
	
NASA Ocean Surface Topography Science Team



Ques&on:		How	are	the	different	components	
of	North	Atlan&c	Upper	Ocean	Circula&on	
connected	to	the	winds,	to	each	other	and	to	
heat	content	changes?			
	
Approach:		use	al&metry	to	enhance	direct	
observa&ons	of	those	components		
	
1.  Interannual	variability	using	lagged	

regressions	
2.  10	year	trend		
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AMOC	trend	in	observed	AMOC:	mostly	owing	to	
Upper	Mid-Ocean	transport	Smeed	et	al	2014	

32 D. A. Smeed et al.: Observed decline of the Atlantic meridional overturning circulation

 
 

 

2004 2005 2006 2007 2008 2009 2010 2011 2012

−10

−5

0

5

10

 M
O

C
  (

Sv
)

2004 2005 2006 2007 2008 2009 2010 2011 2012

−10

−5

0

5

10

EK
M

AN
 (S

v)

2004 2005 2006 2007 2008 2009 2010 2011 2012

−10

−5

0

5

10

G
U

LS
T 

(S
v)

2004 2005 2006 2007 2008 2009 2010 2011 2012

−10

−5

0

5

10

 U
M

O
  (

Sv
)

Fig. 3. Anomalies (positive is northward) relative to mean annual
cycle. From top to bottom: MOC, Ekman, Gulf Stream, and UMO.
A 45-day low-pass filter was applied to each time series. For each
time series horizontal dashed lines show ± 2 standard deviations
and the solid black lines show the average trend ± 1.64 standard
errors (i.e. 90% confidence limits).

function of annual period and two harmonics to the ten-day
filtered data. The annual cycle for the AMOC is shown in
Fig. 2. The annual cycles were then subtracted from the orig-
inal data to create de-seasonalized time series; filtered ver-
sions of these data are shown in Fig. 3.
Calculation of the standard error of the estimated trend re-

quires an estimation of the number of degrees of freedom in
the time series. Several approaches can be used to determine
the integral timescale and degrees of freedom. Here we fol-
lowed Leith (1973) and set

Degrees of freedom = Length of timeseries
2⇥ e-folding time of autocorrelation .

The e-folding timescales were determined by fitting an ex-
ponential function to the 10-day filtered data after removal

Table 2. Estimated changes for the AMOC at 26� N and its compo-
nent parts between the period from April 2004 to March 2008 and
the period from April 2008 to March 2012. Two values are shown
for each variable. The first (upper) value includes the year starting
in April 2009 and the second excludes 2009. Also shown are the
5 and 95 percentile values of the estimate. All values are Sv. Pos-
itive implies increased northward transport (or reduced southward
transport).

Mean value Estimated change
Variable 2004–2012 (2008–2012) – (2004–2008)

Confidence value 5% 50% 95%

AMOC 17.5 �5.1 �2.7 �0.3
�3.0 �1.6 �0.2

Gulf Stream 31.5 �1.2 �0.5 0.2
�1.0 �0.3 0.4

Ekman 3.5 �1.3 �0.2 0.9
�0.7 0.2 1.0

Upper mid-ocean (UMO) �17.5 �3.4 �2.0 �0.6
�2.7 �1.5 �0.2

UNADW �11.6 �0.7 0.1 0.9
�0.8 �0.2 0.4

LNADW �6.5 0.5 2.1 3.8
0.2 1.5 2.7

of the seasonal cycle. The values obtained were 40 days for
the MOC, 24 days for the Ekman transport, 14 days for the
Gulf Stream and 21 days for the UMO. Based on an 8.5 yr
record length, these e-folding scales correspond to estimates
of the number of degrees of freedom between 39 and 111; to
be conservative here a value of 35 degrees of freedom was
used for each time series.
Superimposed on the data in Fig. 3 are the trends calcu-

