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Figure 4 | Changes in the meridional overturning circulation. a, Estimate of the mean MOC streamfunction (Sv) evaluated from the MIT model initialized
with historical hydrographic data averaged from 1950 to 2000. b, Change in MOC (Sv) from 1950–1970 to 1980–2000. c, 80 ensemble estimates of the
MOC change (Sv), evaluated from 100m to 1,300m. d, Change in MOC (Sv) calculated with the default model (solid line), calculated from geostrophic
velocities derived from adjusted density fields (dotted line) and calculated as the average (dashed line) of the ensembles shown in c. Grey shading outlines
one standard deviation from the mean of the ensembles.

Also evident in Fig. 4d is that the estimate of the overturning on
the basis of the adjusted density field is remarkably similar to
that calculated from the model’s velocity field, underscoring the
overriding importance of the geostrophic velocity field (Fig. 5b)
to the overturning circulation. Although the winds are ultimately
important in affecting the density distribution over the two 20-year
periods, the MOC differences are relatively insensitive to the choice
of winds during the short dynamical adjustment used to estimate
the overturning (Supplementary Fig. S7).

Overshadowing in importance the magnitude of these estimated
MOC changes is their spatial pattern: the canonical picture ofMOC
changes extending over the entire North Atlantic basin does not
seem to hold. Instead, MOC changes are found to be gyre specific,
in agreement with independent model experiments13–15, but not yet
realized with observations. Indeed, this gyre-scale pattern mimics
that found by comparing model runs that differ only in their
wind forcing13, strongly suggesting that the observed overturning
changes estimated here are primarily attributable to the different
density distributions arising from contrasting wind forcing between
high- and low-NAO periods. Modelling studies lead us to expect
basin-wide MOC changes only when buoyancy forcing dominates,
presumably on longer timescales than the interannual and decadal
timescales afforded by the current observational database.

An intriguing question is the mechanism by which the property
and overturning changes could be causally related. Given the
paradigm of high-latitude buoyancy forcing producing basin-wide
overturning changes, we would expect increases in ocean heat
content in the subtropical gyre to result from a strengthening in the
overturning. Paradoxically, the reverse holds: heat-content gain in
the latter period is associated with a weakening in the subtropical
overturning. Such an association is explained causally: anomalous
wind forcing associated with the positive NAO state leads to a
deepening of the subtropical thermocline through increased Ekman
pumping, which in turn leads to a redistribution of heat in the
basin and a gain in heat content over the subtropical gyre16,28.
Wind-induced redistributions of heat, as well as those of freshwater,
that alter the west–east contrast in density across the basin will then
impact the MOC. With this causal link, the overturning circulation
is not driving the property changes, but is instead responding to
them. Clearly, this causality needs to be tested with long-term
measurements of property and overturning changes, as well as a
dynamical model that can realistically link the two.

Finally, though recent interest in the MOC has focused on
the possibility of long-term trends due to changes in buoyancy
forcing, identifying this signal is problematic and challenging.
This study emphasizes how property changes and overturning
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both cases the transport signal is attenuated by a factor
of about 3 between subpolar (40°–45°N) and subtropi-
cal (26.5°N) latitudes (cf. Getzlaff et al. 2005, who have
examined the propagation of that signal, but mainly for
a 4⁄3°-resolution case in FLAME).

By superimposing the effect of wind-driven circula-
tion variability (in F_REF and O_REF), the clear re-

lation to the convection variability disappears (Figs. 7c
and 8c). The prominent decadal signal governing the
buoyancy-forced MOC anomalies is now masked by the
stronger, higher-frequency signal. Accordingly, the me-
ridional-coherent structure of the former is replaced by
wind-driven anomalies with maximum amplitudes at
varying latitudes, sometimes of a more local character,

FIG. 7. (a) LSW formation rate [defined by the increase of LSW volume during wintertime convection (Sv)] for F_REF (black) and
F_HEAT (red, shaded are values above 2.5 Sv, indicated by green lines are phases of positive NAO); and Hovmöller diagrams depicting
the meridional propagation of MOC anomalies (defined by the streamfunction at 1000-m depth) for (b) F_HEAT, (c) F_REF, and (d)
a virtual experiment “F_WIND” (! F_REF–F_HEAT).
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Heat Transport and MOC Variability                
 

Heat transport vs. MOC and vs. horizontal gyre from RAPID (26°N) 

	
  
è MOC	
  is	
  main	
  	
  
Driver	
  of	
  heat	
  	
  
transport	
  variability	
  
(Johns	
  et	
  al.	
  2011)	
  

è Meridional	
  differences	
  
	
  	
