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AMOC slowdown? IPCC 2007

300 years

13 years

Climate models predict that the MOC will slow down 
in the next century

Short observational record of the directly observed 
AMOC strength limits investigations into long term 
behaviour.

If we look at the signatures of AMOC changes at the surface and subsurface of the Atlantic, we may be 
able to better understand the long term behaviour and associated impacts of AMOC changes…

 Fingerprints of the AMOC



What are fingerprints?
“coherent patterns of response to the ocean circulation are generally known as fingerprints”

 - Alexander-Turner et al. (2018) 

Importantly: Fingerprints may appear in variables with longer records than those of AMOC transport

Latif et al. (2004)



What are fingerprints?
“coherent patterns of response to the ocean circulation are generally known as fingerprints”

 - Alexander-Turner et al. (2018) 

• Examples of a few fingerprints
• Assumptions of fingerprints
• Uses of fingerprints

This talk: Modern record

Importantly: Fingerprints may appear in variables with longer records than those of AMOC transport



Variables often used: Sea surface height (SSH), sea surface temperature 
(SST), subsurface temperature and upper ocean heat content (OHC)

Where F’ is air-sea flux, S’ (N’) are heat transport 
through a southern (northern) boundary

dOHC

dt
/ HT

[4] To examine the contributions of meridional heat trans-
port and air-sea fluxes, we define an OHC budget as follows
(section S2):

OHC tð Þ # OHC t0ð Þ ¼ ∫
t

t0
F ′ þ S′ # N ′dt; (1)

where OHC [J] is the ocean heat content, t is time and t0 is an
initial reference time. F′ is the air-sea heat flux across the sea
surface, S′ and N′ are ocean MHTs through the southern
(26.5°N) and northern (41°N) boundaries, respectively
[J s#1 =W], and primes denote anomalies relative to a
seasonal climatology. To estimate the seasonal cycle in S′,
we use the first 5 years of the RAPID-MOCHA observations
from 1 April 2004 to 31 March 2009 (the reference period)
when a seasonal cycle was robustly present, as shown
by Kanzow et al. [2010] (section S1), but not using data
after April 2009, which include the anomalous variability
being investigated. This approach was also taken for N′.
However, MHTs and MHT divergence is not sensitive to a
reference period spanning the anomalous period (section
S1). For F′, a much longer reanalysis period from 1991 to
2010 was used to calculate a representative seasonal cycle
that was insensitive to the inclusion of data after 2009. F′
is also insensitive to a choice of reference period matching
the period of S′ and N′ (section S2). For S′ and N′, removal
of a seasonal cycle estimated during the reference period
(by definition) results in a net zero mean for the integrated
MHT during the reference period. For F′, subsequent to
the removal of the seasonal cycle, we adjust the integrated
anomalies to have zero mean during the reference period.

3. Subtropical Atlantic Ocean Heat Content

[5] The purposefully designed RAPID-MOCHA array has
been measuring the strength and structure of the AMOC
at 26.5°N since April 2004 [Cunningham et al., 2007;
Kanzow et al., 2007]. These measurements recently
revealed that the annual average AMOC decreased by 30%
over a 12 month period beginning in April 2009 [McCarthy
et al., 2012]. Associated with this transport anomaly, there
is a sustained cooling of the upper 2000 m of the subtropical
Atlantic Ocean (defined here as the region between 26.5°N
and 41°N) (Figure 1a). The most intense cooling was in the
mixed layer during the winter months of 2009/2010 and
2010/2011, with temperature anomalies in excess of #0.5°C
(Figure 1b). During the summers of 2010 and 2011, warm
anomalies were present at the ocean surface, whereas cold
temperature anomalies were sustained below the mixed layer
depth. From late 2009, subtropical Atlantic OHC decreased
over a 12 month (Figure 1c) period to a minimum value of
#1.3 × 1022 J, then gradually increased during 2011 to
#0.5 × 1022 J. These OHC anomalies are robust to incom-
plete spatial sampling and are not driven by a systematic
change to the observing system (section S3). With the excep-
tion of a brief 2 month cool period at the end of 2006 that
appears localized to the Gulf Stream location along 41°N
(section S4), OHC anomalies do not exceed our empirically
derived 95% confidence limits until the persistent cooling
from 2010.
[6] The spatial pattern of the OHC decrease is coherent

across much of the subtropical Atlantic indicating a large-
scale forcing, and is not due simply to a shift in the position
of the Gulf Stream (section S5). By July 2010 the negative

Figure 1. (a) Measurement locations and region of interest.
Bathymetry (0 and 2000 m contours) and topography (grey) of
the North Atlantic region with the northern and southern limits
of the volume shown by black lines at 26.5°N and 41°N. At
26.5°N, the Florida cable is given by the short segment between
Florida and the Bahamas, and the principal RAPID 26.5°N array
mooring positions are indicated by dots. (b) Area-averaged sub-
surface temperature anomalies in the subtropical North Atlantic
(5–82°W, 26.5–41°N) calculated relative to the 1991–2010
seasonal cycle using monthly means from the EN3 v2a gridded
objective analysis of quality-controlled subsurface tem-
perature observations [Ingleby and Huddleston, 2007],
(http://www.metoffice.gov.uk/hadobs/en3/). Black lines indi-
cate the area-averaged depth of selected isotherms across the
same region. Mean mixed layer depth (white) and the 95th per-
centile (grey) for which only 5% of grid boxes have a deeper
mixed layer defined by Kara et al. [2000]. The MLD is the
depth over which air-sea exchanges drive turbulent mixing of
the ocean. (c) Six month low-pass filtered ocean heat content
anomalies relative to 1991–2010 above 2000 m (solid black),
above the 4°C isotherm (red) and above the 14°C isotherm
(dashed black). OHC uncertainties (grey) are generated by
model-based estimates associated with changes in sampling
density and locations and are for 10 day values. They are
approximated by the OHC uncertainties shallower than
2000 m and 500 m respectively (section S3).
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OHC changes due to fluxes:

(SSH may track OHC due to steric changes)

What fingerprints might we look for?

AMOC vs Meridional Heat Transport at 26N

Johns et al. (2011)



What fingerprints might we look for?
A change in the AMOC may drive a change in heat content in part of the ocean volume.

[4] To examine the contributions of meridional heat trans-
port and air-sea fluxes, we define an OHC budget as follows
(section S2):

OHC tð Þ # OHC t0ð Þ ¼ ∫
t

t0
F ′ þ S′ # N ′dt; (1)

where OHC [J] is the ocean heat content, t is time and t0 is an
initial reference time. F′ is the air-sea heat flux across the sea
surface, S′ and N′ are ocean MHTs through the southern
(26.5°N) and northern (41°N) boundaries, respectively
[J s#1 =W], and primes denote anomalies relative to a
seasonal climatology. To estimate the seasonal cycle in S′,
we use the first 5 years of the RAPID-MOCHA observations
from 1 April 2004 to 31 March 2009 (the reference period)
when a seasonal cycle was robustly present, as shown
by Kanzow et al. [2010] (section S1), but not using data
after April 2009, which include the anomalous variability
being investigated. This approach was also taken for N′.
However, MHTs and MHT divergence is not sensitive to a
reference period spanning the anomalous period (section
S1). For F′, a much longer reanalysis period from 1991 to
2010 was used to calculate a representative seasonal cycle
that was insensitive to the inclusion of data after 2009. F′
is also insensitive to a choice of reference period matching
the period of S′ and N′ (section S2). For S′ and N′, removal
of a seasonal cycle estimated during the reference period
(by definition) results in a net zero mean for the integrated
MHT during the reference period. For F′, subsequent to
the removal of the seasonal cycle, we adjust the integrated
anomalies to have zero mean during the reference period.