lated by linear regression of the 10-day filtered data. Lines
illustrating the trend ±1.64 standard errors (for 35 degrees
of freedom) are also shown. These represent the 90% con-
fidence interval for the trend. The estimated trend in the
AMOC is�0.54 Sv yr�1 (90% c.i.�0.08 to�0.99 Sv yr�1).
This is consistent with the values obtained in the previous
section by looking at the four-year mean. The results in Ta-
ble 2 suggest a reduction of 2.7 Sv over a four-year equivalent
to a trend of about �0.68 Sv yr�1. Trends and confidence in-
tervals for the components of the AMOC are summarized in
Table 3. The UMO is the only component that has a trend
significantly different from zero (�0.41 Sv yr�1, 90% c.i.
�0.07 to �0.74 Sv yr�1). The trend in the de-seasonalized
time series of the AMOC accounts for 10% of the total vari-
ance of the AMOC 10-day low-pass filtered time series. Af-
ter removal of the trend the standard deviation of the AMOC
residuals is 4.0 Sv.
The analysis was also applied to the time series with data

from April 2009 to March 2010 removed. In this case the
trend was a little weaker being �0.42 Sv yr�1 (90% c.i. 0.01
to �0.84 Sv yr�1 based on 31 degrees of freedom).
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of these snapshots, insight into the variability was limited.
To quantify the variability it was proposed in the early 2000s
to establish a dedicated observing system to make continu-
ous measurements of the variability of the AMOC at 26� N
(Cunningham et al., 2007). Early results highlighted the sea-
sonal and shorter scale variability and enabled the quantifi-
cation of the error bars for the hydrographic snapshot mea-
surements (Kanzow et al., 2010).
Inter-annual AMOC variability was small compared to

the seasonal variation during the first 4 yr of observations,
but in 2009–2010 there was a large (30%) downturn in the
strength of the AMOC (McCarthy et al., 2012). This caused
a reduction in the heat content of the subtropical North At-
lantic (Cunningham et al., 2013). Cunningham et al. (2013)
suggested that this reduction was the major contributor to
low wintertime sea-surface temperatures in the region be-
tween 26� N and 41� N. The downturn of 2009–2010 was
followed by an anomalously cold winter in NW Europe with
strong negative North Atlantic oscillation (NAO) in Decem-
ber 2010. Maidens et al. (2013) noted that the anomalous
conditions were predicted by long-range forecasts several
months in advance. Using an ensemble of hindcasts, Maid-
ens et al. (2013) concluded that the factor that led to the pre-
dictability of this winter was the anomalous upper-ocean heat
content and SST. This suggests that the monitoring AMOC
at 26� N can provide valuable information for seasonal pre-
diction.
The 26� N RAPID-MOCHA-WBTS program (hereafter

referred to as the 26� N program) has thus provided important
information about inter-annual, seasonal and shorter term
variability of the AMOC but the limited length of the time
series has precluded investigation of longer timescales. With
the extension of the record to 8.5 yr we now present the first
look at multi-year trends in the AMOC at 26� N.

2 The calculation of the AMOC

The principles of the calculation of the AMOC volume trans-
port have been described elsewhere (Cunningham et al.,
2007; Kanzow et al., 2007). There are three main compo-
nents to the measurements (Fig. 1). Firstly, the Gulf Stream
transport (TGS) in the Florida Straits is measured by subma-
rine cable measurements and quarterly hydrographic cruises
(Baringer and Larsen, 2001; Meinen et al., 2010). Secondly,
the Ekman transport (TEK) is determined from atmospheric
reanalyses. In the analysis presented here the ERA interim
product is used (Dee et al., 2011). Thirdly, an array of
moored instruments measures the flow from the Bahamas
to the continental shelf off Africa. The mooring array con-
sists of two parts. From the Bahamas to 20 km offshore
(76.75�W), current metre moorings make direct estimates
of the flow (Johns et al., 2008). East of 76.75�W, an ar-
ray of dynamic height moorings carrying vertical strings of
temperature–salinity–pressure sensors defines the mid-ocean

