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AbstrACt: The Atlantic Meridional Overturning Circulation (AMOC) describes the northward flow of warm, salty wa-
ter in the upper layers, and the southward flow of colder water in the deep Atlantic layers. AMOC strength estimates 
at 41°N latitude based on satellite sea surface height (SSH), and ARGO ocean temperature, salinity and velocity, and fi-
nally the difference in between the absolute mean sea levels (MSL) of the tide gauges of The Battery, New York, 40.7°N 
latitude, and Brest, 48.3°N latitude. Results suggest that the AMOC has been minimally reducing but with a positive 
acceleration since 2002, has been marginally increasing but with a negative acceleration since 1993, and has not been 
reducing but only oscillating with clear periodicities up 18 years, 27 years and about 60 years since 1856.
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Introduction

The Atlantic Meridional Overturning 
Circulation (AMOC), is a circulation system char-
acterized by a northward flowing warm, saline 
water in the upper layers of the Atlantic, a cooling 
and freshening of the water at higher northern lat-
itudes of the Atlantic in the Nordic and Labrador 
Seas, and by a southward flowing colder water at 
depth (Kuhlbrodt et al. 2007). The AMOC is de-
fined as the total, basin-wide, circulation in the 
latitude depth plane, as typically quantified by 
a meridional transport stream-function (Clark et 
al. 2002). There are discussions about the AMOC 
slowing down because of global warming. The 
major effect of an AMOC slowing down would 
be cooler winters and summers around the North 

Atlantic, and increased sea level rise along the 
Atlantic coast of North American coast. Some sci-
entists have linked disruptions to the AMOC with 
almost every possible change in weather patterns 
and explained the onset of the last ice age with a 
weakened AMOC. The disaster movie The Day 
After Tomorrow was based on the idea that disrup-
tion of the AMOC would lead to extreme weather 
events and an enormous drop in temperatures.

The RAPID project (2019) has monitored the 
AMOC at 26.5°N latitude since 2004 (Hirschi 
et al. 2003, Cunningham et al. 2007, Johns et al. 
2011). The total transport time series are obtained 
by composing the transport through the Florida 
Straits, the Ekman transport, and the density 
driven transport obtained from the mooring data. 
A reduced pattern has been shown since 2004. 
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Other measurements have been proposed to rep-
resent the strength of the AMOC. Willis and Fu 
(2008), Willis (2010), Hobbs and Willis (2012) pro-
posed satellite observations of sea surface height 
(SSH) along with temperature, salinity and veloc-
ity from profiling floats to estimate changes in the 
north-ward flowing, upper limb, of the AMOC 
at latitudes around 41°N. This overturning had 
somewhat smaller seasonal and inter-annual var-
iability than at lower latitudes. Since 1993, there 
has been no reduction of the AMOC, and since 
2002, the reduction has been minimal and easing. 
The 26.5°N latitude RAPID results, like the 41°N 
latitude SSH + ARGO results by Willis and Fu 
(2008), Willis (2010), Hobbs and Willis (2012), do 
not span a time window of enough length to assess 
the influence of natural variability. Multi-decadal 
natural variability (Lozier et al. 2010, Parker 2016, 
Parker, Ollier 2016,) weighs negatively on these 
estimations made with just few years of data.

