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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 100 m to 1,300 m. 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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Lozier et al. (2010): Opposing decadal changes of the subtropical and subpolar MOC 
 ! OGCM initialized with historical hydrographic data 
 ! weakening of subtropical MOC and strengthening of subpolar MOC 

Coherence and divergence of MOC Changes 

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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MOC Anomalies in an OGCM 

MOC (1950 – 2000) MOC Change (1980-2000 minus 1950-1970)  



Have we observed a significant change at 26°N? 

Trends 
MOC:                           
-0.54 Sv/yr* 
Ekman:                          
0.0 Sv/yr 
Gulf Stream:                
-0.11 Sv/yr 
Mid-ocean:                 
-0.42 Sv/yr* 
*significant at 95% level 

Smeed	  et	  al.	  (2013),	  Observed	  decline	  of	  the	  
Atlan=c	  Meridional	  Overtuning	  Circula=on	  
2004-‐2012	  (Ocean	  Sci.	  Disc.)	  



OSNAP: Overturning in the Subpolar North Atlantic Program        
A US-led program with UK, Germany, Netherlands, France, Canada and China 

Overall design:  A transoceanic line in the subpolar North Atlantic that can 
capture the net transport of the overflow waters from the Nordic Seas, as 
well as that from the Labrador Sea.  Designed to complement the RAPID 
array and EU NACLIM observations, thereby providing measurements to 
evaluate intergyre connectivity within the North Atlantic.   

U.S. : Susan Lozier (Duke); Bill Johns (U. Miami); Amy 
Bower, Bob Pickart and Fiamma Straneo (WHOI) 

UK:  Sheldon Bacon, Penny Holliday and Chris Wilson 
(NOC); Stuart Cunningham and Mark Inall (SAMS); David 
Marshall and Helen Johnson (Oxford) and Ric Williams 
(Liverpool) 

Netherlands: Laura de Steur (NIOZ) 

Germany:  Jürgen Fischer and Johannes Karstensen 
(GEOMAR)   

Canada:  Blair Greenan (BIO); Brad de Young (Memorial U.) 

France: Herlé Mercier, Virginie Thierry and the OVIDE 
group (IFREMER)  

China:  Dexing Wu and Xiaopei Lin (OUC) 



Funding 

•  US & UK projects started in 2014 
•  US & UK funding for 5 years (until 2019) 
•  other partners (France, Germany, 

Netherlands) rely separate funding (e.g. 
NACLIM, BMBF-RACE, DFG, ...) 



The specific OSNAP objectives are to: 

1. Relate AMOC variability to deep water mass variability and 
basin-scale wind forcing. 

2. Determine the pathways of overflow waters in the NASPG to 
investigate the connectivity of the deep boundary current 
system. 

3. Determine the nature and degree of the overflow-subpolar-
subtropical AMOC connectivity. 

4. Determine from new OSNAP measurements the 
configuration of an optimally efficient long-term AMOC 
monitoring system in the NASPG. 

 



OSNAP overall goal:  To quantify the large-scale, low-frequency, full water-
column net fluxes of mass, heat and fresh water associated with the meridional 
overturning circulation in the subpolar North Atlantic. 

 

(A) German 53°N western boundary array and Canadian shelfbreak array;  
(B) US West Greenland boundary array;  
(C) US/UK East Greenland boundary array;  
(D) Netherlands western Mid-Atlantic Ridge array;  
(E) US eastern Mid-Atlantic Ridge array;  
(F) UK glider survey over the Hatton-Rockall Bank and Rockall Trough;  
(G) UK Rockall Trough current array.  
Red dots: US float launch sites.  
Blue star: US OOI Irminger Sea global node.  *To be added in 2015: Glider survey 
Black concentric circles:  US sound sources.         across the Iceland basin by OUC (China) 



 
M 
Mooring locations (vertical lines) and glider domains (shaded boxes) are indicated. To 
reconstruct the velocity field, we plan to directly measure the currents at the boundaries and 
the flanks of the Reykjanes Ridge and then use T/S sensors and gliders to estimate the 
interior geostrophic velocities.  Black moorings indicate where the velocity field is directly 
sampled.  Gray moorings double as direct velocity measures and endpoints for the 
geostrophic regions. 

OSNAP array superposed on climatological salinity along the OSNAP 
West (leftmost basin) and East lines.  



• Deployment of OSNAP East and West arrays and OSNAP Floats is currently 
underway.  Entire observing system will be in place by September of 2014.   

• RRS James Clark Ross is conducting hydrographic surveys of OSNAP East and 
West on 7-week cruise from St. Johns, Newfoundland to Scotland.  

• The U.S. R/V Knorr left Woods Hole in mid-June to deploy three sound 
sources in the Newfoundland basin and deploy the first set of floats at the 
Charlie-Gibbs Fracture Zone. 

• The U.S. R/V Knorr is now on its second OSNAP cruise, carrying U.S., Dutch 
and U.K. scientists and deploying mooring arrays and sound sources across 
OSNAP East.  