3. Subtropical Atlantic Ocean Heat Content

[5] The purposefully designed RAPID-MOCHA array has
been measuring the strength and structure of the AMOC
at 26.5°N since April 2004 [Cunningham et al., 2007;
Kanzow et al., 2007]. These measurements recently
revealed that the annual average AMOC decreased by 30%
over a 12 month period beginning in April 2009 [McCarthy
et al., 2012]. Associated with this transport anomaly, there
is a sustained cooling of the upper 2000 m of the subtropical
Atlantic Ocean (defined here as the region between 26.5°N
and 41°N) (Figure 1a). The most intense cooling was in the
mixed layer during the winter months of 2009/2010 and
2010/2011, with temperature anomalies in excess of #0.5°C
(Figure 1b). During the summers of 2010 and 2011, warm
anomalies were present at the ocean surface, whereas cold
temperature anomalies were sustained below the mixed layer
depth. From late 2009, subtropical Atlantic OHC decreased
over a 12 month (Figure 1c) period to a minimum value of
#1.3 × 1022 J, then gradually increased during 2011 to
#0.5 × 1022 J. These OHC anomalies are robust to incom-
plete spatial sampling and are not driven by a systematic
change to the observing system (section S3). With the excep-
tion of a brief 2 month cool period at the end of 2006 that
appears localized to the Gulf Stream location along 41°N
(section S4), OHC anomalies do not exceed our empirically
derived 95% confidence limits until the persistent cooling
from 2010.
[6] The spatial pattern of the OHC decrease is coherent

across much of the subtropical Atlantic indicating a large-
scale forcing, and is not due simply to a shift in the position
of the Gulf Stream (section S5). By July 2010 the negative

Figure 1. (a) Measurement locations and region of interest.
Bathymetry (0 and 2000 m contours) and topography (grey) of
the North Atlantic region with the northern and southern limits
of the volume shown by black lines at 26.5°N and 41°N. At
26.5°N, the Florida cable is given by the short segment between
Florida and the Bahamas, and the principal RAPID 26.5°N array
mooring positions are indicated by dots. (b) Area-averaged sub-
surface temperature anomalies in the subtropical North Atlantic
(5–82°W, 26.5–41°N) calculated relative to the 1991–2010
seasonal cycle using monthly means from the EN3 v2a gridded
objective analysis of quality-controlled subsurface tem-
perature observations [Ingleby and Huddleston, 2007],
(http://www.metoffice.gov.uk/hadobs/en3/). Black lines indi-
cate the area-averaged depth of selected isotherms across the
same region. Mean mixed layer depth (white) and the 95th per-
centile (grey) for which only 5% of grid boxes have a deeper
mixed layer defined by Kara et al. [2000]. The MLD is the
depth over which air-sea exchanges drive turbulent mixing of
the ocean. (c) Six month low-pass filtered ocean heat content
anomalies relative to 1991–2010 above 2000 m (solid black),
above the 4°C isotherm (red) and above the 14°C isotherm
(dashed black). OHC uncertainties (grey) are generated by
model-based estimates associated with changes in sampling
density and locations and are for 10 day values. They are
approximated by the OHC uncertainties shallower than
2000 m and 500 m respectively (section S3).
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[4] To examine the contributions of meridional heat trans-
port and air-sea fluxes, we define an OHC budget as follows
(section S2):

OHC tð Þ # OHC t0ð Þ ¼ ∫
t

t0
F ′ þ S′ # N ′dt; (1)

where OHC [J] is the ocean heat content, t is time and t0 is an
initial reference time. F′ is the air-sea heat flux across the sea
surface, S′ and N′ are ocean MHTs through the southern
(26.5°N) and northern (41°N) boundaries, respectively
[J s#1 =W], and primes denote anomalies relative to a
seasonal climatology. To estimate the seasonal cycle in S′,
we use the first 5 years of the RAPID-MOCHA observations
from 1 April 2004 to 31 March 2009 (the reference period)
when a seasonal cycle was robustly present, as shown
by Kanzow et al. [2010] (section S1), but not using data
after April 2009, which include the anomalous variability
being investigated. This approach was also taken for N′.
However, MHTs and MHT divergence is not sensitive to a
reference period spanning the anomalous period (section
S1). For F′, a much longer reanalysis period from 1991 to
2010 was used to calculate a representative seasonal cycle
that was insensitive to the inclusion of data after 2009. F′
is also insensitive to a choice of reference period matching
the period of S′ and N′ (section S2). For S′ and N′, removal
of a seasonal cycle estimated during the reference period
(by definition) results in a net zero mean for the integrated
MHT during the reference period. For F′, subsequent to
the removal of the seasonal cycle, we adjust the integrated
anomalies to have zero mean during the reference period.

3. Subtropical Atlantic Ocean Heat Content

[5] The purposefully designed RAPID-MOCHA array has
been measuring the strength and structure of the AMOC
at 26.5°N since April 2004 [Cunningham et al., 2007;
Kanzow et al., 2007]. These measurements recently
revealed that the annual average AMOC decreased by 30%
over a 12 month period beginning in April 2009 [McCarthy
et al., 2012]. Associated with this transport anomaly, there
is a sustained cooling of the upper 2000 m of the subtropical
Atlantic Ocean (defined here as the region between 26.5°N
and 41°N) (Figure 1a). The most intense cooling was in the
mixed layer during the winter months of 2009/2010 and
2010/2011, with temperature anomalies in excess of #0.5°C
(Figure 1b). During the summers of 2010 and 2011, warm
anomalies were present at the ocean surface, whereas cold
temperature anomalies were sustained below the mixed layer
depth. From late 2009, subtropical Atlantic OHC decreased
over a 12 month (Figure 1c) period to a minimum value of
#1.3 × 1022 J, then gradually increased during 2011 to
#0.5 × 1022 J. These OHC anomalies are robust to incom-
plete spatial sampling and are not driven by a systematic
change to the observing system (section S3). With the excep-
tion of a brief 2 month cool period at the end of 2006 that
appears localized to the Gulf Stream location along 41°N
(section S4), OHC anomalies do not exceed our empirically
derived 95% confidence limits until the persistent cooling
from 2010.
[6] The spatial pattern of the OHC decrease is coherent

across much of the subtropical Atlantic indicating a large-
scale forcing, and is not due simply to a shift in the position
of the Gulf Stream (section S5). By July 2010 the negative

