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Abstract

Four repeat sections across the East Greenland shelf and slope south of Denmark Strait are analysed to investigate
the components of the boundary current system. The sections were occupied in summer 2001, 2003, 2004, and
2007, and included use of a vessel-mounted acoustic Doppler current profiler, enabling the computation of
absolute geostrophic velocities. The components of the boundary current are the East Greenland/Irminger Current
(EGIC) in the upper layer, the Deep Western Boundary Current (DWBC) at the base of the continental slope, and
the East Greenland spill jet which resides inshore and beneath the EGIC. Special emphasis is placed on the spill
jet, a recently discovered feature about which relatively little is known. The spill jet was observed in each
occupation, transporting 5.0 £ 2.2 Sv equatorward in the mean, which is similar to the DWBC at this latitude

(4.9 £ 1.4 Sv). The spill jet displayed considerable variability between sections, which appears to be linked to the
geographical location of the upper-layer hydrographic front associated with the EGIC. When the front is located
near the shelfbreak, the spill jet is confined to the outer shelf/upper slope and its transport is smaller. During these
times there is less mixing and the water advected by the jet is generally lighter than that transported by the
DWBC. In contrast, when the front is located seaward of the shelfbreak, the spill jet extends farther down the
continental slope and its volume flux is larger. At these times, there is stronger mixing and the spill jet can
transport water as dense as the Denmark Strait Overflow Water. A vorticity analysis indicates that the jet is
susceptible to a variety of instability processes including baroclinic, barotropic, and symmetric instability. In

addition, it is subject to double diffusive mixing that may influence its downstream evolution. It appears that the



spill jet is a permanent feature of the summertime circulation in this region and contributes significantly to the

intermediate, and at times deep, limb of the Atlantic Meridional Overturning Circulation.
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1. Introduction

Along the East Greenland continental shelfbreak to the south of Denmark Strait there exists a sharp
hydrographic front separating cold and fresh Arctic-origin water onshore from warm and salty Atlantic-
origin water farther offshore. The jet associated with this hydrographic front both recirculates Atlantic
water within the Irminger Sea and provides a pathway by which Arctic water can exit southwards into
the North Atlantic. The combined flow of these two components is often referred to as the East
Greenland/Irminger Current (EGIC) (Figure 1). Early observations in the region suggested that the front
and its jet were both variable in time and unstable, with intrusions of warm Irminger Water regularly
found on the inshore side of the front (Defant, 1930). Subsequent studies, such as the IGY program of
1957-8 (Dietrich, 1964) and the NORWESTLANT program (Lee, 1968), confirmed the variability of the
boundary current system, with wind-driven changes in the inflow of Atlantic Water into the Irminger
Basin being postulated as a control on the transport and composition of the EGIC (Blindheim, 1968).
Other observational efforts have documented the presence of an inshore branch of the boundary current
system, now known as the East Greenland Coastal Current (Malmberg et al., 1967; Bacon et al., 2002;

Sutherland et al., 2008), though this feature is not considered further in the present study.

In spite of numerous observational programs through the years, the transport estimates for the EGIC
remain poorly constrained. For instance, while Bacon et al. (1997) calculated a value of 15.0 Sv based

on an ocean inverse from the CONVEX-91 experiment close to Cape Farewell, Pollard et al. (2004)



reported a much smaller transport value of 7.0 Sv (referenced to 1400 m). Furthermore, the kinematics
and dynamics of the EGIC are not well understood. This is because of a lack of synoptic hydrographic
data close to the shelfbreak, meaning that the front and its jet have not been fully resolved. A high-
resolution hydrographic/velocity section conducted in 2001 (Pickart et al., 2005) noted for the first time
a hitherto unknown component of the boundary current system termed the “spill jet”, identifiable in that
section as a bottom-intensified southward flow over the depth range 250-800 m. This feature, postulated
by Rudels et al. (1999, 2002), was located beneath and inshore of the EGIC. It was also distinct from the
deeper equatorward flow of Denmark Strait Overflow Water (DSOW) within the Deep Western
Boundary Current (DWBC) at the base of the continental slope. The synoptic transport of the spill jet
was 1.9 Sv southwards towards Cape Farewell. Pickart et al. (2005) argued that this feature was caused
by the cascading of dense shelf water over the continental shelfbreak, entraining ambient Atlantic water
in the process. The spill jet could therefore form a significant contribution to the intermediate
component of the North Atlantic meridional overturning circulation, at the density level of the Labrador

Sea Water.

Recently, high-resolution modelling of the spill jet for the period of summer 2003 has suggested that it is
a permanent feature in the region south of Denmark Strait with a mean transport of 4.9 £ 1.7 Sv
southwards (Magaldi et al., in press). Moreover, substantial variability in both the transport of the jet and
its position relative to the continental slope was observed in the model. During some periods, the model
spill jet was located close to the sheltbreak, while at other times the jet was positioned part way down
the continental slope with a velocity core as deep as 1000 m. Magaldi et al. (in press) identified two
mechanisms controlling the strength of the jet. In the first, a transport maximum in the spill jet was
found to be associated with isolated lenses of dense water cascading off the shelf. No simple correlation
was observed between these spilling events and the local wind stress (Haine et al., 2009). In the second

mechanism, the maximum in spill jet transport was associated with the passage of surface frontal



meanders that were in turn linked to deep pulses of DSOW of the type studied by Spall and Price (1998).
In particular, as an eddy of DSOW passed through the region, the leading/seaward edge of the feature

drew dense water from the outer shelf which quickly descended to depth, feeding the spill jet.

