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Abstract. The Atlantic meridional overturning circulation 1 Introduction

(AMOC) has been observed continuously at° R6since

April 2004. The AMOC and its component parts are mon-

itored by combining a transatlantic array of moored in- The poleward transport of heat in the sub-tropical North
struments with submarine-cable-based measurements of tHfaflantic has been shown (Johns et al., 2011) to be highly
Gulf Stream and satellite derived Ekman transport. Thecorrelated with the Atlantic meridional overturning circula-
time series has recently been extended to October 20180n (AMOC). One petawatt (PW = #BW) of heat carried
and the results show a downward trend since 2004. Fron®Y the AMOC is released to the atmosphere betwe€r\26
April 2008 to March 2012, the AMOC was an average of and 50 N and has important impacts on the climate of the
2.7 Sv (1 Sv=10m3s1) weaker than in the first four years North Atlantic region (e.g. Srokoz et al., 2012). The AMOC
of observation (95 % confidence that the reduction is 0.3 Swaries on a range of timescales (e.g. Eden and Willebrand,
or more). Ekman transport reduced by about 0.2 Sv and th€001; Kanzow et al., 2010) and is thought to have played
Gulf Stream by 0.5Sv but most of the change (2.0 Sv) is@ key role in rapid climate change in the past (Ganopolski
due to the mid-ocean geostrophic flow. The change of theand Rahmstorf, 2001). Model simulations predict a decrease
mid-ocean geostrophic flow represents a strengthening of thef the AMOC in the 21st century in response to increas-
southward flow above the thermocline. The increased southid greenhouse gases (IPCC, 2007). Decadal-scale changes
ward flow of warm waters is balanced by a decrease in thd" the AMOC have been associated with the Atlantic mul-
southward flow of lower North Atlantic deep water below tidecadal oscillation in climate simulations (Knight et al.,
3000 m. The transport of lower North Atlantic deep water 2005) and are thought to have impacts on surface temper-

slowed by 7% per year (95% confidence that the rate ofature, precipitation and sea level in regions bordering the
slowing is greater than 2.5 % per year). ocean (Delworth and Mann, 2000). The role of the AMOC in

climate has motivated oceanographers to quantify its strength
and variability.

The first observational estimates of the basin-wide AMOC
were based on transatlantic hydrographic sections (Bryden
and Hall, 1980; Roemmich and Wunsch, 1985). These ob-
servations provided important information about the struc-
ture and magnitude of the AMOC, but, with only a handful
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30 D. A. Smeed et al.: Observed decline of the Atlantic meridional overturning circulation

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 R6
(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 4yr of observations,Fig. 1. Schematic diagram illustrating the component parts of the
but in 2009-2010 there was a large (30 %) downturn in theAMOC and the 26 N observing system. Black arrows represent the
strength of the AMOC (McCarthy et al., 2012). This caused Ekman transport (predominantly northward). Red arrows illustrate
a reduction in the heat content of the subtropical North At-the circulation of warm waters in the upper 1100 m, and blue arrows
lantic (Cunningham et al., 2013). Cunningham et al. (2013)indicate the main southward flow of colder deep waters. The array
suggested that this reduction was the major contributor tcPf moorings used to measure the interior geostrophic transport is
low wintertime sea-surface temperatures in the region belllustrated too.
tween 26 N and 4% N. The downturn of 2009-2010 was

followed by an anomalously cold winter in NW Europe with geosirophic flow to the eastern boundary. The combined
strong negative North Atlantic oscillation (NAO) in Decem- ansports from the moorings are referred to herein as the
ber 2010. Maidens et al. (2013) noted that the anomalougyernal transportjnT). Geostrophic calculations require a
conditions were predicted by long-range forecasts severakye| of known motion, which, for the AMOC calculation, is
months in advance. Using an ensemble of hindcasts, Maidgatermined by applying a constraint of zero net mass trans-
ens et al. (2013) concluded that the factor that led to the prepqt across the section. The additional transport necessary
dictability of this winter was the anomalous upper-ocean hea{)o satisfy this constraint is referred to as the external trans-
content and SST. This suggests that the monitoring AMOCyort (747). While the external transport is defined to sat-
at 26 N can provide valuable information for seasonal pre- isfy an imposed constraint, this has been independently vali-

diction. dated using in situ bottom pressure data (Kanzow et al., 2007;
The 26 N RAPID-MOCHA-WBTS program (hereafter niccarthy et al., 2012). The internal and external transports

referred to as the 26\ program) has thus provided important 4re combined to give a zonally integrated mid-ocean trans-

information about inter-annual, seasonal and shorter termy,t hrofile as a function of depth. Transport profiles from
variability of the AMOC but the limited length of the time e GuIf Stream in the Florida Straits and from the basin-

series has_precluded investigation of longer timescales. Wm'\‘/vide Ekman layer are added to those from the internal and
the extension of the record to 8.5yr we now present the firsigyiarnal transports to get a total transport profile.