Iyengar (2009) and Schlesinger and Raman-
kutty (1994) demonstrated that multi-decadal os-
cillations in rainfall and temperature of quasi-60 
years. Chambers et al. (2012) showed a similar 
quasi-60-year oscillation in global mean sea level. 
Hence, many proxies have been proposed, and it 
is very likely that the AMOC also exhibits a mul-
ti-decadal variability. Based on a proxy, Caesar 
et al. (2018), claimed the AMOC has been weak-
ening by around 15% since the mid-twentieth 
century. They say this weakening is revealed by 
a characteristic spatial and seasonal sea-surface 
temperature fingerprint consisting of a pattern 
of cooling in the subpolar Atlantic Ocean and 
warming in the Gulf Stream region that is cali-
brated through an ensemble of model simulations 
from the CMIP5 project. Also based on a proxy, 
Thornalley et al. (2018) provide palaeo-ocean-
ographic evidence that Labrador Sea deep con-
vection and the AMOC have been anomalously 
weak over the past 150 years, compared with the 
preceding 1,500 years. Their reconstructions in-
dicate that the transition occurred either as a pre-
dominantly abrupt shift towards the end of the 
Little Ice Age (LIA), or as a more gradual, contin-
ued decline over the past 150 years. They suggest 
that more likely enhanced freshwater fluxes from 
the Arctic and Nordic seas towards the end of the 
LIA weakened Labrador Sea convection and the 
AMOC. It is generally accepted that along the 
North-East coast of North America, sea levels are 

critically influenced by the strength of the AMOC 
(Levermann et al. 2005, Yin et al. 2009, Sallenger 
et al. 2012, Ezer et al. 2013, Boon 2012). It is pop-
ularly believed, that a reduction in the strength 
of the AMOC translates in an acceleration of the 
absolute sea levels along the North-East coast of 
North America. However, these sea levels have 
been oscillating, rather than accelerating, with 
periodicity up to quasi-60 years (Parker 2013). In 
contrast to the results of Caesar et al. (2018), the 
results provided by Parker (2016) and Parker and 
Ollier (2016), suggest stability over time windows 
up to 150 years before present based on the MSL 
recorded by the tide gauges of The Battery, New 
York and Brest corrected for absolute land sub-
sidence. Inferred from mean absolute sea level, 
the AMOC has not changed strength since 1856 
but only oscillated.

Method

The sea levels measured by a tide gauge are 
relative to the instrument. The instrument may 
be subjected to an even larger vertical motion of 
subsidence or uplift. If yi, i=1,…,n are the relative 
mean sea levels measured by a tide gauge at the 
time xi, i=1,…,n, the relative rate of rise of the sea 
levels v is usually computed as the slope of the 
linear regression:

 y = A + v × x.

The relative sea level acceleration a is com-
puted as twice the second order coefficient of the 
quadratic regression:

 y = A + B × x + 1/2 × a × x².

If yi, i=1,…,n are the positions of an anten-
na co-located with the tide gauge instrument at 
the time xi, i=1,…,n, the absolute uplift velocity 
w is usually computed as the slope of the linear 
regression:

 y = A + w × x.

The absolute rate of rise of the sea levels is 
then:

 u = v + w.
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Sea level results

The relative sea level rates of rise and acceler-
ations are computed first. In the tide gauge of The 
Battery, New York, Latitude 40.7°N, Longitude 
74.013°W, with date range January 1856 to 
December 2017, the relative sea levels (data from 
PSMSL 2019) have been rising at a rate of v = 
+2.848 mm yr−2. subjected to an acceleration of a 
= +0.00851 mm yr−2. With the same time window, 
January 1856 to December 2017, in the tide gauge 
of Brest, Latitude 48.383°N, Longitude 4.495°W, 
the relative sea levels (data from PSMSL) have 
been rising at a rate of v = +1.335 mm yr−1 sub-
jected to a similar acceleration of a =+0.00994 mm 
yr−2. The difference between the relative rates of 
rise of The Battery, New York and Brest is +1.513 
mm yr−1. However, these are relative, and not ab-
solute, rates of rise, and include the differential 
sinking of the instruments. The accelerations are 
very close each other, a = +0.0094 mm yr−2 and a 
= +0.0098 mm yr−2, respectively, for The Battery, 
New York and Brest. The absolute rates of uplift 
or subsidence of the instrument are then comput-
ed (Appendix 1).