While progress has been made regarding the structure and behaviour of the spill jet, numerous important
issues remain to be addressed concerning the nature of the jet and its relation to the other components of
the East Greenland boundary current system. Firstly, the spatial and temporal variability of the boundary
current system from year-to-year needs to be quantified, with particular focus on whether the spill jet is
a permanent feature of the region south of Denmark Strait. The transport of the individual components
of the boundary current system (the EGIC, spill jet, and DWBC) should be established over a number of
realizations to quantify both the mean transport and variability in each part of the system. An analysis of
the T/S properties of the spill jet is also required, in order to help resolve the origin of the spill jet water
and to explain its downstream evolution as it approaches Cape Farewell. Evidence for two-way cross
frontal exchange within the boundary current has already been noted (e.g. Pickart et al., 2005), but
further examination of the potential vorticity fields is required to shed light on the main mechanisms
causing the exchange of mass and properties between the shelf and the interior of the Irminger Basin.
Finally, given the close proximity of warm, salty Irminger Water and cold, fresh Arctic-origin water
near the hydrographic front, there exists the potential for double diffusive mixing which may in turn
impact the hydrographic structure of the spill jet. The present study addresses the above-mentioned

issues using a collection of shipboard measurements of the spill jet made between 2001 and 2007.

2. Data and Methods

Hydrographic and velocity data were collected during four summer shipboard surveys from a section

200 km to the southwest of Denmark Strait (Figure 2). These cruises were conducted in August 2001,



August 2003, August 2004 and September 2007 aboard R/V Oceanus (cruises 369 and 385), RRS James
Clark Ross (cruise 105), and R/V Arni Fridriksson (cruise A200711). The sections took 11 h, 15h, 15h
and 58 h respectively to cross the Spill Jet and DWBC. The 2007 section had a longer duration as a
mooring array was also deployed along the line, though the results from these instruments are not
considered in this paper. The 2001 section was discussed in detail by Pickart et al. (2005) and is

included here for completeness.

The number of hydrographic stations across the boundary current varied by year, from 7 in 2007
(covering the outer shelf and slope) to 26 in 2004 (including 70 km of the continental shelf), but in each
year the shelfbreak region itself was densely sampled, sometimes with station spacing as small as 2 km.
Temperature, conductivity and pressure were recorded using a Seabird 911+
conductivity/temperature/depth (CTD) system that incorporated both dissolved oxygen measurements
and a water-sampling rosette. The CTD salinity was calibrated using the in situ water samples and the
temperature was calibrated in the laboratory; resulting accuracies for these variables are 0.002 and
0.001°C respectively. Temperature, salinity and potential density data were pressure-averaged into 2 db
bins. Following this, vertical sections of various properties were constructed by interpolating onto a
uniform grid using a Laplacian-spline routine. The cross-stream origin of the vertical sections (x=0 km
in the figures) corresponds to the starting point of the single-beam bathymetry data collected on the 2004
section, which is displayed in the subsequent figures. Due to the inhomogeneous station spacing in the
sections (close station spacing on the shelf and shelfbreak, coarser spatial resolution offshore), the CTD
data were gridded twice. Firstly, the stations offshore of x=75 km were gridded at 5 km; these gridded
data plus the ungridded station data inshore of 75 km were then gridded again at 2 km x 5 m spacing.
Minor adjustments were made in the vicinity of the shelfbreak to remove physically implausible density

discontinuities caused by interpolating close to a sloping boundary.



Velocities were obtained using a vessel-mounted acoustic Doppler current profiler (ADCP). R/V
Oceanus was equipped with a 150 kHz narrow-band ADCP supplied by RD Instruments, while RRS
James Clark Ross and R/V Arni Fridriksson had 75 kHz narrow-band units. Data were collected in 8 m
bins, with the center of the top bin situated at 17 m, 13 m, 13 m and 12 m respectively in 2001, 2003,
2004 and 2007. The barotropic tidal component of velocity was removed using an updated version of the
Oregon State University Ocean Topography Experiment/Poseidon Cross-Over Global Inverse Solution
(Egbert et al., 1994, 2002). Finally, the ADCP profiles were rotated into stream coordinates following
the method of Fratantoni et al. (2001) and gridded onto the same 2 km x 5 m grid used for the
hydrographic variables. More details of the ADCP processing and coordinate rotation are given in
Pickart et al. (2005). Absolute geostrophic velocities were computed by referencing the thermal wind
shear with the gridded ADCP data following the method in Pickart et al. (2005). The magnitude of the
ADCEP errors are discussed below in Appendix A. Finally, using the gridded hydrographic and velocity

fields, we constructed vertical sections of Richardson Number and Ertel potential vorticity.

Additional hydrographic and velocity data obtained north and south of the repeat line, including the

regions of Denmark Strait and Cape Farewell, are used in the study (see Figure 2). The collection,

processing, and accuracy of these data were similar to that described above. For more information on

these data sets the reader is referred to Pickart et al. (2005) and Vége et al. (2011).