look at multi-year trends in the AMOC at 26l.
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2 The calculation of the AMOC Vertical integration of the transport profile results in the vol-
ume transport stream function, and the AMOC transport is
The principles of the calculation of the AMOC volume trans- defined to be the maximum of the stream function. This max-
port have been described elsewhere (Cunningham et alimum predominantly occurs around 1100 m. Because the Ek-
2007; Kanzow et al., 2007). There are three main compo+man and Gulf Stream transport both occur shallower than
nents to the measurements (Fig. 1). Firstly, the Gulf Streanil100 m (Ekman transport is assumed to be within the up-
transport {s) in the Florida Straits is measured by subma- per 100 m and the maximum depth of the Florida Straits is
rine cable measurements and quarterly hydrographic cruiseg60 m) we can express the AMOC as the sum of three com-
(Baringer and Larsen, 2001; Meinen et al., 2010). Secondlyponents
the Ekman transportTgk) is determined from atmospheric
reanalyses. In the analysis presented here the ERA interiftOC (1) = GS(2) + EK (1) + UMO (1), (2)
product is used (Dee et al.,, 2011). Thirdly, an array of
moored instruments measures the flow from the Bahama
to the continental shelf off Africa. The mooring array con- e : -
sists of two parts. From the Bahamas to 20km offshorebas'n'w'de AMOC stream function. This is in effect the vol-

(76.75 W), current metre moorings make direct estimatesUMe transport of the southward flowing recirculation of the
of the f|0V\,/ (Johns et al., 2008). East of 76:¥8, an ar- subtropical gyre less the northward flowing Antilles Current

ray of dynamic height moorings carrying vertical strings of (Meinen etal., 2004).
temperature—salinity—pressure sensors defines the mid-ocean

gvhere we define upper mid-ocean (UMO) transport to be the
mid-ocean transport above the depth of the maximum of the
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Table 1. Annual averages of the AMOC and its components. Each annual average is for a 12 month period that starts on 1 April of the named
year. Also shown are multi-year averages. All values are in Sv. Positive is northward.

Gulf Upper
Year(s) AMOC Ekman Stream mid-ocean UNADW LNADW
2004 17.8 3.2 318 -17.1 -11.7 —-6.9
2005 20.1 3.5 32.0 —15.4 -11.9 -85
2006 19.5 4.0 316 -16.1 -11.7 -8.1
2007 18.0 3.8 316 -17.3 -11.3 -7.0
2008 175 4.0 32.2 —18.6 —-11.4 —6.7
2009 12.9 2.2 30.7 —20.0 —10.6 -35
2010 16.7 3.0 31.0 -17.2 -125 -5.2
2011 17.5 4.5 311 -18.0 —-11.6 —6.5
2004-2007 18.9 3.6 318 —16.5 -11.6 -7.6
2008-2011 16.2 3.4 31.3 —18.5 -11.5 -55
2008, 2010, 2011 17.2 3.8 314 -18.0 -11.8 —6.1
3 ReSUItS [—— Gulf stream —— MOC —— Ekman —— Upper Mid-Ocean]