• Canadian scientists aboard the CCGS Hudson deployed three moorings along 
the Labrador slope at 53°N in June. These three moorings are the 
westernmost moorings for the OSNAP West line. 

• Finally, in early August, scientists on the third OSNAP cruise on Knorr will be 
deploy moorings, sound sources and floats along the OSNAP West line. 

 

 

Where are we? 



Summary 
• Given the breadth of expected impacts from AMOC variability, the 

international community is launching a new observational program, 
OSNAP, in the summer of 2014 to measure the overturning in the 
subpolar North Atlantic. 

• OSNAP is an international program, with 7 participating countries. 

• Together, OSNAP, NACLIM and the RAPID 26°N observational systems 
will provide a means to evaluate intergyre connectivity and to 
establish a long-term comprehensive observing system in the North 
Atlantic. 

• Deployment of the OSNAP observing system is currently underway. 

• For more information on OSNAP, see: www.o-snap.org. 

• Visit blogs at this site for information on current cruises. 

 





The Atlantic Ocean heat transport 
across 26.5°N  accounts for 25% 
of the maximum poleward heat 
transport.  

 Atlantic Ocean Heat Transport   



Entrainment into the overflow 
plumes 
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2.1  Scientific Background / Stand der Forschung 
Overflow in Denmark Strait:  Direct current measurements in the Denmark Strait Overflow 
have been carried out systematically since 1999. Macrander et al. (2005) calculated a mean 
transport of 3.3 Sv for the time period 1999-2003, which is about 30% more than earlier  
estimates based on short term mooring deployments (Ross, 1984). The overflow exhibits 
strong interannual and intraseasonal fluctuations, with amplitudes of up to 0.5 Sv. These can 
be linked to variations in the upstream reservoir height of the dense water pool, confirming 
the hydraulic control of the exchange postulated earlier (Girton, 2001). Käse (2006) applied a 
simple Riccati model to this system, showing that the interannual variability of overflow 
transport and reservoir height can in turn be linked to the atmospheric buoyancy forcing in 
the Nordic Seas, leading to the winter production of the dense water.  

 
Entrainment into the Overflow-Plume:  Along its path from Denmark Strait to the southern 
tip of Greenland the water mass characteristics of the overflow change, due to entrainment of 
ambient waters (Smith, 1976). Temperatures in the plume increase by about 2 K while its 
salinity decreases slightly. Consequently also the plume density decreases, but the contrast 
to the ambient water is still large enough for the plume to sink to more than 2000 m depth. 
An extensive mooring array has been maintained off Angmagssalik about 500 km 
downstream of the Denmark Strait sill (Dickson and Brown, 1994; Dickson et al., 2008). This 
array covers the outflow through the strait, the contribution of the entrainment into the 
overflow plume and the contribution of the eastern overflows that are recirculated cyclonically 
in the Irminger Basin. Mean plume transports are 12 Sv with interannual fluctuations of 2 Sv 
amplitude. Like in the Denmark Strait proper, intra-seasonal variability is observed too.  
 
Deep Convection in the Labrador and Irminger Seas: The central Labrador Sea is one of 
the regions where intense surface fluxes cause deep winter convection and associated 
transformations of the uppermost component of North Atlantic Deep Water, the Labrador Sea 
Water (LSW) (Pickart, 1992; Pickart et al., 1997). Winter convection depths exceeding 
2000m have been observed, among others in time series from OWS "Bravo", annual 
shipboard observations along WOCE section AR7W (Lazier et al., 2002), and lately by IFM-
GEOMAR moorings and Argo data, demonstrating substantial interannual variability of this 
important   process.   Our   mooring   effort   near   the   former   OWS   “Bravo”   site   has   been  
maintained for about a decade, and the records clearly exhibit a substantial warming and 
salinisation of the central Labrador Sea (Avsic et al., 2006) since the mid-nineties. 

Figure 1:  Schematic of the 
circulation in the western 
subpolar North Atlantic –see 
figure legend. Water mass 
transformation processes and 
regions are indicated, and 
transport estimates at key 
locations are listed. 

Roughly 6 Sv of overflow waters descend into 
the Atlantic from the Nordic Seas. 

By the time the overflow waters reach the  
Southern tip of Greenland, the transport has 
increase to at least 10 Sv due to entrainment. 



Seasonal anomalies : Annual cycle 

6.7	  Sv	  (±1.4	  Sv)	  
•  Upper Mid-Ocean  
   transport dominates 
   AMOC cycle 

AMOC	  

Upper	  Mid-‐Ocean	  

5.9	  Sv	  (±0.9	  Sv)	  

•  Amplitude comparable  
  to tropical / mid-latitude  
  Ekman transport cycle  Kanzow et al. (2010) 

Seasonal cycle 

2004-2012 
mean MOC: 
17.5 Sv 



Have we observed a significant change? 