3. Results

3.1 Temperature and Salinity Structure of the Boundary Current System

In each of the four years a sharp hydrographic front was observed between the cold, fresh East

Greenland Current Water and the relatively warm, salty retroflected Irminger Current Water (Figure 3),



although there was significant variation between the years. In 2001 and 2003 the front was located
inshore of the shelfbreak, while in 2004 and 2007 it was offshore of the shelfbreak. In 2003, the
Irminger Water penetrated particularly far onshore and conditions on the outer shelf and upper slope
were the warmest and saltiest of all the occupations. In three of the four years, an isolated lens of
Irminger Water resided on the shelf (two such lenses were present in 2004). This variability in frontal
position and the presence of warm, salty lenses on the inshore side of the front is consistent with
previous work suggesting strong meandering of the current system perhaps leading to eddy formation in
the upper layer (e.g. Defant, 1930). Such cross-stream fluxes appear to operate in both directions since
fresh East Greenland Current water can be found seaward of the shelfbreak (e.g. at station 66 in 2004,
Figure 3f). It should be noted that the presence of warm and saline water inshore of the front might also
be the result of the retroflection of the Irminger Current farther to the north, which is believed to be

influenced by winds (Blindheim, 1968).

The mean hydrographic sections of the four occupations (2001-2007) are displayed in Figure 4. The
mean front between the Atlantic- and Arctic-origin waters in the upper layer, distinguishable by the
rapid transition from cold and fresh to warm and salty conditions, is located over the 1000 m isobath.
Detached Atlantic Water on the shelf is evident in the mean as well, situated above a layer of cold, dense
water (>27.7 kg m™) on the outer shelf. Farther offshore, a wedge of cold and fresh DSOW resides on
the continental slope at depths greater than 1000 m (the approximate depth where the 27.8 kg m™
density contour intersects the bottom). The downward-sloping isopycnals in this region indicate the
enhanced equatorward geostrophic flow of the DWBC (Figure 5, positive velocities are equatorward).
One of the most prominent aspects of the mean hydrographic sections is the strong thermal wind shear
in the region of the upper slope (from the shelfbreak to roughly x=78 km in the cross-stream direction).
This is indicative of enhanced equatorward flow at depth, a feature also observed by Pickart et al. (2005)

in their synoptic crossing in 2001 associated with the spill jet. Interestingly, this sense of shear is



opposite to what is observed farther south in the upper part of the boundary current system near Cape

Farewell (Daniault et al., 2011). This is discussed further in Section 3.7.

3.2 The spill jet

The downward-sloping isopycnals near the upper slope, evident in the mean hydrographic sections
(Figure 4), were also observed in each of the four individual sections. In 2007, for instance, the

27.7 kg m™ isopycnal descended from 300 m at the shelfbreak to approximately 900 m in the Irminger
Basin (Figure 3g). Using the 2001 section, Pickart et al. (2005) attributed the isopycnal slope, and the
corresponding equatorward flow, to dense water cascading over the shelfbreak creating a shallower and
lighter version of the DSOW. The hydrographic fields in the 2001 section supported their interpretation,
with relatively cold, fresh and well-ventilated water found close to the bottom at the shelf edge and
along the upper continental slope (Pickart et al., 2005). From their analysis, the total transport of the

East Greenland spill jet in that year was 1.9 Sv.

The calculated absolute geostrophic velocities from 2003, 2004 and 2007 confirm the presence of the
spill jet in all four sections, suggesting it is a permanent feature of the region, at least during the summer
months. The mean alongstream geostrophic velocity section of the four years is shown in Figure 5
(positive is equatorward). Strong bottom-intensified equatorward flow is found between 200 m and the
bottom, banked against the upper continental slope and along the outer shelf edge — this is the spill jet.
In the mean, the jet is centered at roughly the 800 m isobath and its offshore edge abuts the DSOW near
the 1100 m isobath (the enhanced flow of the DWBC is evident farther downslope). Consistent with the
results of Pickart et al. (2005), a component of the mean spill jet resides on the outer continental shelf.
This is believed to be southward-flowing dense water that has yet to cascade (discussed further below).

The magnitudes of the mean velocities in the spill jet are impressively large (greater than 1 m s in the



core of the flow, and more than 0.6 m s™ for the component on the outer shelf). Inspection of the mean
fields also shows enhanced equatorward flow in the upper layer near the location of the hydrographic
front (roughly x=78 km). This is the signature of the surface-intensified EGIC. It is more evident in

some of the individual sections.

The spill jet, as well as the other components of the boundary current system, displays substantial
variability between the occupations (Figure 6). In particular, the lateral position, vertical extent, and
strength of the spill jet vary. In the first two occupations, 2001 and 2003 (Figure 6a,b), the core of the jet
was confined to the upper slope/outer shelf (inshore of the 800 m isobath) and its magnitude was
weaker. Magaldi et al. (in press) conducted a model study of the spill jet during summer 2003, which
encompassed the period of the 2003 observations. While it should not be expected that the model results
be in perfect phase with the observations, their high-resolution simulation does indicate a period of
limited spilling similar to the hydrographic section, which is then followed by a considerable amount of
dense water cascading off the shelf. This transition occurs over a timescale of two days, strengthening
the spill jet and causing it to deepen and partly merge with the upper part of the DSOW. According to
Magaldi et al. (in press), there is at times little or no distinction between the densest part of the spill jet
and the lightest part of the deep overflow. This in turn implies that water with the properties of DSOW
(denser than o, = 27.8 kg m™) can occasionally remain on the continental shelf south of Denmark Strait
and subsequently cascade off the shelf downstream of the sill. Note in the 2003 occupation that the
shoreward part of the overflow water (between 80 and 90 km) extends quite high in the water column
(Figure 6b). It is possible that this is spill jet water that previously drained off the shelf upstream of the
section (but downstream of Denmark Strait), partially joining the DWBC. Such a scenario is discussed
later in the paper. However, given both the density range of this feature (as dense as o, = 27.9 kg m™)
and its elevated oxygen concentration (not shown), we consider this portion of the boundary current in

the 2003 section as part of the DSOW (not the spill jet) when calculating transports in Section 3.3.