Figure 1. (a) Measurement locations and region of interest.
Bathymetry (0 and 2000 m contours) and topography (grey) of
the North Atlantic region with the northern and southern limits
of the volume shown by black lines at 26.5°N and 41°N. At
26.5°N, the Florida cable is given by the short segment between
Florida and the Bahamas, and the principal RAPID 26.5°N array
mooring positions are indicated by dots. (b) Area-averaged sub-
surface temperature anomalies in the subtropical North Atlantic
(5–82°W, 26.5–41°N) calculated relative to the 1991–2010
seasonal cycle using monthly means from the EN3 v2a gridded
objective analysis of quality-controlled subsurface tem-
perature observations [Ingleby and Huddleston, 2007],
(http://www.metoffice.gov.uk/hadobs/en3/). Black lines indi-
cate the area-averaged depth of selected isotherms across the
same region. Mean mixed layer depth (white) and the 95th per-
centile (grey) for which only 5% of grid boxes have a deeper
mixed layer defined by Kara et al. [2000]. The MLD is the
depth over which air-sea exchanges drive turbulent mixing of
the ocean. (c) Six month low-pass filtered ocean heat content
anomalies relative to 1991–2010 above 2000 m (solid black),
above the 4°C isotherm (red) and above the 14°C isotherm
(dashed black). OHC uncertainties (grey) are generated by
model-based estimates associated with changes in sampling
density and locations and are for 10 day values. They are
approximated by the OHC uncertainties shallower than
2000 m and 500 m respectively (section S3).
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Subtropical cooling following AMOC dip in 2009/10

Cunningham et al. (2013)
Also Bryden et al. (2013) 

AMOC vs Meridional Heat Transport at 26N

Johns et al. (2011)



Variables often used: Sea surface height (SSH), sea surface temperature 
(SST), subsurface temperature and upper ocean heat content (OHC)

SSH gradients directly related to meridional velocities:

w e

southward

northward

inversely related to thermocline displacement,  
which is associated with shear

What fingerprints might we look for?



Fingerprints of the AMOC
Often determined as a correlation between the AMOC and a proxy (e.g., SST or subsurface temperature)

Zhang (2008)

Fingerprint: Regression between modelled 
AMOC at 40N and subsurface temperature at 
400m

Model: GFDL CM2.1, 1000-year integration
Proxy: Tsub, SLA

Filtering/timescale: Detrended, annual means



Zhang (2008)

AMOC & AMO
Data: Subsurface (400m) temperature, SSH 
1993-2006
Model: GFDL CM2.1, 1000-year integration
Against: Modelled AMOC at 40N

Filtering/timescale: Annual means, detrended 
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1 3

are shown in Fig. 3 with the AMOC leading the SSTA 
by 0, 2, 5, 7, 9 and 12 months. The 95 % level of sig-
nificance in these correlations is obtained using the 
composite method described in Sect. 2.2 and the strong-
est signal is found when the AMOC leads the SSTA by 
5 months (Fig. 3c).

For this specific lag (Fig. 3c), the correlation pattern 
exhibits a distinct dipole structure where positive correla-
tions are found between the AMOC and the SSTA south-
east of Newfoundland between 26 and 45◦N and nega-
tive correlations occur in a zonal band reaching from the 
Gulf of Mexico to the African coast between 10 and 26◦
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Fig. 3   Lagged correlations between the SSTA over the North Atlan-
tic and the AMOC at 26◦N. In these correlations, the AMOC leads the 
SSTA. a  shows 0 lag, b a lag of 2 months, c 5 months, d 7 months, e 

9 months and f 12 months. Black contours indicate 95 % significance 
levels and were obtained using the composite method

Fingerprints with lags 
Typically determined as a correlation between the AMOC 
and the proxy (e.g., SST or subsurface temperature)

Fingerprint: Lagged regression
Proxy: SST - NOAA Reynolds OI
Against: RAPID AMOC 2004-2014

Filtering/timescale: Monthly data, 2-month running mean
Lag: 5 months

Duchez et al. (2016a)



SSH proxy for ocean circulation
Frajka-Williams (2015)

Fingerprint: AVISO SSH at west (30N,70W)

Built AMOC proxy: SSH for UMO (1993-2012), then 
added Florida Current and Ekman
Comparison: RAPID AMOC at 26N

Filtering/timescale: Deseasonalised, 1.5-year Turkey 
filter, spatial filter on AVISO of 5x10 deg.



SSH proxy for ocean circulation

FRAJKA-WILLIAMS: TRANSPORT FROM ALTIMETRY X - 7
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Figure 4. MOC transports from RAPID 26◦N (red) and estimated, MOC∗, from the SLA proxy for UMO (black). Gray
shading indicates the uncertainty associated with the slope of the regression between SLA and UMO. The dashed grey
lines mark the means for the two decades, 1993–2003 and 2004–2014. While MOC and MOC∗ are not independent (both
contain the Florida Current and Ekman transport), the correlation coefficient between them is r = 0.96.

Fingerprint: AVISO SSH at west (30N,70W)

Built AMOC proxy: SSH for UMO (1993-2012), then 
added Florida Current and Ekman
Comparison: RAPID AMOC at 26N

Filtering/timescale: Deseasonalised, 1.5-year Turkey 
filter, spatial filter on AVISO of 5x10 deg.

Frajka-Williams (2015)



Long time reconstruction
ARTICLE RESEARCH

transport across the equator17,18. The observations show particularly 
strong warming along the Benguela Current and its northward exten-
sion towards the Gulf of Guinea. This is a common response in climate 
models to an AMOC weakening2,19,20, and is related to a reduced cold 

northward flow, but is not seen in the CM2.6 simulations. This omis-
sion might be related to the model’s representation of the AMOC or 
of wind-driven circulation in the South Atlantic, and needs further 
investigation.
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Local SST trend normalized to global SST trend
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Fig. 2 | Comparison of normalized SST trends. Left, linear SST trends 
during a CO2-doubling experiment using the GFDL CM2.6 climate 
model. Right, observed trends during 1870–2016 (HadISST data). Both 
sets of data are normalized with the respective global mean SST trends, 
and in both cases we used data from the November–May season. Regions 

that show cooling or below-average warming are shown in blue; regions 
that show above-average warming are in red. Owing to the much greater 
climate change in the CO2-doubling experiment, the signal-to-noise ratio 
for the modelled SST trends is better than that for the observations.
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Fig. 3 | Comparison of time series of SST anomalies and the strength 
of the overturning circulation in the CM2.6 model. The graph shows 
time series of SST anomalies (relative to global mean SSTs) in the subpolar 
gyre (sg; dark blue) and Gulf Stream (gs; red) regions in the CO2-doubling 
run relative to the control run, as predicted by the CM2.6 model. These 
two regions are defined as shown in the inset (see Methods). The anomaly 
of the actual AMOC overturning rate relative to the control run is also 
shown (light blue). Thin lines show individual years (November to May 
for SSTs), and thick lines show 20-year locally weighted scatterplot 
smoothing (LOWESS) filtered data. Using the CMIP5 ensemble, we 
independently determined a conversion factor of 3.8 Sv K−1 between the 
SST anomaly and the AMOC anomaly.
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Fig. 4 | Seasonal variation in SSTs in the subpolar gyre region. We show 
here the seasonal cycle in the normalized SST trend in the subpolar gyre 
(sg) region for the CM2.6 model (light blue) and HadISST data (dark 
blue). A value of 1 represents annual-mean, global-mean warming. In 
addition, we show the seasonal cycle of the normalized global-mean SST 
trend for the model (light green) and observations (dark green). The 
SST trends in the subpolar gyre region are well below the global-mean 
warming year-round (differences are given in numbers along the x axis 
for the CM2.6 model (light grey) and the HadISST data (dark grey) and 
highlighted by arrows), yet are smallest during the cold part of the year for 
both observations and model.
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Caesar et al. (2018)