  	
  	
  	
  in	
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  MOC	
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  converge	
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  heat	
  transports.	
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103 the long-term NADW transport happens in the western basin
104 of the Atlantic at this latitude on long timescales, which
105 is inferred from freon (CFC) measurements [Rhein et al.,
106 2004], FLAME and GECCO model outputs for 8-year trends
107 (see Figure S2). Results of this paper are based solely on
108 data from three MOVE moorings (TK06): The geostrophic
109 method is used between the end points of the 1000 km sec-
110 tion (M1 and M3 in Figures 1 and S1) to compute across-
111 section integrated velocities from temperature, conductivity,
112 and pressure (and thus density) measurements. Currents on
113 the wedge just inshore of the western mooring M3 are esti-
114 mated from current meter measurements on both M3 and an
115 additional mooring M4 on the continental slope (this con-
116 figuration has been validated with prior more intensive cur-
117 rent meter deployments). The measurement(sensor)-induced
118 uncertainty in detecting year-to-year changes of the derived
119 volume transport for the NADW layer is 1.3 Sv (TK08)
120 (1 Sv = 106 m3/s). A similar technical approach is part of
121 the RAPID MOC mooring array at 24°N, which has been
122 collecting data since 2004 [Cunningham et al., 2007].
123 However, the RAPID-MOC covers the whole water col-
124 umn down to 5000 m and the whole zonal extent of the
125 Atlantic. As a consequence, by applying mass conservation,

126the time-variable levels of no motion near the upper and
127lower boundaries of the NADW are part of the transport
128solution in RAPID-MOC methodology [Kanzow et al.,
1292010], whereas in the MOVE analyses the level of refer-
130ence is chosen to be fixed. Thus the longer MOVE and the
131more encompassing RAPID-MOC observations should be
132considered complementary.

1333. Results

134[5] Figure 2 shows the resulting low-pass filtered time-
135series of NADW (1200–4950 m) water volume transport
136from the pressure gradients at the section end points, plus the
137continental slope transport from the current meters on the
138western moorings. It assumes that the meridional flow is zero
139at 4950 m (reference level, see above) based on water mass
140properties. The southward (negative) transport shows large
141interannual variability (3.8 Sv rms) and is decreasing in
142amplitude over the nearly 10-year record. The trend line
143fitted to the time series suggests a weakening by approxi-
144mately 3 Sv over the entire period, which is roughly 20%.
145The decrease is statistically significant at 85% (see Text S1).
146Additional certainty comes from the vertical structure of the
147change (see below). Further analysis showed that the same
148weakening remains if a different deep reference level is
149chosen anywhere between 4300 and 4950 m, that it is also
150insensitive to the exact extent of the NADW layer which we
151integrate over, and to the timing (in the presence of up/down
152swings) of the start and end of the time-series (Figures S3
153and S4). Previous studies (TK06; TK08) have demonstrated
154that the accuracy of the system and method is sufficient to
155determine the observed variability, and special attention was
156paid to ruling out artificial transport changes due to potential
157problems in instrument calibrations or due to sensor drift.
158The only scenario that would make the transport decrease
159disappear is a non-constant reference level, e.g., if the level of

Figure 1. Geography and geometry of the observations.
(top) Illustration of temporal mean of zonally averaged
Atlantic meridional overturning stream function (i.e., mean
streamlines in the N/S and vertical plane) from the JPL
ECCO numerical model state estimate analysis in units of
Sv (106 m3 s!1). Contour interval is 2 Sv. Letters highlight
northward flow in the Gulf Stream/North Atlantic Current
system (GS, NAC) and Antarctic Bottom Water (AABW),
and southward flow in the North Atlantic Deep Water
(NADW). (bottom) Map showing the location of the MOVE
moorings spanning the approximately 1000 km of the deep
basin between coast and Mid-Atlantic Ridge, and schematic
flow of NADW in the deep western boundary current
(arrows). The actual flow path is more complex with recircu-
lations and additional interior pathways.

Figure 2. 120-day low-pass filtered timeseries of the vol-
ume transport in the NADW layer (1200–4950 m) across
the MOVE array (negative values denote southward flow).
It is computed as the sum of the directly measured western
continental slope (wedge) current and the geostrophically
derived internal component of the NADW layer over the
1000 km long section, relative to 4950 m. One Sverdrup
(Sv) equals 106 m3 s!1. The red line is a linear fit showing
a positive trend of 0.3 Sv per year, which means weakening
of the southward transport. With the 120-day filter used in
the figure, there are 18 degrees of freedom. Including higher
frequency motions (30-day or 3-day filter) gives more
degrees of freedom (32 and 40 respectively) but also more
noise. In all cases a similar statistical significance of the
transport decrease results of approximately 85%.
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•  CTD	
  moorings	
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  M1)	
  to	
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  NADW	
  transport	
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  to	
  4800	
  dbar	
  (AABW	
  /	
  NADW	
  boundary)	
  
