied by changes in SSH and upper-ocean heat content, 
is important. The change in the ocean circulation, which 
develops with a time delay of a few years in response to the 
change in low-level atmospheric circulation, reduces the salt 
content of the upper (0–700 m) Labrador Sea. Both reduced 
oceanic heat loss and diminished salt content change the 
density at mid-depth, which weakens Labrador Sea deep 
convection and in turn slows the AMOC. The northward 
oceanic heat transport also weakens, giving rise to anoma-
lously cold SST in the central and eastern mid-latitude North 
Atlantic. We find some evidence for this model-derived 
mechanism from observations and data from ocean analysis/
reanalysis during the recent decadal AMOC slowing event, 
but the data are rather noisy.

The mechanism outlined in this study is a stochastic 
one: random and persistent atmospheric high SLP anoma-
lies over the North Atlantic drive decadal AMOC slowing 

Fig. 11   Late-winter (January–March) maximum mixed layer depth 
(MLD, m) in the Labrador Sea (70°W–45°W, 55°N–70°N) from 
a SODA ocean reanalysis and b the composite-evolution from the 

KCM. The red curves depict the MLD, and the black curves the 
AMOC index (as in Fig. 1)
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events. This is supported by spectra computed from North 
Atlantic SLP time series which are consistent with white 
noise (not shown). In this picture, the ocean is a slave to the 
atmosphere and responds with a time delay to low-frequency 
low-level atmospheric circulation variability.

The implications of this study are twofold. First, major 
decadal AMOC slowing events can be produced internally in 
climate models. Assuming that the models simulate realistic 
levels of decadal AMOC variability, the recently observed 
decadal slowing would represent an extreme realization of 
internal variability. This would argue for a relatively high 
probability that anthropogenic forcing could have played 
an important role in the observed decadal AMOC slow-
ing event. On the other hand, it may well be possible that 
climate models underestimate the level of decadal AMOC 
variability, which would increase the probability of the 
occurrence of decadal AMOC slowing events with mag-
nitude comparable to that recently observed. Analysis of 
state-of-the-art global-ocean reanalysis suggest that the 
recent observed decrease in the AMOC is part of decadal 
variability of the North Atlantic and can be understood as 
a recovery from earlier strengthening (Jackson et al. 2016). 
The decadal AMOC decline has been arrested during the 
recent years (Smeed et al. 2018). Further, Yashayaev and 
Loder (2016) report that winter convective overturning in 
the Labrador Sea reached the deepest aggregate maximum 
depth since 1994. Thus the recent decadal AMOC decline 
may well prove to be part of a decadal oscillation. In line 
with some previous studies, this study also suggests that 
multi-decadal observational records are required to reliably 
detect an anthropogenic AMOC slowing.

Second, AMOC variability on the relatively short decadal 
timescale may significantly influence the surface climate in 
the North Atlantic sector, which is important to multiyear 
climate predictability in this region. Most studies so far have 
highlighted AMOC influences on North Atlantic sector sur-
face climate on multi-decadal timescale and beyond. The 
type of decadal AMOC variability described here appears 
to be potentially predictable, as it can be understood as the 
delayed oceanic response to multiyear changes in the low-
level atmospheric circulation, and suitably initialized cli-
mate models may hold great potential to forecast associated 
surface climate variability in the North Atlantic sector.

This study emphasizes internal AMOC variability but 
does not rule out the possibility that external forcing played 
a major role during the recent decadal AMOC decline, such 
as an enhanced meltwater input from the Greenland ice sheet 
in response to anthropogenic global warming (Yang et al. 
2016).
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