Fingerprint of AMOC: SST in the subpolar gyre

Model: GFDL CM2.6 CO2 doubling, 80-year 
integration
Built AMOC proxy: SST anomalies in the 
subpolar gyre from HadiSST 1870-2016

Comparison: AMOC at 26N

Filtering/timescale: Nov-May averages of SST



Fingerprint of AMOC: SST in the subpolar gyre

Model: GFDL CM2.6 CO2 doubling, 80-year 
integration
Built AMOC proxy: SST anomalies in the 
subpolar gyre from HadiSST 1870-2016

Comparison: AMOC at 26N

Filtering/timescale: Nov-May averages of SST

Long time reconstruction
ARTICLE RESEARCH

transport across the equator17,18. The observations show particularly 
strong warming along the Benguela Current and its northward exten-
sion towards the Gulf of Guinea. This is a common response in climate 
models to an AMOC weakening2,19,20, and is related to a reduced cold 

northward flow, but is not seen in the CM2.6 simulations. This omis-
sion might be related to the model’s representation of the AMOC or 
of wind-driven circulation in the South Atlantic, and needs further 
investigation.
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Fig. 2 | Comparison of normalized SST trends. Left, linear SST trends 
during a CO2-doubling experiment using the GFDL CM2.6 climate 
model. Right, observed trends during 1870–2016 (HadISST data). Both 
sets of data are normalized with the respective global mean SST trends, 
and in both cases we used data from the November–May season. Regions 

that show cooling or below-average warming are shown in blue; regions 
that show above-average warming are in red. Owing to the much greater 
climate change in the CO2-doubling experiment, the signal-to-noise ratio 
for the modelled SST trends is better than that for the observations.
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Fig. 3 | Comparison of time series of SST anomalies and the strength 
of the overturning circulation in the CM2.6 model. The graph shows 
time series of SST anomalies (relative to global mean SSTs) in the subpolar 
gyre (sg; dark blue) and Gulf Stream (gs; red) regions in the CO2-doubling 
run relative to the control run, as predicted by the CM2.6 model. These 
two regions are defined as shown in the inset (see Methods). The anomaly 
of the actual AMOC overturning rate relative to the control run is also 
shown (light blue). Thin lines show individual years (November to May 
for SSTs), and thick lines show 20-year locally weighted scatterplot 
smoothing (LOWESS) filtered data. Using the CMIP5 ensemble, we 
independently determined a conversion factor of 3.8 Sv K−1 between the 
SST anomaly and the AMOC anomaly.
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Fig. 4 | Seasonal variation in SSTs in the subpolar gyre region. We show 
here the seasonal cycle in the normalized SST trend in the subpolar gyre 
(sg) region for the CM2.6 model (light blue) and HadISST data (dark 
blue). A value of 1 represents annual-mean, global-mean warming. In 
addition, we show the seasonal cycle of the normalized global-mean SST 
trend for the model (light green) and observations (dark green). The 
SST trends in the subpolar gyre region are well below the global-mean 
warming year-round (differences are given in numbers along the x axis 
for the CM2.6 model (light grey) and the HadISST data (dark grey) and 
highlighted by arrows), yet are smallest during the cold part of the year for 
both observations and model.
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The subpolar cold patch as an AMOC indicator
The surface temperature in the subpolar gyre region, relative to the 
large-scale temperature trend, has been proposed as an index for 
longer-term AMOC variations7. Here we test and develop this concept 
further. Figure 4 compares the seasonal cycle in the linear SST trend in 
the subpolar gyre region from the HadISST data since 1870 with the 
80-year CO2-doubling experiment. The figure shows that the cooling 
(relative to the global mean SST) in this region is most pronounced 
during winter and spring. This is to be expected if the relative cold in 
this area is due to an AMOC slowdown and therefore driven by the 
ocean. In summer, a shallow surface mixed layer develops that is more 
susceptible to surface forcing than to horizontal heat advection, so the 
cold patch can be effectively capped and hidden by a warm surface 
layer. It typically re-emerges in autumn.

Given this result, in Fig. 2 we show the linear trends for November to 
May and below we propose an improved AMOC index based on these 
months, with a better signal-to-noise ratio than that obtained using 
annual data. The AMOC fingerprint pattern itself is not sensitive to 
the choice of the winter and spring seasons, as the linear trends of the 
annual data show (Extended Data Fig. 1).

Performance of the AMOC index in models
Given the hypothesis that a slowdown of the AMOC leads to a region 
of relative cooling near the subpolar gyre and a region of above-average  
warming in the vicinity of the Gulf Stream, we test whether in the  
models the temperatures in these regions can be used to reconstruct 
changes in the AMOC.

Figure 3 shows time series of the mean temperatures of the subpolar 
gyre (sg, dark blue line) and the Gulf Stream (gs, red line) regions rel-
ative to—that is, minus—the global mean SST. The averaging regions 
are defined as shown in the inset of Fig. 3 (see Methods).

The two modelled SST time series are anti-correlated (R = −0.73), 
yet the pronounced temperature maximum in the Gulf Stream region 
around model year 50 (red line), which is unrelated to an AMOC 
change in the model (light blue line), suggests that variability due to 
factors other than the AMOC is substantially affecting the temper-
ature of the warm patch. This is to be expected particularly for the 
coastal waters in the Gulf Stream region, which are more susceptible 
to wind-forced SST changes—for example, owing to the presence of 
strong horizontal gradients and coastal upwelling or downwelling. In 
accordance with this, the observed time series for the warm and cold 

patches are only moderately anti-correlated (R = −0.36). This variabil-
ity, unrelated to the AMOC, makes the warm patch unsuitable for use 
as an AMOC proxy owing to its poor signal-to-noise ratio, in contrast 
to the subpolar cold patch (see below). To maximize the signal-to-noise 
ratio, we base the AMOC index definition only on the subpolar gyre 
data (see Methods).

To test the ability of this index of detecting past AMOC changes, we 
turn to the CMIP5 coupled climate model ensemble20, using all simu-
lations for which an AMOC diagnostic is available (n = 15; Extended 
Data Table 1). The region defining the subpolar cold patch is chosen 
to be large enough to encompass the cooling found across all models, 
because its exact location differs in each model. Figure 5 shows the 
linear 1870–2016 trend in the AMOC index, as well as in the actual 
AMOC, in these models. The correlation for the models with a realis-
tic AMOC has R = 0.95, so the AMOC variation explains 89% of the 
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Fig. 5 | Results of the CMIP5 ensemble regression analysis. The graph 
shows the linear trend in the simulated AMOC decline versus the SST-
based AMOC index (November–May data) in ‘historic’ climate model 
runs from 1870 to 2016, using the CMIP5 climate model ensemble. (The 
runs were extended from 2006 to 2016 with simulations of the RCP8.5 

scenario.) Orthogonal regression analysis was performed with n = 12 
models (indicated by coloured symbols). The grey area marks the 2σ 
confidence interval. The three models labelled in grey were not included in 
the regression owing to unrealistic AMOC representation; see Methods.
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Fig. 6 | Comparison of time series of SST anomalies and the strength  
of the overturning circulation in observations. Shown are time series  
of SST anomalies with respect to the global mean SST in the subpolar  
gyre (sg) and the Gulf Stream (gs) regions (HadISST data). The graph  
also includes the trend of in situ AMOC monitoring by the RAPID 
project21, an ocean reanalysis product (GloSea522) and a reconstruction 
from satellite altimetry and cable measurements23. Thin lines show 
individual years (November–May for SSTs) and thick lines show smoothed 
data (20-year LOWESS filtering for the SST data and quadratic/linear fits 
for the AMOC data).