In the latter two occupations, 2004 and 2007 (Figure 6¢,d), the spill jet is significantly stronger and
extends farther down the continental slope (core depth near the 1000 m isobath). In 2004, the jet’s peak
equatorward velocity exceeds 1.6 m s™ due to the extremely strong isopycnal tilt offshore of x=65 km.
Such high spill jet velocities and the associated intense lateral shear are shown below to be conducive
for instability of the current. Note that these two realizations with a stronger, deeper spill jet are the two

instances when the EGIC hydrographic front was located offshore of the sheltbreak (Figure 3).

3.3 Transports

The three components of the boundary current system considered here are the spill jet, the EGIC, and
the DWBC. In all four occupations the DWBC is evident near the base of the continental slope,
generally close to the 1400 m isobath. In the mean it has a velocity maximum of 0.7 m s (Figure 5), but
synoptically the flow exceeded 1 m s'. The current is generally well ventilated, though the regions of
maximum oxygen concentration and peak velocity do not always coincide (e.g. in 2001, see Pickart et
al., 2005). Furthermore, because southward velocities occur from the shelfbreak to at least 1500 m in all
years, the minimum in velocity separating the spill jet and the deep overflow is often greater than

0.2m s (Figure 6). Only in 2003 does the velocity minimum fall below 0.05 m s™. Previous studies
have typically used o, = 27.8 kg m™ as the delimiting isopycnal of DSOW (e.g. Dickson and Brown,
1994), yet there is evidence in both the velocity and oxygen fields that a lighter isopycnal may at times
be more appropriate at this location. In 2003, for instance, well-ventilated, southward-flowing dense
water as light as o, = 27.7 kg m™ was observed (Figure 6b). Moreover, there is variation in the offshore
position of the deep current. For example, in 2007 its offshore extent was 95 km, while in 2001 there
was significant southward flow as far offshore as 120 km (not shown). In order to ensure that transport

estimates were consistent between the sections, any flow of the DSOW offshore of 102 km was

10



discounted to prevent year-to-year transport fluctuations from arising due to different spatial sampling.

The effect of this limit on the DWBC transport estimate is discussed further below.

The position and strength of the surface-intensified EGIC near the hydrographic front also vary between
the individual occupations. Although the mean velocity section (Figure 5) suggests two distinct maxima,
this occurs because of spatial variability in the position of the current in the four years and does not
represent a separated “East Greenland Current” and “Irminger Current”. When calculating the transports
of this component of the boundary current system, flow inshore of x=56 km along the section was
discounted, to allow comparison between the 2001-2004 sections and 2007 section (which did not

extend so far inshore).

In order to obtain consistent transport estimates from year to year, a number of approaches were tested.
Boundaries based solely on density criteria were found to be inadequate, as the upper bound of the
classic DSOW (o, = 27.8 kg m™) does not always include all of the deep overflow water. Moreover,
while the spill jet generally has T/S properties intermediate between those of the EGIC and DSOW (see
Section 3.5), the T/S characteristics vary between the individual sections, meaning that a single T/S or
density criterion is not appropriate for all years. To circumvent these problems, a combination of density
classes and lateral boundaries were used after examination of the temperature, salinity, velocity and
dissolved oxygen sections for each year. The results are presented in Table 1, with more details of the
choice of boundaries given in Appendix B (the boundaries are displayed in Figure 6). The uncertainty on
the transports is calculated from the ADCP errors, details of which are discussed in Appendix A. For the
DWBC we give two estimates, one for o, > 27.7 kg m™, and, for comparison with previous studies, a

second estimate for o, > 27.8 kg m™.

The spill jet is a significant component of the boundary current system in all years, with a mean

11



transport of 5.0 Sv (standard error 2.2 Sv). The transport is especially large in 2004 (10.4 Sv) and also
elevated in 2007 (4.6 Sv); in both cases the core of the jet is located offshore near the 1000 m isobath
and the current extends over a large depth range. By contrast, in the 2001 and 2003 realizations, when
the spill jet is confined to the shelf edge and upper slope, its transport is smaller (2.7 Sv and 2.2 Sv,
respectively). The EGIC has a mean transport of 6.8 Sv (standard error 1.2 Sv), with the largest transport
in 2003 (10.7 Sv) and the smallest in 2007 (3.1 Sv). Using the broader definition for DSOW

(0,>27.7 kg m™), the deep overflow transport is 4.9 Sv with a standard error of 1.4 Sv, while using
Dickson and Brown’s (1994) definition of o, > 27.8 kg m™, the value is 2.5 + 0.8 Sv. This is notably

smaller than Dickson and Brown’s (1994) mean estimate of 5.2 Sv at this location.

This difference in DWBC transport denser than o, = 27.8 kg m™ is likely accounted for to some degree
by the transport offshore of 102 km not included in our estimate. Unfortunately, hydrographic data
offshore of this limit were only collected in 2001 and 2003. In both cases, a single station was sampled
close to 120 km along the section. Extending the horizontal transport integration in 2003 to 124 km
offshore increases the DWBC transport below o, = 27.7 kg m™ by 3 Sv to 8.8 Sv, with an increase of

1 Sv below 0,=27.8 kg m™ to 3.9 Sv. A similar transport increase of the water below o, = 27.8 kg m™
was observed in 2001 (from 2.0 Sv to 3.4 Sv). It is thus likely that our DWBC estimates are biased low
by this missing contribution. Nevertheless, even assuming the missing contribution is as large as in 2003
in every occupation (3 Sv), the spill jet remains nearly comparable in magnitude to the DWBC, and, in

years such as 2004, is likely larger than the deep overflow.