3.1 Time series

In Fig. 2 we show the time series of the AMOC and its com-
ponents parts: the Gulf Stream transport, the Ekman transpor
and the UMO transport as described in the previous section.
Kanzow et al. (2010) showed that there is a clear an-
nual cycle in the AMOC, and therefore to identify long-
term trends it is instructive to consider annual average val-
ues; these are shown in Table 1. We choose to start annua
averages on 1 April. In this way we do not split the winter
season; furthermore, the mid-ocean measurements begani _,|
April 2004. As highlighted by McCarthy et al. (2012), the ‘
year starting April 2009 stands out with a remarkable low in

the average value of the AM_OC' Itis also apparent_ that theFig. 2.Ten-day (colours) and three month low-pass (black) time se-
average value of the AMOC in each of the last 4 yr is lower jjgs of Gulf Stream transport (blue), Ekman transport (green), upper
than each of the first 4 yr. If we compare the averages for thenjd-ocean transport (magenta), and overturning transport (red) for
periods from April 2004 to March 2008 and from April 2008 the period 1 April 2004 to 1 October 2012. A dashed black line
to March 2012 then the AMOC is 2.7 Sv lower in the latter shows the mean annual cycle for the AMOC. Positive transports
period. The 90 % confidence interVdk.i.) for the distribu-  correspond to northward flow.

tion of possible values (Lindgren, 1993) of the reduction is

0.3t0 5.1 Sv. Thus there is 95 % confidence that the reduction

in overturning is 0.3 Sv or more. Reduction in Ekman trans-the distribution of possible values indicates that even exclud-

port contributes 0.2 Sv to this decrease, and a further 0.5 Sig 2009 the mean of 2008, 2010 and 2011 is lower than
results from a small slowing of the Gulf Stream, but the major mean of 2004, 2005, 2006 and 2007 with 95 % confidence

contributor is the strengthening southward flow of the UMO for 5 degrees of freedom. The change in UMO has a similar

(2.0Sv). level of significance but the corresponding changes in Gulf
The year of 2009 alone contributes about 1.0 Sv to the dif-Stream and Ekman transports are not significantly different

ference between the two halves of the series. It could be arfrom zero. Estimated changes and confidence ranges for each

gued that this is an extreme inter-annual event rather than &f the components are summarised in Table 2.

part of decade long trend so we also consider the significance ) ]

of the changes without this anomalous year. Calculation of3-2 Anomalies relative to seasonal cycle

TRANSPORT [Sv]

~10f

I L L I L Wy I I I
2004 2005 2006 2007 2008 2009 2010 2011 2012 2013

INote that we refer to the 90 % confidence interval as the range™n alternative approach to quantify the trend in the time se-
between the 5th and 95th percentile of the distribution of possiblefi€s is to first remove the mean annual cycle from the data
values. There is 95 % chance that the true value is greater than th@nd then fit a trend by linear regression. The mean annual cy-
5th percentile of the distribution. cle for each component was calculated by fitting a sinusoidal
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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.
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Table 2. Estimated changes for the AMOC at°26 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 175 5.1 =27 -0.3
-3.0 -1.6 -0.2
Gulf Stream 315 -1.2 -0.5 0.2
-1.0 -0.3 0.4
Ekman 35 -1.3 -0.2 0.9
-0.7 0.2 1.0
Upper mid-ocean (UMO) -175 -34 -2.0 -0.6
2.7 -15 -0.2
UNADW -116 -0.7 0.1 0.9
-0.8 -0.2 0.4
LNADW —-6.5 0.5 2.1 3.8
0.2 15 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 8.5yr
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-

A 45-day low-pass filter was applied to each time series. For eachated by linear regression of the 10-day filtered data. Lines

time series horizontal dashed lines shav2 standard deviations
and the solid black lines show the average trentl.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 ve
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 i
the time series. Several approaches can be used to determi
the integral timescale and degrees of freedom. Here we fol
lowed Leith (1973) and set

Length of timeseries

Degrees of freedom= — —.
g 2 x 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

Ocean Sci., 10, 2938, 2014

r-

n

illustrating the trendt1.64 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 Svyr1 (90 % c.i.—0.08 to—0.99 Svyr1).

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. 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 zero40.41Svyr?l, 90% c.i.
—0.07 to—0.74 Svyr1). The trend in the de-seasonalized
HFne 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 being0.42 Svyr?! (90 % c.i. 0.01

to —0.84 Svyr! based on 31 degrees of freedom).
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Table 3. Estimated trends for the AMOC at 26l and its compo- 0
nent parts. Two values are shown for each variable. The first (up-

per) value includes the year starting in April 2009 and the second
excludes 2009. Also shown are the 5 and 95 percentile values ofthe ——, -~ ——
estimated trends. All values are Sv_yk Positive implies increasing [—2003_2012
northward transport (or reducing southward transport). The number 2000} !

of degrees of freedom was set to 35 for the full time series and 31
when excluding data from 2009-2010.