1 9 4  |  N A T U R E  |  V O L  5 5 6  |  1 2  A P R I L  2 0 1 8
© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



Assumptions of fingerprints

• Linear relationship between AMOC and proxy 
• Implicit timescales based on data filtering
• Assumption of stationarity

• Potential for misattribution 



Fingerprints: Linear assumption
A linear regression between the AMOC and the proxy:

Assume (or determine) that temperature varies linearly with AMOC

Zhang (2008)



AMOC vs Meridional Heat Transport at 26N

Johns et al. (2011)

Fingerprints: Linear assumption

Seems OK:  AMOC and MHT are linearly related

But 

dOHC

dt
/ HT

A linear regression between the AMOC and the proxy:
Assume (or determine) that temperature varies linearly with AMOC

Zhang (2008)



Fingerprints vs Circulation pathway change
Linear assumption is like making small perturbations around a mean:
Marginally stronger heat transport strength -> marginally warmer ocean 
north of the line

glacial. This observation was later
confirmed in the same core by
Piotrowski et al. [2005] using Nd iso-
topes to track changes in northern
versus southern source waters in
the Southern Ocean during MIS 3
and the last deglacial. Furthermore,
Keigwin and Boyle [1999] measured
δ13C values of benthic foraminifera
from a deep sediment core on the
Bermuda Rise and found compar-
able changes in deep water forma-
tion during MIS 3. Using similar
methods, Elliot et al. [2002] also
showed changes in benthic forami-
niferal δ13C values corresponding to
DO stadials, and Vautravers et al.
[2004] found millennial-scale varia-
bility of deep water δ13C from the
Blake Ridge, albeit only during some
DO stadials. Other methods includ-
ing sediment magnetic suscepti-
bility and trace metals have also
traced DO-like variability in Atlantic

sediments to deep ocean circulation. A benthic foraminiferal Mg/Ca record from the Iberian Margin pub-
lished by Skinner and Elderfield [2007] showed a correlation between deep water temperature change
and Greenland climate during MIS 3. Recently, this warming has been hypothesized to have played a
key role in ice sheet destabilization during MIS 3, allowing for minor perturbations arising from sea ice-
ice sheet-ocean interactions to significantly affect AMOC [Alvarez-Solas et al., 2013; Dokken et al., 2013;
Marcott et al., 2011]. Furthermore, few proxies have the ability to directly monitor changes in AMOC
strength. Kinematic proxies like sediment 231Pa/230Th ratios track the export of 231Pa relative to 230Th from
the Atlantic as a proxy for deep water export [McManus et al., 2004], and nutrient proxies such as Cd/Ca, and
δ13C measured in benthic foraminifera can be used to reconstruct changes in Atlantic water mass geometry
associated with differing AMOC states [Curry and Oppo, 2005]. Yet in spite of these recent advances, there is
still only limited paleoceanographic evidence supporting a relationship between DO events and AMOC
variability [Clement and Peterson, 2008].

In this study, we reconstruct past subsurface temperature changes in the western boundary current in the
Tropical North Atlantic (TNA) as a new proxy for AMOC variability during MIS 3. Zhang [2007] established the
relationship between TNA subsurface warming and AMOC weakening based on water hosing experiments
and then used observed TNA subsurface anomalies to infer AMOC variations over the last several decades.
Chang et al. [2008] and Schmidt et al. [2012b] extended the investigation of the subsurface temperature
response to AMOC changes by including the equatorial and south tropical Atlantic and identified a two-step
ocean teleconnection mechanism linking the subsurface warming to a weakening in AMOC. The first step of
the process primarily involves oceanic adjustment in response to the AMOC change, which causes a rapid
weakening in the western boundary current, resulting in a subsurface warming in the TNA by reducing the
transport of the cold and fresh subsurface tropical water into the Caribbean region. The second step of the
process becomes effective when AMOCweakens beyond a threshold, at which point the equatorward pathway
of the North Atlantic subtropical cell opens, allowing the warm salinity maximum waters (SMW) of the
subtropical North Atlantic gyre to flow south and warm the subsurface of the equatorial zone. This causes
a warming of the equatorial and south tropical Atlantic. Today, the warm salinity maximum waters of the
subtropical North Atlantic gyre remain separated from the cooler, fresher tropical subsurface waters because
the equatorward pathway of the North Atlantic subtropical cell is blocked by the strong northward return
flow of AMOC along the western boundary (Figure 1) [Fratantoni et al., 2000; Hazeleger and Drijfhout, 2006;

Figure 1. Modern subsurface hydrography across the Tropical Atlantic along
the density surface σ = 1026.8 (~200–600m depth). A sharp temperature
(color) and salinity (contours) gradient exists in the subsurface between the
subtropical gyre and the deep tropics. The warm subtropical gyre waters
are blocked from flowing into the deep tropics by the northward return flow
in the upper limb of themodern AMOC cell (North Brazil Current). Competition
between this equatorward flow and northward AMOC return is a key element
of the subsurface warmingmechanism. White dashed line is cross section from
World Ocean Circulation Experiment (WOCE) line A22 in Figure 2.

Paleoceanography 10.1002/2015PA002832

PARKER ET AL. AMOC VARIABILITY DURING MIS 3 1426

Vs Circulation pathway change

When the AMOC weakened, a new pathway opened up to bring warm, 
saline subtropical Atlantic water towards the equator

Parker et al. (2015)
Also Zhang (2007)

Zhang (2008)



Fingerprints: Implicit Timescales
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are shown in Fig. 3 with the AMOC leading the SSTA 
by 0, 2, 5, 7, 9 and 12 months. The 95 % level of sig-
nificance in these correlations is obtained using the 
composite method described in Sect. 2.2 and the strong-
est signal is found when the AMOC leads the SSTA by 
5 months (Fig. 3c).