As noted earlier, the modelling results of Magaldi et al. (in press) suggest that spilling events are often
triggered by DSOW eddies that are transiting equatorward along the continental slope and drawing
dense water off the shelf. It is unknown to what degree these eddies are being advected by the

background current or are self propagating (e.g. Nof, 1983). Unpublished data from farther downstream
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indicate that DSOW eddies are easily detectable in both density and velocity, with the eddy core being
located in the middle of the water column. Consequently, it appears that none or our crossings sampled
strong eddy features. We note that the 2004 section does show a region of weak poleward flow offshore
of the spill jet near x=85 km and centred at a depth of 500 m. However, integrating across the feature
shows that there is minimal biasing in our equatorward transport values for that section. In the 2007
crossing there is significant poleward flow seaward of the DWBC (offshore of x=95 km). The velocity
structure here is not indicative of an eddy, but if it were then our 2007 transport estimate for DSOW
denser than o, > 27.7 kg m™ would be reduced from 1.6 Sv to 1.1 Sv (obtained by subtracting an equal
amount of equatorward flow). In either case, the DWBC and EGIC transports for that occupation are

anomalously small.

3.4 Mixing

It has been postulated that as the dense water cascades off the shelf to form the spill jet, mixing
occurs with the ambient slope water that in turn results in cross-frontal exchange of mass and salt.
To shed light on this shelf-basin mixing, plots of gradient Richardson Number [N(x,z)/u,(x,z)]” for
each occupation were computed from the buoyancy frequency (N) and along-stream velocity (u).
The buoyancy frequency was calculated from the individual station data, with the depth range (Az)
over which the density gradient was computed increasing with depth (in particular, Az varying from
10 m near the surface to 420 m at 1500 m). The vertical gradient in alongstream velocity was
obtained from the gridded geostrophic velocities (Figure 6). Vertical sections of Richardson
Number were then constructed as described in Section 2. Experimentation using a variety of
vertical ranges over which to evaluate N and u,(x,z) revealed that the final values of Richardson

Number were fairly insensitive to this choice, thus indicating that our conclusions are robust.
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In all four years, regions of small Richardson Number (<1) are observed in the vicinity of the spill
jet (with values locally falling below 0.25), suggesting that significant vertical mixing is occurring
(Figure 7). In each occupation, the combination of relatively weak stratification and strong vertical

shear in the jet produces conditions suitable for cross-frontal exchange.

In the two occupations where the spill jet is located closest to the shelfbreak (2001 and 2003), the
mixing is limited in extent. The onshore movement of the EGIC front in these two years, and the
relatively shallow isopycnal slope, are less favourable for the downslope export of cold, fresh shelf
water into the Irminger Basin. By contrast, the Richardson Number in the latter two occupations
(2004 and 2007) was less than 1 over most of the spill jet, due largely to the extremely strong
vertical shear of the current. Evidence of exchange between the shelf and slope in the upper water
column during the 2004 occupation was documented above, with two warm and salty lenses located
onshore of the front and fresh shelf water present in the interior. It remains to be determined if such
upper-layer cross-frontal exchange is related to the dense water spilling process. In the 2004 section

both seemed to be prevalent.

While the modelling results of Magaldi et al. (in press) support the hypothesis that the spill jet is a
region of enhanced mixing, the region of critical Richardson numbers is much larger in their
numerical simulation. For instance, during the occupation of the 2003 vertical section, the model
yields a region of Richardson Number less than 1 that covers the entire continental slope between
300 m and 1600 m, while the observations suggest that the mixing is more limited. The reason for
this discrepancy appears to be that the model has stronger vertical shear than the observations along
most of the slope. The Richardson Number of the observations was relatively insensitive to the
choice of vertical distance over which the vertical shear was computed. Magaldi et al. (in press)

invoked a Richardson Number limit as part of their criteria for identifying the region of the spill jet
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for their transport calculations. We did not implement such a condition as it was clear from our
velocity observations that the spill jet covered a wider area than that defined by the critical
Richardson Numbers. Note in Figure 7 that there are critical values of the Richardson Number
within the DSOW in each of the four occupations. This implies that the overflow water is actively
mixing and homogenising at this latitude, which may at times involve entrainment of water from

outside the high-velocity DWBC core (e.g. close to Station 31 in 2003).

3.5 Temperature and Salinity Characteristics of the spill jet

In the 2001 section, Pickart et al. (2005) observed that the spill jet occupied a portion of T/S space
intermediate between pure Irminger Water and East Greenland Current Water. Using the above-
noted criteria for identifying the different components of the boundary current system (used in the
transport calculations) we plotted the T/S characteristics of the three components for each of the
years (note that we have not attempted to separate the EGC and IC constituents). These are displayed
in Figure 8. One sees that, as was the case in 2001, in 2003 the spill jet advected water within the
T/S envelope of the EGIC water. As noted earlier, during both these occupations the hydrographic
front of the EGIC is located onshore. This implies that as the shelf waters spill, they immediately
encounter, and mix with, warm and salty Irminger Water which in turn would limit the density of the
final product in the spill jet. However, as seen in the model simulations of Magaldi et al. (in press),
at times the spill jet can advect water as dense as the DSOW. Our observations support this idea as

well.

