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Denmark Strait, the narrow strip of ocean between Greenland and Iceland (Figure 1), is a critical “choke point” in the northern hemisphere’s system of currents. Here, much of the dense water formed in the Arctic domain enters the North Atlantic and subsequently sinks to depth.  This process is a critical part of the Atlantic Meridional Overturning Circulation (MOC), which helps regulate the climate of our planet.  Not surprisingly, the dense outflow through the strait (called Denmark Strait Overflow Water, or DSOW) has been the topic of a great number of studies spanning more than half a century.  The present understanding is that, after the plume of deep water passes over the sill of the Denmark Strait, it descends the continental slope into the Irminger Sea and entrains ambient water to form a substantial current known as the Deep Western Boundary Current.  This deep current (after merging with another branch further south) proceeds to flow past the equator into the south Atlantic, and into other parts of the world ocean.  It is important to understand the sinking process at Denmark Strait – where and how the sinking happens and to what depth the water penetrates – in order to understand the ramifications on the MOC and hence on climate. 

A number of years ago we conducted the first high-resolution hydrographic/velocity transect south of Denmark Strait that extended from the east Greenland shelf into the deep part of the Irminger Basin.  Surprisingly, not only did we observe the deep plume of DSOW near the base of the continental rise, but also we discovered a new current on the upper slope.  This jet was also transporting dense water southward, but it was extremely narrow – and extremely fast.  We hypothesized that the dense water in the shallower jet did not emanate from the deepest part of Denmark Strait (i.e., with the main overflow plume) but instead spilled over the continental shelf south of the strait to form the current.  Consequently, we named the feature the “East Greenland Spill Jet.”  If this feature is permanent, then it represents a new paradigm for part of the dense water exiting the Arctic into the North Atlantic.  With this data, we posed the question, “Does a significant fraction of the DSOW remain on the continental shelf (instead of sinking with the deep plume) and subsequently spill over the shelf-edge farther south?”  If so, this raises a host of new and important questions about the fate and impact of a portion of the deep MOC.

These results motivated a new field program to investigate the existence and source of the East Greenland Spill Jet.  The desire of my colleagues and I was to deploy a mooring array across the current (and the deeper DSOW plume as well) to obtain year-long timeseries of the flow and its hydrographic properties.  However, such a venture was risky and expensive.  The risks were threefold: icebergs pass through the region, it is a site of commercial trawling, and our initial results indicated that the currents were extraordinarily strong.  All of these risks could damage or destroy moorings, making this project difficult to fund via traditional sources.  However, with support from the Comer Science and Education Foundation, and through WHOI’s Ocean and Climate Change Institute, we were able to deploy the array.  Moreover, this seed funding subsequently enabled us to obtain a grant from NSF to recover the array and analyze the data.

In the summer of 2007, on the Icelandic fisheries vessel Arni Fridiksson, we deployed seven moorings that spanned the Spill Jet as well as the traditional (deeper) Deep Western Boundary Current (Figure 2).  We went to great efforts to contact fishing companies around Greenland and Europe to ask them to steer clear of the array.  To sample at shallow depths and minimize the risk posed by icebergs, we deployed a “sacrificial” sensor 50 meters above the main top float of the mooring.  Our reasoning was that if an iceberg snagged the shallow sensor, the weak link between the sensor and the mooring’s main top float (situated at 100 meters) would break and we would lose the shallow sensor, not the entire mooring. 
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After a year of keeping our fingers crossed, we recovered the mooring array on the R/V Knorr.  The good news is that all of the moorings were still intact.  However, there were some issues.  Firstly, none of the sacrificial sensors remained above the top float.  This was not the result of icebergs, but rather the strong currents – we underestimated the strength of the Spill Jet.  It is the most intense current that I have ever measured, and the small floatation units used on the 50-meter sensors were shaken so violently that they fell apart within weeks of the deployment.  Secondly, as the year progressed, one by one the moored profilers within the center of the jet stopped functioning.  This was also most likely the result of the energetic environment.  Finally, even when the profilers were working, there were often strong flow events that bent the moorings over and caused a temporary disruption of the data collection.  In short, the moorings took a beating. However, compared to the information we had previously (a handful of snapshots from ships) obtained, the new data we acquired was more than enough to answer the questions we had posed.  
Our hypothesis stated that the spilling of dense water off the shelf to form the Spill Jet was caused by two different phenomena: instabilities (natural variations) of the shelf flow, and wind-driven off-shelf transport due to storms.  The region near Denmark Strait is one of the stormiest places in the world ocean, situated directly beneath the North Atlantic storm track.  As storms progress northward, the northeasterly flow at the leading edge of the storm collides with the high topography of Greenland’s coastline causing a “barrier wind.”  We surmised that these intense winds paralleling the coast – often near hurricane strength – could force dense water off the shelf.  During the recovery of the moorings, we encountered such a barrier wind event (Figure 3), giving us a unique opportunity to experience this phenomenon and collect atmospheric measurements from the ship. 
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Barrier winds are common in the region of Denmark Strait.  Using data from the European Centre for Medium-range Weather Forecasting (ECMWF), we constructed a composite average of all of the high speed barrier wind events during the course of the mooring deployment (Figure 4).  As the figure shows, the enhanced winds were adjacent to the coast of Greenland, both in the vicinity of the array and farther to the north.  During the course of the 15-month deployment there were 42 barrier wind events during which the wind exceeded 20 ms-1 (45 mph).  Although not evident in the mean composite, sometimes the winds were strongest near the array site, and other times the highest winds were to the north. 
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On a rotating planet, the oceanographic response to such high winds near a coast is typically enhanced flow in the direction of the wind, in this case towards the southwest.  This is referred to as the primary flow.  In addition, the flow should be directed to the right of the wind (in this case onshore) in the surface layer, while at depth there should be a component of flow directed offshore.  These onshore/offshore currents are called the secondary circulation.  Hence, if dense water is located near the bottom of the shelf – in particular any DSOW that remained on the outer shelf – it might be forced offshore by the deep secondary flow.  This in turn would cause the dense water to sink once it passes over the edge of the shelf, thereby feeding the Spill Jet.  Our mooring records revealed the presence of such a secondary circulation pattern during barrier wind events, driving dense water off the shelf.