For this specific lag (Fig. 3c), the correlation pattern 
exhibits a distinct dipole structure where positive correla-
tions are found between the AMOC and the SSTA south-
east of Newfoundland between 26 and 45◦N and nega-
tive correlations occur in a zonal band reaching from the 
Gulf of Mexico to the African coast between 10 and 26◦
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Fig. 3   Lagged correlations between the SSTA over the North Atlan-
tic and the AMOC at 26◦N. In these correlations, the AMOC leads the 
SSTA. a  shows 0 lag, b a lag of 2 months, c 5 months, d 7 months, e 

9 months and f 12 months. Black contours indicate 95 % significance 
levels and were obtained using the composite method
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transport across the equator17,18. The observations show particularly 
strong warming along the Benguela Current and its northward exten-
sion towards the Gulf of Guinea. This is a common response in climate 
models to an AMOC weakening2,19,20, and is related to a reduced cold 

northward flow, but is not seen in the CM2.6 simulations. This omis-
sion might be related to the model’s representation of the AMOC or 
of wind-driven circulation in the South Atlantic, and needs further 
investigation.

atad TSSIdaHledom 6.2MC

Local SST trend normalized to global SST trend

–2 5432101–3– 23 1 0 1 2 3 4

Fig. 2 | Comparison of normalized SST trends. Left, linear SST trends 
during a CO2-doubling experiment using the GFDL CM2.6 climate 
model. Right, observed trends during 1870–2016 (HadISST data). Both 
sets of data are normalized with the respective global mean SST trends, 
and in both cases we used data from the November–May season. Regions 

that show cooling or below-average warming are shown in blue; regions 
that show above-average warming are in red. Owing to the much greater 
climate change in the CO2-doubling experiment, the signal-to-noise ratio 
for the modelled SST trends is better than that for the observations.
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Fig. 3 | Comparison of time series of SST anomalies and the strength 
of the overturning circulation in the CM2.6 model. The graph shows 
time series of SST anomalies (relative to global mean SSTs) in the subpolar 
gyre (sg; dark blue) and Gulf Stream (gs; red) regions in the CO2-doubling 
run relative to the control run, as predicted by the CM2.6 model. These 
two regions are defined as shown in the inset (see Methods). The anomaly 
of the actual AMOC overturning rate relative to the control run is also 
shown (light blue). Thin lines show individual years (November to May 
for SSTs), and thick lines show 20-year locally weighted scatterplot 
smoothing (LOWESS) filtered data. Using the CMIP5 ensemble, we 
independently determined a conversion factor of 3.8 Sv K−1 between the 
SST anomaly and the AMOC anomaly.
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Fig. 4 | Seasonal variation in SSTs in the subpolar gyre region. We show 
here the seasonal cycle in the normalized SST trend in the subpolar gyre 
(sg) region for the CM2.6 model (light blue) and HadISST data (dark 
blue). A value of 1 represents annual-mean, global-mean warming. In 
addition, we show the seasonal cycle of the normalized global-mean SST 
trend for the model (light green) and observations (dark green). The 
SST trends in the subpolar gyre region are well below the global-mean 
warming year-round (differences are given in numbers along the x axis 
for the CM2.6 model (light grey) and the HadISST data (dark grey) and 
highlighted by arrows), yet are smallest during the cold part of the year for 
both observations and model.
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AMOC variability

Deriving fingerprints has an implicit 
expectation about timescale.

• The observed AMOC at 26N shows 
variability on a range of timescales

Kanzow et al. (2009)

Timescales relate to processes
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are shown in Fig. 3 with the AMOC leading the SSTA 
by 0, 2, 5, 7, 9 and 12 months. The 95 % level of sig-
nificance in these correlations is obtained using the 
composite method described in Sect. 2.2 and the strong-
est signal is found when the AMOC leads the SSTA by 
5 months (Fig. 3c).

For this specific lag (Fig. 3c), the correlation pattern 
exhibits a distinct dipole structure where positive correla-
tions are found between the AMOC and the SSTA south-
east of Newfoundland between 26 and 45◦N and nega-
tive correlations occur in a zonal band reaching from the 
Gulf of Mexico to the African coast between 10 and 26◦
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Fig. 3   Lagged correlations between the SSTA over the North Atlan-
tic and the AMOC at 26◦N. In these correlations, the AMOC leads the 
SSTA. a  shows 0 lag, b a lag of 2 months, c 5 months, d 7 months, e 

9 months and f 12 months. Black contours indicate 95 % significance 
levels and were obtained using the composite method
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transport across the equator17,18. The observations show particularly 
strong warming along the Benguela Current and its northward exten-
sion towards the Gulf of Guinea. This is a common response in climate 
models to an AMOC weakening2,19,20, and is related to a reduced cold 

northward flow, but is not seen in the CM2.6 simulations. This omis-
sion might be related to the model’s representation of the AMOC or 
of wind-driven circulation in the South Atlantic, and needs further 
investigation.
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Fig. 2 | Comparison of normalized SST trends. Left, linear SST trends 
during a CO2-doubling experiment using the GFDL CM2.6 climate 
model. Right, observed trends during 1870–2016 (HadISST data). Both 
sets of data are normalized with the respective global mean SST trends, 
and in both cases we used data from the November–May season. Regions 

that show cooling or below-average warming are shown in blue; regions 
that show above-average warming are in red. Owing to the much greater 
climate change in the CO2-doubling experiment, the signal-to-noise ratio 
for the modelled SST trends is better than that for the observations.
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Fig. 3 | Comparison of time series of SST anomalies and the strength 
of the overturning circulation in the CM2.6 model. The graph shows 
time series of SST anomalies (relative to global mean SSTs) in the subpolar 
gyre (sg; dark blue) and Gulf Stream (gs; red) regions in the CO2-doubling 
run relative to the control run, as predicted by the CM2.6 model. These 
two regions are defined as shown in the inset (see Methods). The anomaly 
of the actual AMOC overturning rate relative to the control run is also 
shown (light blue). Thin lines show individual years (November to May 
for SSTs), and thick lines show 20-year locally weighted scatterplot 
smoothing (LOWESS) filtered data. Using the CMIP5 ensemble, we 
independently determined a conversion factor of 3.8 Sv K−1 between the 
SST anomaly and the AMOC anomaly.
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blue). A value of 1 represents annual-mean, global-mean warming. In 
addition, we show the seasonal cycle of the normalized global-mean SST 
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SST trends in the subpolar gyre region are well below the global-mean 
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for the CM2.6 model (light grey) and the HadISST data (dark grey) and 
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1 2  A P R I L  2 0 1 8  |  V O L  5 5 6  |  N A T U R E  |  1 9 3
© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Caesar et al. (2018)

Duchez et al. (2016a)

Frajka-Williams (2015)

Zhang et al. (2008)

Monthly

Interannual

Multidecadal

Multidecadal - Centennial



Fingerprints: Assumption of Stationarity
Typically assumes that the process that 
controls the proxy to AMOC relationship is 
the dominant process controlling that 
variable/proxy.

However, the relationship can change with 
time (non-stationary).

Alexander-Turner et al. (2018)

3356 A. Duchez et al.

1 3

are shown in Fig. 3 with the AMOC leading the SSTA 
by 0, 2, 5, 7, 9 and 12 months. The 95 % level of sig-
nificance in these correlations is obtained using the 
composite method described in Sect. 2.2 and the strong-
est signal is found when the AMOC leads the SSTA by 
5 months (Fig. 3c).

For this specific lag (Fig. 3c), the correlation pattern 
exhibits a distinct dipole structure where positive correla-
tions are found between the AMOC and the SSTA south-
east of Newfoundland between 26 and 45◦N and nega-
tive correlations occur in a zonal band reaching from the 
Gulf of Mexico to the African coast between 10 and 26◦
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Fig. 3   Lagged correlations between the SSTA over the North Atlan-
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Duchez et al. (2016a)



Fingerprints: Potential for Mis-attribution
Typically assumes that the AMOC is the 
dominant process controlling the variable/
proxy.