As seen in Figure 8c,d, in 2004 and 2007 a portion of the spill jet advected water within the density

range of DSOW. During these two occupations the EGIC hydrographic front was located farther

offshore, seaward of the shelfbreak. This suggests that waters cascading off the shelf were not as

15



strongly mixed with the warm and salty Irminger Water during the formation of the spill jet. An
additional conclusion could be that the 2004 and 2007 occupations sampled more recent spilling
events than the previous two occupations. This is implied by the Richardson Number distributions
(Figure 7). In particular, the region of critical Richardson Number was more extensive in 2004 and
2007, and the corresponding values smaller. This means that more active mixing was taking place
during these two occupations, suggesting that the modification of the spilled shelf waters was just

beginning.

The idea that the spill jet can advect water in the density range of DSOW implies that, at times, not
all of the dense water in the Denmark Strait sill participates in the overflow process. This in turn
suggests that a portion of the dense water in the strait sometimes remains on the shelf and
subsequently cascades into the basin farther to the south. This scenario was postulated by Rudels et
al. (2002) and also observed in the model simulations of Magaldi et al. (in press). Here we offer
evidence that DSOW can indeed remain on the shelf as it passes through Denmark Strait. In October
2008 a hydrographic/velocity section was occupied across Denmark Strait near the latitude of the sill
(see Figure 2 for the location of the section). At the time of the section, the deepest part of the strait
(in particular the western side) was occupied by water denser than o, = 28.05 kg m™, which
coincided with the strongest equatorward velocities (Figure 9). This water likely formed the main
overflow plume farther to the south. However, the section in Figure 9 also reveals that water denser
than o, = 27.8 kg m™ occupied a large portion of the East Greenland shelf (in fact, densities
exceeding o, = 27.9 kg m™ were found on the shelf). Most of this water was flowing equatorward as
well. It is clear that this water would have remained on the shelf and not contributed to the
descending overflow plume. The section considered here is of course only a synoptic snapshot, but it
demonstrates that, at times, there is dense water available for spilling south of Denmark Strait. In

Figure 9, the transport of water with o, > 27.8 kg m™ on the East Greenland shelf shoreward of
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x=102 km (i.e. inshore of the 350 m isobath) was 1.1 Sv.

3.6 Vorticity Structure of the spill jet

In order to investigate the stability properties of the spill jet, the Ertel potential vorticity (PV) was
calculated for each of the sections following the methodology of Pickart et al. (2005). In the
presentation below, the total PV is divided into a stretching term, a relative vorticity term that is
dominated by the cross-stream gradient of alongstream velocity, and a tilting term that reflects

horizontal density gradients (Hall, 1994):

PV =—f/py d0/dz + 1/py du/dy d0./dz — glps’f (90/dv)’ (1)

where fis the Coriolis parameter, py is the reference density (1.031 x 10°kg m™) and g is the
gravitational acceleration. The total PV of the spill jet is an important diagnostic because it can be
used to elucidate dynamical instability (Haine and Marshall, 1998; Charney and Stern, 1962), which
could assist in determining the mechanisms by which mass and properties are fluxed in both

directions across the front.

For each hydrographic section, the four PV terms (stretching, relative, tilting and total) were
averaged over the depth range of the spill jet. These lateral distributions are presented in Figure 10.
Stretching vorticity is most influential in setting the total PV, but relative and tilting vorticity are
also important and the relative term can dominate within the spill jet (e.g. in 2003 and 2004). This is
in contrast to most large-scale currents where the total PV is dictated by the stretching term. Total
PV increases inshore of x=70 km in all years, as a result of an increase in the stretching term. This is

due to the fact that as one moves closer to the coast the depth of the water column decreases, hence
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the averaging is done over a region of stronger stratification.

These PV diagnostics reveal important insights on the dynamical stability of the spill jet. The
relative vorticity term changes sign across the spill jet in each year (anticyclonic inshore and
cyclonic offshore), reaching quite large values in some of the years (see below). We note that the
relative vorticity term divided by the stretching term equals the non-dimensional relative vorticity {
(i.e. the relative vorticity normalized by the Coriolis parameter f, which is a vorticity-based Rossby
Number). When { is less than minus one, the absolute vorticity is negative and the flow is unstable to
inertial overturning. This process causes horizontal exchange between fluid on the cyclonic and
anticyclonic sides of the jet with a growth rate of f/ m (Haine and Marshall, 1998). Using the
curves in Figure 10 to compute {, we find that it reaches approximately —1.3 in both 2003 and 2004
on the inshore flank of the spill jet. The timescale for inertial instability to grow in these cases is

therefore around 2/f, or about 4 h.

In the presence of stratification, inertial instability is modified so that modes which exchange along

isobars grow more slowly than modes that mix along isopycnals. The growth rate is now given by

f/ m where Ri is the Richardson number (Haine and Marshall, 1998). The flow is
susceptible to this so-called symmetric instability when T <—1 + Ri’', or, equivalently, when the total
PV is negative. These conditions apply to the spill jet as well in 2003 and 2004 (Figure 10). The
2004 case is particularly extreme. Figure 11 shows the vertical sections of the three PV components
in that year (the relative and tilting terms are normalized by f), as well as the total PV. Recall that the
spill jet was strongest in this realization (>1.6 m s™, Figure 6), and, as a result, |(| exceeds 2 on both
sides of the jet (Figure 11a). The region of negative total PV is quite pronounced on the inshore
flank of the current (Figure 11d). In fact, one sees that the overall distribution of total PV mimics

that of C over the full extent of the spill jet. This is quite extraordinary, since the stretching
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dominates even strong currents like the Gulf Stream. From Figure 7 it is seen that the inshore flank
of the spill jet has Ri in the range 0.5—1. Hence the timescale for symmetric instability is around 0.7/f
to 0.9/f, or approximately 2 h. These results suggest that fast instabilities can mix fluid in the region

between the continental shelf and the spill jet core.