Trends 
MOC:                           
-0.54 Sv/yr* 
Ekman:                          
0.0 Sv/yr 
Gulf Stream:                
-0.11 Sv/yr 
Mid-ocean:                 
-0.42 Sv/yr* 
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Smeed	  et	  al.	  (2013),	  Observed	  decline	  of	  the	  
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WP3.1:Sustained observations of properties  
and ocean fluxes through key sections 

•  Exchange across Greenland – Scotland Ridge 

! Atlantic Inflow into Nordic Seas (3 branches) 

! overflows  

•  Export of NADW from Labrador Sea 



Atlantic Inflow into Nordic Seas 
3 branches of Atlantic Inflow 
are monitored using moorings, 
complemented by regular CTD 
sections. 

1. Hornbanki section north 
     of Iceland (S. Jonasson) 
2. North of Faroe (S. Osterhus; B. Hansen, FFL) 
3. Faroe – Shetland Channel  
   (T. Sherwin, SAMS) 



Atlantic Inflow: Irminger Current 

•  Volume and heat fluxes of  Atlantic  
     waters at Hornbanki section 
•  0.8 Sv Atlantic water inflow 
•  Moorings & CTD repeat sections 
•  Since 1994 by Steingrimur Jónsson  
     (Marine Research Institute Iceland) 



Atlantic Inflow: Faroe Current 

19 

4 CTD sections / year  (1978 –) 
3-5 ADCP moorings    (1995 - ) 

Maintained by B. Hansen  
and S. Osterhus 

THOR funded: ends 2012 



Atlantic Inflow: Faroe-Shetland 
Channel 

•  Volume fluxes of inflow of Atlantic 
waters in FSC (3.2 Sv on average) 

•  Since 1994  
•  Moorings and CTD standard 

sections  
•  T. Sherwin & Turrel (SAMS) 



Overflows 



Overflows: Denmark Strait 
•  DS Transport: 3 Sv 
•  ADCP Array (2-3 sites) 
•  Records with gaps since 1999 
•  D. Quadfasel & K Jochumsen  
    (U. Hamburg) 



Overflows: Faroe Bank Channel 
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•  FBC Transport: 2.1 Sv 
•  ADCP Array plus density 
•  Continuous since 1996 
•  Bogi Hansen (FMRI) 
•  THOR funded 



Angmassalik Array (East 
Greenland) 

•  Measurements of overflow  
•  & entrainment components 
•  Freshwater fluxes 
•  Time series (with gaps) since 1996 
•  Maintained by S. Dye (CEFAS, UK) 
•  Funded through EU THOR  



Export of Deep Water from the Labrador Sea 

•  Export of LSW / GFZW / DSOW  
•  53°N array maintained sinced 1997 
•  IFM-GEOMAR (Fischer & Visbeck) 
•  Funded until 2012 (BMBF, Germany) 
•  Proposal submitted for continuation (DFG) 

LSW 

GFZW 

DSOW 



Deep Water export at Flemish Cap, 47°N 

"   time series measurements 
  of deep water exported   
  within the DWBC at 47°N 

"   currents and T/S 

"  Array deployment in 2009,   
  further extended by 4th mooring 
in 
  summer 2012 

→ BMBF cooperative program WP 2.1, M. Rhein, Uni Bremen 



WP 3.2: Water mass transformation 



Central Irminger Sea (CIS) mooing  

Karstensen (IFM-GEOMAR) 

•  Hydrographic & biogeochemical  
     measurements since 2002 
•  Maintained by IFM-GEOMAR 
•  Funding through Eurosites  
•  (partly EU THOR) 
•  Funding runs out in 2011  
•  Continuation after 2012 unclear 

•  “Pinck” surface telemetry system 
•  14 x SeaBird T, S, P (10 to 

1500m) 
•  ADCP (300 kHz) @ 150m upward 
•  Biogeochemical sensors @ 40m  

(fluorescence, oxygen, pCO2, 
nitrate) 

•  2 x Rotor Current Meter 

Objective: “Interaction between physical and biogeochemical 
cycling in a subpolar deep water formation area” 



„LOCO“ moorning in Irminger Sea 

•  Hydrographic & current measurements  
       since 2003 
•  Maintained by NIOZ (H. van Aken)  
•  Funding through THOR  
•  Funding runs out in 2012  
•  Continuation  beyond 2012 is ensured 

through NIOZ 

DeJong & van Aken  
Configuration: 

CTD Profiler 



Central Labrador Sea 

•  Mooring K1 maintained since 1996 
•  Transition from active to weak convection 
•  Stronger convection in winter 2007/08 
•  THOR funded to 2012 
•  Future unclear (German- Canadian collaboration) 
•  J. Fischer (IFM-GEOMAR) 

Courtesy of Nunes & Fischer 



Extended Ellett Line: Iceland - 
Scotland 

!Occupied annually since 1996  
!maintained by SAMS (T. Sherwin)  & NOCS (J. 
Read) 

Monitoring of  
•  northward supply of Atlantic Waters 
•  Recirculating Labrador Sea Water 
•  Overflow at Iceland continental slope 