But, both may be driven by other changes in 
forcing.

E.g. SST warming hole on long timescales is a 
signature of a slowing AMOC.  On interannual 
timescales, may be driven largely by 
atmospheric forcing.

Duchez et al. (2016b)



Fingerprints: Potential for Mis-attribution

Origins of the AMO/AMV variability (a large-scale SST 
pattern in the Atlantic) is debated: 

• AMOC forcing (e.g., Mann & Emmanual, 2006 + 
Zhang et al., 2008)

• Aerosol forcing (Booth et al., 2012 + rebuttal Zhang 
et al., 2013) 

• Atmospheric forcing (Clement et al., 2015 + 
comment Zhang et al., 2016)

Model behaviour and type (slab-ocean vs coupled, 
strongly active aerosols) can influence the results.

Booth et al. (2012)

This points to a larger forced role in this period. Other processes not
represented by our ensemble-mean response (such as ocean dynamical
changes) may also contribute to this early trend.

In examining why the HadGEM2-ES ensemble reproduces the
observed NASST variability better than previous multimodel studies
have done6,9 (Fig. 1a, b), we can discount the possibility that the
HadGEM2-ES variability is predetermined, because the initial condi-
tions were selected to sample different phases of Atlantic variability26.
Furthermore, an additional HadGEM2-ES ensemble that omits
changes in aerosol emissions neither has the same multidecadal vari-
ability as the all-forcings ensemble nor reproduces the observed
NASSTs (Fig. 2a).

Replication of a large fraction of the observed NASST variability by
HadGEM2-ES allows us to identify forcings and mechanisms, consist-
ent with the observed variability, within the model framework.
Variability of ensemble-mean NASST from historical simulations
including time-varying aerosol emissions is strongly correlated with
variability in simulated net surface shortwave radiation (Fig. 2b),
which in turn has the same temporal structure as variability in aerosol
optical depth changes (Fig. 2c) and periods of volcanic activity (Fig. 2d).
Other terms in the surface heat budget (Supplementary Fig. 2) have a
role in the simulated NASST change. However, it is the surface short-
wave component that produces the dominant multidecadal variations.

Volcanoes and aerosols respectively explain 23 and 66% of the temporal
(10-yr-smoothed) multidecadal variability of the detrended NASST
(Supplementary Fig. 5). Combining both contributions explains 76%
(80% after inclusion of mineral dust aerosols) of the simulated variance.
Inclusion of mineral dust processes may potentially be important
because emissions are known to respond to North-Atlantic-driven
changes in Sahel rainfall, and thus represent an important positive
feedback on NASSTs in the real world12. The lack of a multidecadal
dust signal (Supplementary Information) in HadGEM2-ES simulations
suggests that we are likely to be underestimating the magnitude of the
forced Atlantic response.

The volcanic influence on Atlantic variability has been demon-
strated previously12,22. We focus on the anthropogenic aerosol com-
ponent of the shortwave changes identified here as driving the model’s
multidecadal NASST variability. Aerosol concentration changes influ-
ence the spatial response (Fig. 3) of NASST as well as its temporal
evolution. Prevailing winds advect aerosols emitted in industrial North
America in a band across the North Atlantic that mixes with polluted
air masses over Europe before being transported by trade winds south
and west. The large-scale pattern of shortwave change is explained by
the effect of cloud microphysical response to these changes in aerosol
concentration. The shortwave variability largely occurs where aerosol
changes coincide with large-scale cloud distribution. On a regional
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Figure 1 | Atlantic surface temperatures. Comparison of the area-averaged
North Atlantic SSTs (defined as 7.5–75uW and 0–60uN), relative to the 1901–
1999 average, of an observational estimate (the US National Oceanic and
Atmospheric Administration’s Extended Reconstructed SST27 (ERSST), black)
and two published6,9 CMIP3 model composites (ENS1, blue; ENS2, green;
a); the HadGEM2-ES model (orange; shading represents 1 s.d. of the model
ensemble spread; b); and two recomposites from CMIP3, the first with models

that represent only direct aerosol (mean of five contributing models, red) and
the second with models representing both indirect effects interactively (three
models, blue) (c). In all panels, trends between 1950–1975 (K per decade) are
shown. The error estimates are based on the s.d. of the 25 trends between a 5-yr
period (1948–1952) at the start of this interval and a 5-yr period (1973–1977) at
the end. All data have been latitude-weighted when calculating area averages.
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What we’ve learned from fingerprints

Fingerprints help us to
• Reconstruct past changes in the AMOC when observations didn’t exist
• Place current variability of AMOC in context of longer term variations
• Take advantage of fingerprint-variable predictability to predict AMOC changes
• Evaluate impacts of AMOC changes

A few examples…



Processes vs fingerprints
Can potentially be used to understand critical driving processes.  A change in the AMOC may 
correspond to a change in the strength of particular subsets of the circulation.

Zhang (2008)

Patterns as well as magnitudes of fingerprints matter (Zhang et al. 2013)



Seasonal prediction of SST

Processes

Duchez et al. (2016) 
Alexander-Turner et al. (2018)

3356 A. Duchez et al.

1 3

are shown in Fig. 3 with the AMOC leading the SSTA 
by 0, 2, 5, 7, 9 and 12 months. The 95 % level of sig-
nificance in these correlations is obtained using the 
composite method described in Sect. 2.2 and the strong-
est signal is found when the AMOC leads the SSTA by 
5 months (Fig. 3c).

For this specific lag (Fig. 3c), the correlation pattern 
exhibits a distinct dipole structure where positive correla-
tions are found between the AMOC and the SSTA south-
east of Newfoundland between 26 and 45◦N and nega-
tive correlations occur in a zonal band reaching from the 
Gulf of Mexico to the African coast between 10 and 26◦
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Fig. 3   Lagged correlations between the SSTA over the North Atlan-
tic and the AMOC at 26◦N. In these correlations, the AMOC leads the 
SSTA. a  shows 0 lag, b a lag of 2 months, c 5 months, d 7 months, e 

9 months and f 12 months. Black contours indicate 95 % significance 
levels and were obtained using the composite method

If SST is driven (in part and sometimes) by 
AMOC changes, there may be the potential 
for predicting SST in the North Atlantic from 
AMOC changes

Duchez et al. (2016a) 



Variability of coastal sea level

Timescales:
• Interannual

Data sources:
• Transport observations 
• Property observations 

(temperature, sea level)
• Numerical simulations

Calafat et al. (2018)

Pointwise correlation between sea level annual cycle at each grid point 
And averaged along the gulf + southeast coasts

Alternative: Hirschi poster



Decadal prediction of SST/OHC

Timescales:
• Interannual to multi-

decadal

Data sources:
• Transport observations 
• Property observations 

(temperature, sea level)

McCarthy et al. (2015) 
Zhang (2008) 

AMO/AMV

signal is in the subpolar region (Fig. 1a), so we wish to show that, as a
measure of ocean circulation, our sea-level index is related to heat
transport into the subpolar gyre and consequently heat content
changes there. Such a mechanism is supported by our model, in which
the sea-level index leads the heat transport into the subpolar gyre
at 40u N and, consequently, leads the heat content changes there
(Extended Data Fig. 6).