In the analysis by NGL (2019, Blewitt et al. 
2016) IGS08 reference frame (NGL 2018), the 
Global Navigation Satellite Systems (GNSS) an-
tenna close to the tide gauge of The Battery, New 
York (NYBP, 49 m) shows a recent subsidence 
rate of w = −2.150 mm yr−1, while the GNSS an-
tenna close to the tide gauge of Brest (BRST, 293 
m) shows a recent subsidence rate of w = -0.640 
mm yr−1. The absolute sea level rates of rise are 
finally computed. The absolute sea level rate of 
rise in The Battery, New York is therefore u = 
+0.698 mm yr−1 while the absolute sea level rate 
of rise in Brest is therefore u = +0.695 mm yr−1. 
Their difference is only +0.003 mm yr−1.

Figure 1.a presents the absolute MSL of The 
Battery, New York, while figure 1.b presents 
the absolute MSL of Brest, over the time win-
dow January 1856 to present. The gaps in the 
MSL records are filled by interpolating nearby 
years. Where gaps extend more than one year, a 
60 years periodicity of the oscillations about the 
linear trend is enforced. The filling of the gaps is 
needed to produce a continuous time series, but 
it introduces uncertainties. With the gaps filled, 
the relative rates of rise of the sea levels are now 
v = +2.834 mm yr−1 in The Battery, New York 

and v=+1.344 mm yr−1 in Brest. With the gaps 
filled, the relative sea level accelerations are now 
+0.0084 mm yr−2 in The Battery, New York and 
+0.0086 mm yr−2 in Brest. The absolute sea lev-
el rate of rise in The Battery, New York reduces 
to u=+0.684 mm yr−1 while the absolute sea level 
rate of rise in Brest increases to u=+0.704 mm yr−1. 
Their difference becomes -0.020 mm yr−1 (nega-
tive). Figure 1.c presents the difference between 
the absolute MSL of The Battery, New York and 
Brest. This difference is reducing at a rate of 
−0.0204 mm yr−1, well below any measurement 
inaccuracy. This rate is subjected to a minimal 
positive acceleration, of + 0.00004 mm yr−2.

41°N latitude AMOC SSH+ARGO and 
AMOC SSH results

Estimations of the AMOC at 41°N latitude 
based on satellite sea surface height (SSH) show 
no critical slow-down since 1993 (Willis, Fu 2008, 
Willis 2010, Hobbs, Willis 2012). This AMOC 
SSH correlated very well with a more sophisti-
cated AMOC, AMOC SSH+ARGO, based on this 
parameter plus the results of the ocean measure-
ments from the ARGO profiling floats available 
since 2002 (Willis, Fu 2008, Willis 2010, Hobbs, 
Willis 2012). Both AMOC SSH and AMOC 
SSH+ARGO show relative stability since 2002 
and 1993 (Parker 2016, Parker and Ollier 2016).

Figure 2 presents the latest 41°N latitude 
AMOC SSH+ARGO and AMOC results. This 
is an update of the results proposed in Willis 
and Fu (2008), Willis (2010), Hobbs and Willis 
(2012), Parker (2016), Parker and Ollier (2016). 
The overturning is defined as the sum of 0–1130 
m Geostrophic and Ekman transports. The time 
series represents three-month running averag-
es. The AMOC sea surface height and ARGO 
(AMOC SSH+ARGO) is now updated to August 
2018, courtesy of Josh Willis. The AMOC sea 
surface height (AMOC SSH) is now updated to 
October 2017, also courtesy of Josh Willis.1

While there is certainly a diminishing trend, 
especially when starting from a peak, of the short-
term peaks and valleys oscillations, since 2005, 
the diminishing trend reduces over the 16 years-
time-window, since 2002, to only −0.0572 Sv(a) yr−1. 