During the 2003 field program, an additional crossing of the shelfbreak was made roughly 50 km to
the south of the repeat line (see Figure 2 for the location of the section). Figure 12a shows the
alongstream velocity measured by the vessel-mounted ADCP, which reveals the presence of the spill
jet near the upper continental slope with velocities exceeding 0.9 m s (the ADCP observations did
not extend deeper than about 400 m). The CTD station occupied in the core of the current (station 52
in Figure 12a) revealed an 80 m-thick layer that was neutrally stable to the accuracy of the calibrated
CTD sensors (Figure 12b). This implies that as dense water cascades off the shelf, it may at times
result in a gravitationally unstable water column that would rapidly adjust to form such vertically

uniform regions within the jet.

The spill jet may also be susceptible to slower-growing instabilities. Specifically, the lateral gradient
in total PV changes sign across the spill jet in every year, a necessary condition for baroclinic
instability. This is largely due to the cross-stream distribution of relative vorticity, in particular the
switch from strong cyclonic relative vorticity to anticyclonic (or near-zero) relative vorticity as one
progresses onshore. The flow also meets a necessary condition for barotropic instability because the
total PV exhibits extrema each year. These statements do not strictly apply in the presence of side
boundaries, however, and the role of the continental slope is unclear. Unlike baroclinic and
barotropic instability, symmetric instability does not involve any meanders in the direction of the
flow. The PV condition for symmetric instability is also local in space, not global. For these reasons

it is likely that symmetric instability is less strongly affected than baroclinic or barotropic instability
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by the presence of the continental slope.

3.7 Double Diffusive Effects

Due to the fact that cold, fresh shelf waters are spilled into, or adjacent to, warm, salty
Irminger water, it is possible that double-diffusive effects might influence the cross-frontal
mixing that occurs (Schmitt, 1994, 2003). Such mixing could play a role in the downstream
evolution of the shelfbreak hydrographic front that occurs over a period of weeks. In
particular, in the vicinity of Denmark Strait (i.e. where the repeat line is located) the front is
thermally dominated, whereas near Cape Farewell (750 km to the south) it is haline
dominated. As seen in Figure 13, while there is colder, fresher water inshore of warmer,
saltier water at both locations in the vicinity of the shelfbreak, at the northern line the lateral
change in temperature determines the sign of the cross-frontal density change (dense to light),
while at Cape Farewell the salinity dictates the lateral density gradient (light to dense). This
in turn means that there is a change in the sense of the thermal wind shear between the two
locations: bottom-intensified flow near Denmark Strait (Figure 5) and surface-intensified

flow near Cape Farewell (e.g. Daniault et al., 2011).

Double diffusive processes, which arise from the difference between molecular diffusion
coefficients of heat and salt, typically fall into two categories: those caused by salt fingering
and those resulting from diffusive convection (Schmitt, 1994). In order to test for the
presence of these processes at the spill jet line, density ratios were calculated for each 5 m bin
at every CTD station for each year. In addition, the Turner angle, Tu, defined by Tu = tan™'
(00T /0z — BOS /0z, adT /0z + BOS /0z) where o and B are the thermal expansion and haline

contraction coefficients, was calculated as an indicator of double diffusion (Ruddick, 1983).
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If —45° < Tu < 45°, the water column is stable, while for Tu <-90° or Tu > 90°, the column
is statically unstable. In the ranges —90° < Tu <—45° and 45° < Tu < 90°, the water column is
unstable to double diffusive processes, in the first instance to diffusive convection and in the

latter case to salt fingering (Turner, 1973).

The conditions for double diffusion are met at most station positions throughout the four
years. The calculated Turner angle sections suggest that much of the water column is unstable
to salt fingering (Figure 14). Offshore of the shelfbreak there is clear evidence of cold and
fresh intrusions (of thickness tens of metres) penetrating the warm and salty [rminger water.
This is illustrated in Figure 15, which shows the 2 m vertical profiles of T and S from stations
seaward of the shelfbreak in each of the realizations. One sees that there are numerous cold,
fresh intrusions within the upper 700 m of the water column. The presence of these strong
intrusions, along with the Turner angle values, suggests that salt fingering is quite active

within the spill jet.

Thermohaline intrusions are commonly found at oceanic fronts and can be driven by the
double-diffusive fluxes realized when the vertical gradients of temperature and salinity
become intensified by fine-scale vertical shears (Ruddick, 2003). Alternating sites for
fingering and diffusive convection are found at the top and bottom of each intrusion, leading
to vertical flux divergences which modify the lateral density gradients in a manner that
reinforces the intrusive motion. Fingers generally dominate the fluxes so that warm, salty
intrusions lose more salt than heat and become lighter, while cold, fresh intrusions gain more
salt than heat and become denser. The intrusions may be thought of as horizontal fingers.
However, since the vertical flux of salt dominates over heat, the resultant lateral fluxes

actually show a greater transport of heat than salt, since the temperature field is less “short-
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circuited” by the small-scale double diffusion (Ruddick and Richards, 2003).

As the off-shelf spilling first happens it may be that the fast growing inertial and symmetric
instabilities discussed above dominate over slower-growing double diffusive intrusions.
However, as time progresses, the stirring produced by these rapid processes will undoubtedly
create numerous sites where the micro-scale double-diffusive instabilities will act on the
intensified vertical gradients and produce differential transport of heat and salt as described
above. Previous observations have shown that double-diffusive fluxes will be large when the
gradients are favourable (Schmitt et al, 2005; Schmitt and Georgi, 1982). While we cannot
claim that double diffusion is creating the intrusions, we can say with confidence that it is an
active mixing agent helping to dissipate the variance created by the horizontal stirring

processes in this region.