Although we do not have observations of heat transport, we can
relate our sea-level index directly to the heat content changes in the
subpolar gyre since 1960. Figure 2a shows the accumulated sea-level
index (blue curve), together with a direct estimate of the heat content in
the area in the depth-weighted temperature anomaly in the top 500 m
between 40u N and 60u N (black line). Heat content trends are similar
throughout the upper 1,000 m of the Atlantic, below which they reverse
due to the depth structure of the Atlantic overturning circulation. The
cool subpolar upper ocean of the 1970s and 1980s and subsequent
warming in the 1990s is captured by the accumulated sea-level index,
observationally supporting the hypothesis that circulation changes and
not only air–sea fluxes were involved in these changes28. For the pur-
poses of statistical analyses, the timeseries have had a 7-year low-pass,
Tukey filter applied to them, which is referred to by the prefix ‘7-year’
from here on. The 7-year sea-level index leads the 7-year rate of

heat content change by 2 years with a maximum correlation of 0.58
(significant at the 95% level). The reason that the accumulated sea-level
index leads the large rise in heat content from 40uN to 60uN in the early
1990s can be interpreted by looking at maps of the heat content anom-
aly evolution. Heat content builds downstream of the intergyre region
from the mid-1980s to the mid-1990s (Fig. 2b). This heat content
anomaly is then observed downstream in the subpolar gyre in the late
1990s and early 2000s (Fig. 2c), indicating that the sea-level index could
provide an early indication of subpolar heat content change.

The first mode of atmospheric variability over the North Atlantic,
the North Atlantic Oscillation (NAO), forces both buoyancy and
wind-driven ocean circulation7 and, we believe, is the major forcing
of the circulation in the intergyre region. The 7-year NAO is signifi-
cantly correlated with (r 5 0.71 at the 98% level) and leads the 7-year
sea-level difference by approximately 1 year over the period 1950 to
2012. On extending the time period to 1920–2012, the correlation
drops slightly but is still significantly correlated (r 5 0.61 at the 98%
level, Extended Data Fig. 7). The correlation between the sea-level
difference and the NAO is higher and more significant than the
correlation of the NAO with either the southern or northern sea-level
(Fig. 1b, c) composites (r 5 20.5 at the 86% level for the southern
composite; r 5 20.43 at the 70% level for the northern); this supports
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Figure 1 | Dynamic sea level and circulation along the western Atlantic
seaboard. a, Negative (positive) mean dynamic topography contours in blue
(red) indicate cyclonic (anticyclonic) geostrophic streamlines. Contour values
in metres shown in Fig. 2. The zero contour (dark blue) marks the boundary
between the subtropical and subpolar gyres. Hatched areas indicate warm sea
surface temperature anomalies of greater than 0.5 uC during the positive phase

of the AMO from 1995–2004 relative to from 1961–2012. b, c, Dynamic sea-
level anomalies north (b; sites 7–30, 1200 mm offset) and south (c; sites 1–6,
2200 mm offset) of Cape Hatteras, with averages in black. d, The difference in
sea level, southern minus northern average, defines our sea-level index for
ocean circulation.
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Figure 2 | Relating the sea-level circulation index to heat content changes.
a, Accumulated sea-level index (nominally, in mm month) derived from
accumulating the sea-level circulation index (blue), temperature anomaly in the
upper 500 m of the subpolar North Atlantic from 40u to 60u N (black) and

accumulated NAO (red, dashed). b, Average temperature anomaly in the top
500 m for the periods 1985–94 relative to the average from 1958–2010.
Contours of mean dynamic topography (metres) defined in Fig. 1a are overlaid
for reference. c, Same as b but for the period 1995–2004.
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Other fingerprints?

Can we find other fingerprint variables to use?

Variables often used: Sea surface height (SSH), sea surface temperature 
(SST), subsurface temperature and upper ocean heat content (OHC)



Other fingerprints?

ocean is similar to that on the shelf. Yet, tellingly, it still
contributes negligibly to the deep ocean variance. This
points to a suppression of baroclinic variability by the
continental slope.
[8] In OCCAM there is a clear linear relationship

between the anomalous MT at 50!N in the upper layer
(100–1300 m) and coastal SL variability (Figure 2), with a
positive (negative) SL anomaly of 2 cm corresponding to a
1Sv reduction (increase) in transport (the exact slope is
!0.59 Sv/cm). This simple linear regression model of
anomalous MT in the upper layer as a function of coastal
SL captures 85% of the variance.

[9] As mentioned previously, BH find that in OCCAM
the MT variability in the upper layer is balanced by
opposing variability in a lower layer. Therefore, it must be
the case that the BP anomaly on the western boundary
changes sign at 1300 m, the depth of the interface between
the two layers. This is seen clearly in Ep (Figure 1a).
Assuming that pw changes linearly from some value Pw

on the shelf edge at z1 = 100 m to zero at z2 = 1300 m, from
equation (1) we obtain

T " ! 103Pw

2r0 f0
¼ ! 10gh cmw

2f0
" ! h cmw

2
Sv ð2Þ

Figure 1. (a and e, blue) The leading EOFs of model interannual bottom pressure (BP) variability and (b and e, red) sea
level (SL) variability on the western boundary of the North Atlantic. The spatial functions are scaled by the standard
deviation of the temporal function and the temporal function has been normalised by its standard deviation. (c) The percent
of interannual BP variance accounted for the leading EOF. (d) Repeating Figure 1c for interannual SL. Bathymetry is
contoured at 1300 m and 3000 m.

L02603 BINGHAM AND HUGHES: MOC SEA LEVEL SIGNATURE L02603

2 of 5

Bingham + Hughes (2009)

Hughes et al. (2018)

MOC variance explained by pressure along the continental slope

LatitudeLatitude

Ocean bottom pressure?



Other fingerprints?

McDonagh et al. (2015)
Moat et al. Poster

• Meridional heat transport is driven by 
the AMOC at 26N, and temperature is 
a signature of AMOC changes.

• Meridional freshwater transport at 26N 
is also driven by the AMOC.

• Perhaps salinity is a potential 
fingerprint?  
Though records are not as long as 
temperature…

Salinity?



Summary
Data sources:
• Transport observations 
• Property observations 

and reanalyses 
(temperature, sea level)

• Numerical simulations

+ Paleo proxies

Timescales:
• <= Annual
• Interannual
• Decadal
• Centennial

+ Millenial and longer

Objectives:
• Seasonal prediction
• Decadal prediction
• Sea level variability
• Context for present day

+ more
+ Paleo reconstruction



Summary
Data sources:
• Transport observations 
• Property observations 

and reanalyses 
(temperature, sea level)

• Numerical simulations

+ Paleo proxies

Timescales:
• <= Annual
• Interannual
• Decadal
• Centennial

+ Millenial and longer

• Timescales may be assumed but relate to processes 
• Linearity limits utility if circulation pathway shifts 
• Dominance of a single driver is a necessary assumption? But assumes stationarity
• Patterns of the fingerprint may be related to processes
• Potential for other fingerprints/multivariate fingerprints. SST, subsurface T, OHC, (SSH) are linked

Thank you!

Objectives:
• Seasonal prediction
• Decadal prediction
• Sea level variability
• Context for present day

+ more
+ Paleo reconstruction
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