(a) Sv – the transport units are Sverdrups, 1Sv = 106 m3 s−1.
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Fig. 1. Absolute mean sea levels in a) The Battery, New York and b) in Brest. Difference between the absolute 
mean sea levels in The Battery, New York and Brest (c).
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The acceleration is positive over the time window, 
+0.0134 Sv yr−2, demonstrating the small reduction 
of this AMOC is going to disappear. Since 1993, the 
41°N latitude AMOC based on sea surface height 
(SSH) only measurements has been not reducing, 
but increasing, at a rate of +0.0104 Sv yr−1. The ac-
celeration is now negative over this time window, 
-0.0144 Sv yr−2 demonstrating the small increase of 
this AMOC is also going to disappear. Trend and 
acceleration results are only marginally different 
from those proposed by Parker (2016) and Parker 
and Ollier (2016) based on a shorter time window, 
but also slightly different data sets.

It must be mentioned, that the latest AMOC 
SSH+ARGO of 2018 and AMOC SSH of 2017 
differ from the AMOC SSH+ARGO and SSH of 
2015 used in Parker (2016) and Parker and Ollier 

(2016). The differences between the two results 
reflect changes in the data sets the computations 
are based on (Appendix 2).

All the climate data sets are unfortunately 
somewhat unreliable because past values have 
often been subjected to administrative correc-
tions. This includes the satellite altimeter sea 
level height, the sea surface temperature, the 
temperature and the velocity and salinity of the 
oceans at different depths.

MSL Proxy AMOC results

If we accept the idea that a change of strength 
of the AMOC would translate into an acceleration 
of the sea levels along the East Coast of North 

Fig. 2. The Atlantic Meridional Overturning Circulation time series: a) AMOC SSH+ARGO since the year 2002, 
b) AMOC SSH since the year 1993. The time series represent three-month running averages.
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Fig. 3. The Atlantic Meridional Overturning Circulation time series: a) AMOC SSH+ARGO and AMOC MSL 
since the year 2002 (time series is updated to August 2017), b) AMOC MSL since the year 1856 (time series 
is updated to December 2017), c) periodogram of the AMOC MSL. The time series represents three-month 

running averages.
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America (strength reduction) or in an acceleration 
along the West Coast of Europe (strength incre-
ment), then, as the relative sea level acceleration 
has been small in both locations and very close, 
and the absolute rate of the sea levels have similar-
ly been about the same in both locations from 1856 
to the present, then we should immediately con-
clude that there has been no change in the AMOC. 
There has been no sign of sea levels accelerating 
or rising at differential rates across the Atlantic, 
demonstrating once more the stability of the sea 
levels. Therefore, very likely also the AMOC has 
been only oscillating since the year 1986, the same 
as the sea levels. Of all the possible AMOC proxies, 
the sea level is the most reliable. Parker (2016) and 
Parker and Ollier (2016) proposed a novel proxy 
AMOC, AMOC MSL, correlated to the difference 
between the absolute monthly average mean sea 
levels measured by the tide gauges of The Battery, 
New York and Brest. This AMOC MSL was lin-
early related to the AMOC SSH of Willis and 
Fu (2008), Willis (2010) Hobbs and Willis (2012). 
Parker (2016) and Parker and Ollier (2016) showed 
that the trend of this AMOC may be diminishing 
in a small extent over the short time window, since 
the early 2000s, but it has been stable since the ear-
ly 1990s, or even the mid-1800s.

Here we linearly correlate the AMOC MSL to 
the AMOC SSH+ARGO. Figure 3.a presents the 
AMOC based on the difference in between the ab-
solute MSL of The Battery, New York and Brest, 
AMOC MSL, and the AMOC SSH-ARGO since 
2002. There is a good correlation between the two 
AMOCs, both suggesting stability. The AMOC 
SSH-ARGO is minimally reducing but with a pos-
itive acceleration. The AMOC MSL is minimally 
increasing but with a negative acceleration. Since 
2005, there is an increase of +0.0152 Sv yr−1. The 
acceleration is negative over the time window, 
-0.0464 Sv yr−2, demonstrating the small incre-
ment of this AMOC is going to disappear. Figure 
3.b presents the AMOC MSL over the longer time 
window 1856 to present. The trend is negligible, 
and the acceleration is also negligible. This proxy 
AMOC, has been incredibly stable since 1856. It 
is reducing at a negligible rate of only −0.0004 Sv 
yr−1. subjected to an even more negligible positive 
acceleration of +0.0000008 Sv yr−2. Figure 3.c final-
ly show the result of spectral analysis of the oscil-
lations, the periodogram of this AMOC MSL. The 
periodogram shows three important decadal and 