Figure 5 shows the lagged correlation between the wind and the primary (alongshore) and secondary (cross-shore) velocity from one of the moorings located at the outer shelf.  The left-hand panel shows a strong positive correlation throughout the water column between the winds and the alongshore flow, at near-zero lag.  This means that the alongshore flow increases quickly as the wind blows.  The right-hand panel shows a positive correlation near the surface (i.e., onshore flow) and a negative correlation at depth (i.e., offshore flow) also at near-zero lag.  Hence, these results imply that the barrier winds drive part of the spilling.  Interestingly, Figure 5 also reveals a second peak of strong alongshore correlation 3-4 days after the storm, along with enhanced negative offshore correlation at depth during this same time period.  We believe that these latter peaks are due to a delayed response from remote winds via wave propagation (recall that the barrier winds are often strongest north of the array).  We are presently investigating this finding more carefully with the mooring data and attempting to simulate this process using a numerical model.  
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Although part of our hypothesis was that the spilling of dense water would also be caused by instabilities (natural variations) of the alongshore flow, it is becoming apparent that this idea is not supported by the data.  However, the data does indicate that there is a second mechanism (aside from the wind) that drives spilling.  This other process is caused by the offshore circulation.  Specifically, the deeper DSOW plume tends to form massive eddies (counter-clockwise swirls) every few days.  As these eddies propagate southward it appears that they “graze” the shelf and draw dense water offshore.  This seems to be the dominant mechanism responsible for the spilling.  Ongoing research is being conducted to characterize this process and investigate its dynamics.  
In addition to the mooring data, we conducted a comprehensive hydrographic survey of the region on the R/V Knorr after recovering the array.  I am presently working with a post-doc and a graduate student using the hydrographic data, and with two other graduate students using the mooring data.  One paper has been submitted to Nature Geoscience, and another will be submitted shortly to Journal of Physical Oceanography (the first draft is complete).  
The process of DSOW spilling off the shelf south of Denmark Strait and forming an intense jet along the upper continental slope constitutes a new paradigm for sinking in the MOC.  We will continue to investigate some of the important ramifications involving the mixing and the vertical distribution of transport in the lower limb of the MOC and what this means for our climate system.  
I am greatly indebted to the Comer Science and Education Foundation for making this exciting research possible.  
Figure 1:  Denmark Strait is located between Greenland and Iceland.





Figure 2:  Mooring array (thick, black line) extending from the edge of the East Greenland shelf to the continental rise of the Irminger Sea south of Denmark Strait.  The array was deployed from September of 2007 through October of 2008. 





Figure 3:  R/V Knorr negotiating high waves during the barrier wind event near the mooring array.





Figure 4:  Composite of the barrier wind events when the mean wind speed within the blue polygon exceeded 20 ms-1.  The blue asterisk marks the location of the mooring array.  Wind speed is indicated by color, and the flow vectors are overlaid.  The contours denote sea level pressure.





Figure 5:  Lagged correlations (indicated by color) between wind speed and the velocity time series from one of the moorings on the outer shelf.  Left-hand panel:  correlation between the wind and the alongshore velocity as a function of depth.  Right-hand panel:  correlation between the wind and the cross-shore velocity as a function of depth. 
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