Fig. 1. Schematic diagram illustrating the component parts of the
AMOC and the 26� N observing system. Black arrows represent the
Ekman transport (predominantly northward). Red arrows illustrate
the circulation of warm waters in the upper 1100m, and blue arrows
indicate the main southward flow of colder deep waters. The array
of moorings used to measure the interior geostrophic transport is
illustrated too.

geostrophic flow to the eastern boundary. The combined
transports from the moorings are referred to herein as the
internal transport (TINT). Geostrophic calculations require a
level of known motion, which, for the AMOC calculation, is
determined by applying a constraint of zero net mass trans-
port across the section. The additional transport necessary
to satisfy this constraint is referred to as the external trans-
port (TEXT). While the external transport is defined to sat-
isfy an imposed constraint, this has been independently vali-
dated using in situ bottom pressure data (Kanzow et al., 2007;
McCarthy et al., 2012). The internal and external transports
are combined to give a zonally integrated mid-ocean trans-
port profile as a function of depth. Transport profiles from
the Gulf Stream in the Florida Straits and from the basin-
wide Ekman layer are added to those from the internal and
external transports to get a total transport profile.

T (z, t) = TGS (z, t)+TEK (z, t)+TINT (z, t)+TEXT (z, t) (1)

Vertical integration of the transport profile results in the vol-
ume transport stream function, and the AMOC transport is
defined to be the maximum of the stream function. This max-
imum predominantly occurs around 1100m. Because the Ek-
man and Gulf Stream transport both occur shallower than
1100m (Ekman transport is assumed to be within the up-
per 100m and the maximum depth of the Florida Straits is
760m) we can express the AMOC as the sum of three com-
ponents

MOC(t) = GS(t) +EK(t) +UMO(t) , (2)

where we define upper mid-ocean (UMO) transport to be the
mid-ocean transport above the depth of the maximum of the
basin-wide AMOC stream function. This is in effect the vol-
ume transport of the southward flowing recirculation of the
subtropical gyre less the northward flowing Antilles Current
(Meinen et al., 2004).
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Fig. 3. Anomalies (positive is northward) relative to mean annual
cycle. From top to bottom: MOC, Ekman, Gulf Stream, and UMO.
A 45-day low-pass filter was applied to each time series. For each
time series horizontal dashed lines show ± 2 standard deviations
and the solid black lines show the average trend ± 1.64 standard
errors (i.e. 90% confidence limits).

function of annual period and two harmonics to the ten-day
filtered data. The annual cycle for the AMOC is shown in
Fig. 2. The annual cycles were then subtracted from the orig-
inal data to create de-seasonalized time series; filtered ver-
sions of these data are shown in Fig. 3.
Calculation of the standard error of the estimated trend re-

quires an estimation of the number of degrees of freedom in
the time series. Several approaches can be used to determine
the integral timescale and degrees of freedom. Here we fol-
lowed Leith (1973) and set

Degrees of freedom = Length of timeseries
2⇥ e-folding time of autocorrelation .

The e-folding timescales were determined by fitting an ex-
ponential function to the 10-day filtered data after removal

Table 2. Estimated changes for the AMOC at 26� N and its compo-
nent parts between the period from April 2004 to March 2008 and
the period from April 2008 to March 2012. Two values are shown
for each variable. The first (upper) value includes the year starting
in April 2009 and the second excludes 2009. Also shown are the
5 and 95 percentile values of the estimate. All values are Sv. Pos-
itive implies increased northward transport (or reduced southward
transport).

Mean value Estimated change
Variable 2004–2012 (2008–2012) – (2004–2008)