	
  
•  Direct	
  current	
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  velocity	
  measurement	
  (M3,	
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  to	
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  NADW	
  
	
  	
  	
  	
  	
  	
  transport	
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MOVE	
  NADW	
  does	
  not	
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  compensa2on	
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  Ekman	
  transports	
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  Remove	
  Ekman	
  component	
  from	
  RAPID	
  

NADW	
  Transport:	
  	
  
MOVE(16°N)	
  vs.	
  RAPID	
  (26°N)	
  

Are	
  the	
  huge	
  differences	
  in	
  NADW	
  transports	
  signatures	
  of	
  MOC	
  differences?	
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The	
  2009/2010	
  transport	
  anomaly	
  results	
  from	
  density	
  anomaly	
  at	
  MAR	
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  Possibly	
  (partly)	
  unrelated	
  to	
  MOC	
  



Seasonal	
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Seasonal	
  cycle	
  

èEliminate	
  eastern	
  boundary	
  and	
  Mid	
  Atlan2c	
  Ridge	
  	
  contribu2ons	
  because	
  
	
  	
  	
  	
  	
  (i)	
  MOVE	
  does	
  not	
  have	
  eastern	
  boundardy	
  densi2es	
  
	
  	
  	
  	
  	
  (ii)	
  Density	
  varia2on	
  might	
  contain	
  large	
  eddy-­‐related	
  signals	
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è	
  MOVE	
  should	
  recover	
  interannual	
  NADW	
  transport	
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Interannual	
  variability	
  
(geostrophic	
  computa2on	
  only)	
  

Geostrophic	
  currents	
  in	
  
deep	
  water	
  only.	
  Does	
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  use	
  any	
  shallower	
  
RAPID	
  data,	
  no	
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  reg.	
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Hints	
  of	
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2me	
  scales.	
  
	
  
Perpetual	
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Summary	
  &	
  Conclusions	
  

è Long	
  moored	
  2me	
  series	
  of	
  NADW	
  	
  
	
  	
  	
  	
  	
  transports	
  at	
  16°N	
  and	
  26°N	
  

è Different	
  systems	
  not	
  trivial	
  to	
  compare	
  

è MOVE	
  does	
  not	
  capture	
  seasonal	
  MOC	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  èextension	
  required	
  ....	
  

è At	
  short	
  (seasonal)	
  2me	
  scales,	
  differences	
  in	
  NADW	
  transport	
  
	
  	
  	
  	
  	
  most	
  likely	
  not	
  related	
  to	
  MOC	
  divergence	
  	
  
	
  
è Long-­‐term	
  evolu2on	
  might	
  represent	
  MOC	
  coherence	
  /	
  divergence,	
  
	
  but	
  interpreta2on	
  s2ll	
  dependent	
  on	
  assump2ons	
  reg.	
  referencing	
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Deconstruc2on	
  of	
  MOVE	
  
•  Deconstruc2on	
  of	
  MOVE	
  transport	
  into	
  WB	
  and	
  MAR	
  contribu2ons	
  
•  MAR	
  contribu2on	
  has	
  seasonal	
  cycle	
  
•  WB	
  and	
  MAR	
  contribu2ons	
  appear	
  to	
  slowly	
  diverge	
  over	
  2me	
  
•  2009/2010	
  event	
  has	
  contribu2ons	
  from	
  both	
  WB	
  and	
  MAR	
  (mostly	
  from	
  the	
  MAR)	
  
•  Replacing	
  densi2es	
  from	
  MAR	
  at	
  depths	
  shallower	
  than	
  3500	
  m	
  with	
  densi2es	
  from	
  
	
  	
  	
  	
  	
  	
  Tenatso	
  (17N/24W)	
  changes	
  the	
  variability	
  substan2ally.	
  This	
  possibly	
  indicates,	
  
	
  	
  	
  	
  	
  	
  that	
  some	
  of	
  the	
  variability	
  above	
  3500	
  m	
  observed	
  at	
  MAR	
  does	
  not	
  correspond	
  to	
  a	
  	
  
	
  	
  	
  	
  	
  	
  basin-­‐wide	
  density	
  gradient	
  (and	
  should	
  not	
  be	
  confused	
  with	
  MOC	
  variability)	
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MOVE MOVE Extended



RAPID	
  Deep	
  Transports	
  



MOVE	
  
Velocity profiles (annual mean) 

è Two layers of intensified southward flow 
è Substantial year-to-year variability in vertical shear of velocity 