multi-decadal periodicities, of 18 years, 27 years 
and about 60 years. Hence, very likely the AMOC 
oscillates with up to a quasi-60 years periodicity 
like temperatures and sea levels, and apart from 
natural variability, has not been subjected to any 
change over the last 150 years.

Conclusions

Since 2002, the 41°N latitude AMOC based 
on SSH and ARGO ocean temperature, salinity 
and velocity measurements has been reducing at 
a rate of only -0.0572 Sv yr−1. The acceleration is 
positive over this time window, +0.0134 Sv yr−2, 
demonstrating the small reduction of this AMOC 
is going to disappear. Since 1993, the 41°N lat-
itude AMOC based on SSH measurements has 
been not reducing but increasing, at a rate of 
0.0332 Sv yr−1. The acceleration is now negative 
over this time window, −0.0234 Sv yr−2, demon-
strating the small increase of this AMOC is also 
going to disappear.

Since 1856, the absolute mean sea levels in 
The Battery, New York and Brest have been ris-
ing at about same small rate subjected to about 
the same small acceleration. The relative sea lev-
el accelerations in The Battery, New York and 
Brest, 1856 to present, have been about the same 
+0.00851 mm yr−2 and +0.00994 mm yr−2, respec-
tively. Their difference is smaller than the accura-
cy of the estimation. The absolute rate of rises of 
the sea level in The Battery, New York and Brest, 
from 1856 to the present, have also been about 
the same, +0.684 to +0.698 mm yr−1 and +0.695 to 
+0.704 mm yr−1, respectively. Their difference is 
smaller than the accuracy of the estimation.

If we accept that the difference between the 
absolute mean sea levels in The Battery, New 
York and Brest, that correlates well with the 41° 
N latitude AMOC SSH and AMOC SSH-ARGO, 
is representative of the AMOC strength, then, 
this difference has been stable since 1854. The 
proposed AMOC mean sea level has not been 
reducing or increasing, nor accelerating or de-
celerating, since 1856, but only oscillating with 
multidecadal periodicities of 18 years, 27 years 
and about 60 years. Since 1856, the AMOC MSL 
is reducing at a negligible rate of only −0.0004 Sv 
yr−1 subjected to an even more negligible positive 
acceleration of +0.0000008 Sv yr−2.
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Appendix 1. Subsidence of the NYBP and 
BRST GPS antenna nearby the tide gauges

The GPS time series for NYBP, nearby the 
tide gauge of The Battery, New York, and BRST, 
near the tide gauge of Brest. The MIDAS velocity 

fields in IGS08 reference frame suggest a subsid-
ence velocity of −2.150±0.973 mm yr−1 based on 
data 2009.3087 to 2018.6475 in NYBP, and a sub-
sidence velocity of −0.638±0.668 mm yr−1 based 
on data 1998.8309 to 2018.6475 in BRST.

Fig. A.1.1. GPS position time series for the GPS antenna near the tide gauges of a) The Battery, New York and 
b) Brest. Images reproduced and modified after geodesy.unr.edu.
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Appendix 2. Stability of the AMOC 
SSH+ARGO and AMOC SSH data sets

A comparison of the AMOC SSH+ARGO 
and AMOC SSH data sets of 2015 and 2018. The 

differences reflect changes in the data sets used 
in the computations. Most of the data sets of cli-
mate parameters are unfortunately subjected to 
continuous revisions of the past values.

Fig. A.2.1. Comparison of the AMOC SSH (a) and AMOC SSH+ARGO (b) of 2015 and 2018.