Confidence value 5% 50% 95%

AMOC 17.5 �5.1 �2.7 �0.3
�3.0 �1.6 �0.2

Gulf Stream 31.5 �1.2 �0.5 0.2
�1.0 �0.3 0.4

Ekman 3.5 �1.3 �0.2 0.9
�0.7 0.2 1.0

Upper mid-ocean (UMO) �17.5 �3.4 �2.0 �0.6
�2.7 �1.5 �0.2

UNADW �11.6 �0.7 0.1 0.9
�0.8 �0.2 0.4

LNADW �6.5 0.5 2.1 3.8
0.2 1.5 2.7

of the seasonal cycle. The values obtained were 40 days for
the MOC, 24 days for the Ekman transport, 14 days for the
Gulf Stream and 21 days for the UMO. Based on an 8.5 yr
record length, these e-folding scales correspond to estimates
of the number of degrees of freedom between 39 and 111; to
be conservative here a value of 35 degrees of freedom was
used for each time series.
Superimposed on the data in Fig. 3 are the trends calcu-

lated by linear regression of the 10-day filtered data. Lines
illustrating the trend ±1.64 standard errors (for 35 degrees
of freedom) are also shown. These represent the 90% con-
fidence interval for the trend. The estimated trend in the
AMOC is�0.54 Sv yr�1 (90% c.i.�0.08 to�0.99 Sv yr�1).
This is consistent with the values obtained in the previous
section by looking at the four-year mean. The results in Ta-
ble 2 suggest a reduction of 2.7 Sv over a four-year equivalent
to a trend of about �0.68 Sv yr�1. Trends and confidence in-
tervals for the components of the AMOC are summarized in
Table 3. The UMO is the only component that has a trend
significantly different from zero (�0.41 Sv yr�1, 90% c.i.
�0.07 to �0.74 Sv yr�1). The trend in the de-seasonalized
time series of the AMOC accounts for 10% of the total vari-
ance of the AMOC 10-day low-pass filtered time series. Af-
ter removal of the trend the standard deviation of the AMOC
residuals is 4.0 Sv.
The analysis was also applied to the time series with data

from April 2009 to March 2010 removed. In this case the
trend was a little weaker being �0.42 Sv yr�1 (90% c.i. 0.01
to �0.84 Sv yr�1 based on 31 degrees of freedom).
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AMOC=Florida Current+Ekman+Upper Mid Ocean
Mean    17.5 =          31.5           +3.5   -  17.5   Sverdrups



Circula(on	and	heat	content	variability	enhanced	by	SSH:	

Quan(ty	
	

Method	

SSH	 Monthly	AVISO	fields	spa&ally	smoothed	with	400	
km	Gaussian	smoother	to	removed	eddies.	Use	SSH	
as	a	proxy	for	upper	ocean	heat	content	(Lyman	and	
Johnson,	2014)	

AMOC	at	26N	 Atlan&c	Meridional	Overturning	Circula&on:	Extend	
RAPID		AMOC	&me	series	back	to	1993	using	
al&metry	Frajka-Williams	(2015)	for	Upper	Mid	
Ocean	transport

Florida	Current	 Fill	1.5	year	gap	of	cable	measurements	using	SSH	
difference	across	Florida	Strait		

Gulf	Stream	path	
and	strength	

Fit	the	across	path	structure	of	the	SSH	to	an	error	
func&on	(Kelly	and	Gille,	1990)	



Loca(on	and	strength	of	the	Gulf	Stream	from	SSH	difference	

Quan(ty	
	

Method	

Gulf	Stream	path	and	strength	
	

Fit	the	across	path	structure	of	the	SSH	to	an	
error	func&on		
(Kelly	and	Gille,	1990)	
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Using sea level as a proxy for heat content. 
Lyman and Johnson 2014

Local sea level determined by thermosteric (thermal 
expansion), and halosteric (haline contraction).  
Thermosteric dominates in tropics and subtropics
Correlation coefficent seasonal heat content with SSH
300-700 m 



NAO leads 

NAO lags 

NAO	leads	

NAO	lags	

Example:			
Influence	of	North	Atlan&c	Oscilla&on	(the	dominant	mode	of	
atmospheric	variability)	on	Gulf	Stream	Path	on	interannual	
&mes	scales	
	
NAO	leads	loca&on	of	Gulf	Stream	by	1-18	months	at	almost	all	
longitudes	(Frankignoul	et	al,	2001)	



Results:		Gulf	Stream	moves	north	and	gets	stronger	about	a	year	
a@er	changes	in	transport	or	winds	
Index	 Gulf	Stream	Path	 Gulf	Stream	Strength	