1000

(m)

3000

£}
o
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o

Variable Estimated trend
4000 -

Confidence value 5% 50 % 95 %
AMOC —-0.99 -0.54 -0.08 so00l |l

—-0.84 -0.42 0.01
Gulf Stream -0.43 -0.11 0.21 6000 b o : e

—-0.42 -0.09 0.24 B Streamfunction (Sv) Strea_mfﬁnction change (Sv) _Tran;port_perdepth

change (Sv/m) x 10°

Ekman —0.33 0.00 0.32

-027 0.04 036 Fig. 4. Left: mean stream function profile (Sv) for the two four-year
Upper mid-ocean (UMO) —0.74 —0.41 —0.07 genodg ,(’-j\pﬁrll 2004 tbo March 2hOOS and Afplrll 2908htolMﬁarr]ch §01|2.
Upper mid-ocean (UMO) —0.68 —0.36 —0.03 _entre. ifference between the two pr0|es_|nt e left hand plot.

Right: change of the transport per depth profiles (S#jrbetween

UNADW —-0.29 -0.03 0.22 the two four-year periods, positive values correspond to northward

-0.26 -0.00 0.26 flow. Black shows total change in transport per depth, blue shows

that part due to changes on the eastern boundary and red shows that
part of the change due to changes on the western boundary. Note
that the black curve includes changes of Ekman and Gulf Stream
transports and a small contribution form changes of density adjacent
to the mid-Atlantic ridge.

A further assumption in the estimation of the regression
coefficients is that the deviations about the trend are approx-
imately normal. In fact the distribution of residuals shows . .
a slight skewness towards negative values, and so a se¢UNADW), while the flow between 3000m and 5000m is
ond calculation was made using maximum likelihood esti-"egarded as lower North Atlantic deep water (LNADW) (see
mation to fit a linear regression model with skew-normal er-for example Atkinson et al., 2012). In Fig. 5 we show de-
rors (Azzalini and Capitanio, 1999). There was however nosesonalized transport time series for each of these depth

LNADW 0.16 0.46 0.77
0.11 0.39 0.68

significant change to the results. ranges. There is a significant trend of decreasing transport in
LNADW but no apparent change in the transport of UNADW
3.3 Transport profiles (Table 3). The mean value of the transport of LNADW over

the eight years of the time series is 6.5 Sv southward. Thus

Comparison of the annual means in Sect. 3.1 indicated thads a percentage of the mean the absolute change in transport
the slowing of the AMOC was primarily due to the strength- of LNADW is greater than that of the UMO and amounts to
ening of the southward flowing waters above the thermocline7 % per year (95 % confidence that the reduction is more than
in the basin interior. To examine this further we show in 2.5 % per year). For the UMO the rate is 3% per year (95 %
Fig. 4 the stream function profile averaged over the first fourconfidence that the increase is more than 0.5 % per year).
years of the time series and over the last four years. Also The change to the interior geostrophic flow may be sep-
shown is the difference between the two and the correspondarated into two parts corresponding to the changes on the
ing change in the transport per depth profile. It can be seemastern and western boundaries and these are shown by the
that during the later period there was a stronger southwardlue and red curves in the right hand panel of Fig. 4. It can
flow above 1000 m depth that intensified towards the surfacebe seen that the transport change is due in large part to the
The vertical integral of the transport per depth profile must bechanges on the western boundary. The RAPID array com-
zero and so there is a corresponding weakening of the souttbines data from several moorings on the sloping boundaries
ward flow in the deeper layers. Figure 4 indicates that thisto create one merged profile of temperature and salinity on
occurred below 2000 m and mostly below 3000 m. There is ahe west and one on the east. Further details are given in the
broad maximum in the change around 4000 m. supplementary material of Cunningham et al. (2007). The

Southward flow of water between 1100m and 3000 mchanges in density on the eastern and western merged pro-
is usually regarded as upper North Atlantic deep waterfiles are shown in Fig. 6. The left hand panel of Fig. 6 shows

Www.ocean-sci.net/10/29/2014/ Ocean Sci., 10, 382014
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Fig. 5. Time series of the upper NADW (top) and lower NADW

(bottom). Values are anomalies relative to mean annual cycle (posFig. 6. Left: mean density difference (black) between the two

itive is northward). A 45-day low-pass filter was applied to each four-year periods: April 2004 to March 2008 and April 2008 to

time series. For each time series horizontal dashed lines how March 2012. Continuous line shows the change on the western

standard deviations and the solid black lines show the average trendoundary and dashed shows the change on the eastern boundary.

+ 1.64 standard errors (i.e. 90 % confidence limits). Also shown is that part of the density change on the western bound-
ary due to temperature (blue) and that due to salinity (red). Left:
mean temperature (blue) and salinity (red) profiles on the western

the difference between the profiles averaged over the periofoundary of the 28N array.

from 2008 to 2012 and those averaged the period from 2004

to 2008. Except in the upper 500 m the changes on the west

are greater than those on the east and so we focus our at-

tention on the western profile. Temperature and salinity bottgreenhouse gases of the order of one half a Sverdrup per
increase towards the surface (Fig. 6, right hand panel) anglecade (IPCC, 2007). Our observations indicate that the ac-
so vertical displacement of isopycnals results in temperaiual change over the last decade is much greater. The magni-
ture and salinity having opposing effects on density at fixedtude of the observed changes suggests that they are a part of
depth levels with temperature having the greatest effect. Figa cyclical change rather than being directly linked to the pro-
ure 6 shows that the main changes are a reduction in derjected anthropogenic AMOC decrease. A much longer time
sity at depths of 500 m to 1200 m. There is also an increaséeries would be needed to identify a trend of the magnitude
in density above 500 m due to a cooling of the upper layersassociated with greenhouse warming in model simulations.
(also evident on the east). However, this had less impact o homas et al. (2012) looked at how the components of the
the change in transport. On deeper layers there was a reduéMOC changed during a warming scenario in a model sim-
tion of density between 2000 m and 4000 m. Comparing theulation and found that the reduction of the AMOC was pri-
changes due to temperature and salinity indicates that isopymarily a reduction in southward flow of deep water balanced
cnals have deepened in this depth range too, but there hddy a reduced Gulf Stream with little change in the strength

also been a freshening and cooling on isopycnal surfaces. Of the gyre circulation, which appeared to be determined by
Sverdrup balance. This contrasts with our observations that

show no significant change in the Gulf Stream transport over
4 Discussion the 2004-2012 period when the AMOC is decreasing.
The majority of the change in the AMOC is associated
4.1 Relationship of AMOC changes to the climate of the ~ with the UMO transport, which was about 1.5 Sv (90 % c.i.
North Atlantic —0.1to 3.0 Sv) lower in the latter four years than in the first
four years. Including 2009 increases the reduction to 2.0 Sv
Excluding the anomalous year of 2009, the mean AMOC for(90% c.i. 0.2 to 3.7 Sv). Model simulations completed by
the second half of the 28N measurements (2008—-2012) is Matei et al. (2012) exhibited some skill in hindcasting the
about 1.6 Sv (90 % c.i. 0.2 to 3.0 Sv) lower than the first four AMOC at 26 N, and they concluded that this skill was as-
years. Including 2009 increases the reduction to 2.7 Sv (90 %ociated primarily with the interior mid-ocean transport and
c.i. 0.3 to 5.1 Sv). Model simulations predict a decrease ofthe long timescales associated with internal ocean dynamics.
the AMOC in the 21st century in response to increasing

Ocean Sci., 10, 2938, 2014 Www.ocean-sci.net/10/29/2014/
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2004. This underlines the fact that continuous observations
04t 24 are required to determine the variability of the AMOC.

i

20

% 4.2 Deep water changes

AMOC between April 2004 and October 2012 was mani-

V16

AMO (°C)
o
=
P ———

+ The results presented here indicate that the reduction of the

MOG (Sv)

/\ | fested as a strengthening of the southward flow of the wa-
W /\\/‘} ters above the thermocline and a weakening of the south-

-02r 1 TV |12 ward flow of lower North Atlantic deep water (LNADW).
oal \/\/\j . has shown little change.