NAO-North	
Atlan&c	
Oscilla&on	

35	km/unit	NAO	
Over	En&re	Path		
(See	Frankignoul	et	al,	2001)	

9	cm/unit	NAO	
Near	New	England	
Seamounts	
	

AMOC	at	26N	 7.7	km	per	Sverdrup	
Upstream	of	New	England	Seamounts	
Opposite	to	what	is	found	in	climate	
models	(Joyce	and	Zhang,	2010)	

4	cm	per	Sverdrup	
Downstream	of	New	
England	Seamounts	
	

Florida	
Current	

-	 1.6	cm	per	Sverdrup	
Over	en&re	path	

UMO/
Thermocline	
Transport	at	
26N	
	

5	km	per	Sverdrup	
Over	en&re	path	
	

-	



SSH	paCern	Forced	by		the	
NAO	(interannual,	spa(ally	
smoothed)	
•  SSH	increases	in	the	

central	tropical	gyre	and	
decreases	in	the	subpolar	
and	SE	Subtropical	gyre.			

•  GS	path	shifs	North	and	
increases	in	strength	
downstream	

NAO	leads	by	18	months	

NAO	leads	by	12	months	

NAO	leads	by	6	months	SST	paCern	associated	with	NAO	(Vizbeck	et	
al,	2001)	



SSH	paCern	forced	by	changes	
in	the	Florida	Current	
(interannual,	spa(ally	
smoothed)	
	
SSH	increases	in	the	western	
subtropical	gyre	(heat	content	
increase)	
Decreases	in	NAC	(heat	content	
decrease)	
	
GS	increases	in	strength	
downstream	of	seamounts	
	
	

FC	leads	by	18	months	

FC	leads	by	12	months	

FC	leads	by	6	months	



SSH	paCern	forced	by	
increases	in	UMO	
	
SSH/heat	content	increases	in	
North	Atlan&c	Current		
	
Decreases	northeast	of	North	
America	
	
Decreases	across	the	basin	at	
26N	
	
Northward	shif	of	GS	path	
upstream	of	seamounts	
	
	

UMO	leads	by	18	months	

UMO	leads	by	12	months	

UMO	leads	by	6	months	



SSH	paCern	forced	by	
changes	in	AMOC:	
Dominated	by	Upper	Mid	
Ocean	response	
	
SSH/heat	content	increases	in	
“intergyre”	and	decrease	off		
northeast	North	America	
	
UMO	shows	similar	paiern	
	
	
	
	

AMOC	leads	by	18	
months	

AMOC	leads	by	12	
months	

AMOC	leads	by	6	months	



Trend	in	AMOC	2004-2014:	linked	to	
SSH/heat	content	and	GS	changes	

2004-2014			
AMOC Upper Mid Ocean

Gulf Stream Strength downstream of NE Seamounts



Trend	in	SSH	2004-2014	

SSH	paiern	associated	
with	AMOC	

SSH 
difference 
decrease



•  Interannual	Variability	
•  Response	of	Gulf	Stream	different	upstream	and	downstream	of	
New	England	Seamounts;	the	loca&on	where	the	mean	speed	of	
Gulf	Stream	decreases.	

•  Confirma&on	of	the	important	role	of	the	NAO	in	controlling	Gulf	
Stream	posi&on,	and	we	also	find	a	rela&onship	with	strength	

•  Increase	UMO	linked	to	northward	shif		
•  Increase	in	Florida	Current	linked	to	increase	in	Gulf	Stream	
Strength	

•  Increase	in	AMOC	linked	to	northward	shif	and	increase	in	
strength	

•  Trends	
•  Downward	trend	in	AMOC	occurs	at	the	same	&me	as	the	

decrease	in	Gulf	Stream	Strength	downstream	of	the	New	
England	Seamounts	

•  Structure	of	SSH	trend	mirrors	the	response	of	SSH	to	AMOC	on	
interannual	&me	scales.	