Surprisingly the upper North Atlantic deep water (UNADW)

Send et al. (2011) reported observations from the MOVE
1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 array at 16 N. The MOVE array (Kanzow et al., 2006) mea-
sures the deep flow on the western side of the Atlantic only
Fig. 7. Annual average estimates of the AMOC from thé Rearray but Send et al. (2011) argued that this captures all of the
(red, Sv right axis, error bar =1.5 Sv), estimates of the AMOC from southward deep We_lter flow. Send et ,al' (2011) concluded that
6 hydrographic sections (black, Sv right axis, error bar =5 Sv), thethere was a reduction of about 3 Sv in the southward flow of
time series of annual average values of the AMO (fi@leftaxisy ~ NADW between 2000 and 2009. In contrast to our observa-
and accumulated NAO index (green, arbitrary units). tions Send et al. (2011) attributed most of the changes to the
variability of UNADW and found that LNADW transport re-
mained roughly constant. Whilst there is an overlap of about
During the time of the 26N array observations there has 5yr (2004—2009) between the period considered by Send et
been a predominantly negative NAO (Fig. 7). Associatedal. (2011) and our record, it is not sufficient to make a di-
with the negative NAO is a tripole SST pattern with rect comparison with the data reported in this paper, where
cooler mid-latitudes and warm subtropics. Cunningham etthe major change was observed after 2008. Furthermore, the
al. (2013) suggested that the AMOC has a role in settingadvection time from the 26N\ array to the MOVE array is
sub-surface temperature anomalies, which have been linkeexpected to be about 2-3yr, assuming the speed of advec-
to re-emerging SST patterns and subsequent anomalies in th®n between 26N and 15 N is similar to that between the
NAO (Taws et al., 2011). The results presented here are con-abrador Sea and 2® which was found to be about 9yr
sistent with AMOC driven changes to the SST tripole patternby van Sebille et al. (2011) though faster wave mediated re-
but they are not sufficient to conclude a causal relationshipsponses are also expected (Johnson and Marshall, 2002).
Lietal. (2012) found an anti-correlation between sea-surface Mercier et al. (2013) have used repeat hydrographic sec-
height (SSH) between 3@nd 50 N in the Atlantic and ac- tions, Argo data and altimetry to diagnose the AMOC in
cumulated (i.e. time integrated) NAO. If SSH changes pri-the sub-polar gyre. They found a reduction in overturning
marily reflect variations in heat content then this also sup-between 1993 and 2010 of about 2.4 Sv. However, a sig-
ports the association of reducing AMOC and negative NAO. nificantly longer period of overlap between the time se-
In Fig. 7 we show the data from the 28 observations ries at 26 N and the Greenland—Portugal section would be
superimposed on the accumulated NAO and the index for theeeded to asses the meridional coherence of variability in the
Atlantic multidecadal oscillation (AMO). To date the length AMOC.
of the 26 N time series is short compared with timescale A primary driver of the thermohaline circulation is the
of the low frequency variability of the AMO (of the order formation of deep waters at high latitudes. Observations of
of 60yr). However, snapshots of the AMOC were made inthe deep water formation regions and the overflows sug-
hydrographic cruises going back to 1957 and these are alsgest that the rate of formation in the Nordic Seas has re-
shown on Fig. 7. The values are taken from Table 5 in (Atkin-mained remarkably constant (Jochumsen et al., 2012; Olsen
son et al., 2012), which compared all six section from 1957 et al., 2008), whereas variability of deep-water formation in
1981, 1992, 1998, 2004 and 2010 and adjusted the figures tthe Labrador and Irminger seas has been documented (e.g.
remove the effect of the seasonal variability as determinedrashayaev and Loder, 2009). Climate models also generally
from the 26 N observations. However, we used annual aver-indicate that changes in the AMOC strength are linked to
age values for the Ekman and Gulf Stream components. Thehanges in convection in the Labrador and Irminger seas
error bars on the hydrographic estimates are too large to drayDanabasoglu et al., 2012). This would lead us to expect
any conclusions about the association of the AMOC with thegreater variability in the UNADW than in the LNADW.
NAO or AMO. Bryden et al. (2005) suggested that the er- Changes in temperature and salinity on the western bound-
rors could be as large as 6 Sv. In fact the AMOC measuredary of the 26 N array (Fig. 4) do indicate freshening and
by the hydrographic cruise in 2010 was stronger than that inrvarming of UNADW and this is consistent with the changes
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described by Pefia-Molino et al. (2011) and van Sebille etwww.rsmas.miami.edu/users/mociorida Current transports es-
al. (2011), but no significant change in the transport of UN-timates are available fromww.aoml.noaa.gov/phod/floridacurrent
ADW is apparent. It is also interesting to note that in the Additional support is received from the European Commission
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