As noted above (Figure 13), there is a fundamental difference in the cross-frontal density
structure between 65°N and Cape Farewell. This is quantified in Figure 16, which displays
the lateral variation in temperature, salinity, and density averaged vertically within the
subsurface boxes of Figure 13. At the spill jet line the plot includes the variation in density
holding the salinity constant, while for the Cape Farewell section the same has been done
keeping the temperature constant. One sees that at the northern line the density variation is
predominantly due to temperature, whereas at Cape Farewell the salinity dominates. The
main reason for this change is that, progressing southward, the lateral temperature gradient
weakens significantly more than the salinity gradient. Note that the temperature change
across the front at the spill jet line is approximately 3.5°C, while to the south it is less than
0.5°C. As described above, the net effect of the double-diffusive intrusions is to enhance the

lateral flux of temperature over salinity, hence this will act to smooth out the temperature
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front more effectively than the salinity front, consistent with the observations. Therefore,
double-diffusive mixing during the spilling process — and farther downstream as the water
masses adjust — might help to explain the change in density structure of the shelfbreak front

between Denmark Strait and Cape Farewell.

4. Conclusions and Discussion

Results from hydrographic sections collected in four different summer seasons have confirmed that
the East Greenland spill jet is a permanent feature of the boundary current system south of Denmark
Strait, at least in summer (mooring data from this location indicate that the spill jet is a year-round
feature (Harden and Pickart, 2011)) The jet is narrow (on the order of 15 km), bottom-intensified,
reaches peak velocities of up to 1.6 m s, and has very strong lateral velocity shear. The spill jet is
also responsible for a significant fraction of the total boundary current transport at this location, on
the same order as the DWBC. This is in agreement with the modelling results of Magaldi et al. (in
press). The lateral position of the spill jet varies between the outer shelf and roughly the 1000 m
isobath on the continental slope. Its T/S properties change in time, comprising different admixtures
of East Greenland Current Water, Irminger Water, and DSOW. The variability in location, strength,
mixing, and T/S properties of the spill jet appear to be linked to the proximity of the upper-layer
EGIC hydrographic front to the shelf edge, and/or the temporal stage of the spilling process. In the
two occupations where the EGIC front was situated near the shelfbreak, the spill jet was confined to
the outer shelf and upper slope, the transport of the jet was smaller, and mixing within the jet was
limited. By contrast, when the hydrographic front was located seaward of the shelfbreak, the spill jet
extended farther downslope, its transport was enhanced, the jet advected denser water — as dense as

DSOW — and was subject to more active mixing.
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Our analysis suggests that the spill jet is subject to a number of different instability mechanisms.
Examination of the terms contributing to the potential vorticity implies that symmetric instability can
cause mixing on the shoreward side of the spill jet. This instability arises from very strong vertical
vorticity causing the absolute vorticity, and the Ertel PV, to become negative. This process grows
with a timescale of about 2-4 h and mixes momentum along isopycnals. Additionally, the spilling of
dense water off the shelf may at times cause the water column to be gravitationally unstable, which
also leads to quick adjustment of the current via mixing. The jet may be susceptible to slower-
growing baroclinic and barotropic instability as well, although the presence of the continental slope
in these processes is unclear. It is also likely that double diffusive mixing occurs due to the influx of
cold, fresh shelf water into the warm, salty Irminger water offshore, which in turn may alter the

downstream structure of the shelfbreak front and current.

Owing to the limited scope of our observations, it is difficult to assess the nature of the observed
spill jet in the context of the modelling study of Magaldi et al. (in press). However, it is intriguing
that the largest individual spill jet transport occurred in 2004 when the hydrographic front was
displaced farthest offshore. This is consistent with the Type 2 spilling mechanism proposed by
Magaldi et al. (in press). In this scenario, shelf water is drawn offshore in concert with a meander of
the EGIC front, which in turn is associated with the passage of a bolus of DSOW at depth. This
process allows large volumes of spill jet water to move down the slope. Additional observations and
modelling will be necessary to investigate further the mechanisms leading to the off-shelf spilling

and establishment of the spill jet.

Our findings have important implications for understanding the fate and distribution of northern-

origin waters as they penetrate the sub-polar North Atlantic south of Denmark Strait. It is evident

that lateral exchange associated with the cascading of dense water off the shelf is important in setting
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the final transport and properties of the currents along the continental slope of the Irminger Sea.
Both conditions on the shelf and the mixing processes seaward of the shelf appear to play an
important role. This raises the possibility that a change in the composition of the shelf water flowing
through Denmark Strait in response to enhanced Arctic freshwater discharge or changes in
atmospheric forcing could in turn influence the intermediate, and perhaps deep, limb of the
meridional overturning circulation. Understanding the dynamics of this region will thus be important

for predicting future changes in the North Atlantic climate system.

Appendix A: Calculation of Transport Errors

The most important source of error in our estimation of transport is uncertainty in the reference
velocity provided by the vessel-mounted ADCPs. ADCP error is divided into measurement error
(which comprises both instrument and calibration errors) and uncertainty associated with inaccurate
bathymetry in the OSU tidal model. Flow through ‘bottom triangles’ constituted a negligible error
due to the very close station spacing. The ADCP errors were estimated using similar methods to

those employed by Vage et al. (2011).

To calculate instrument error, the standard deviation of single ping on-station measurements
averaged into five-minute ensembles was evaluated. Values of between 1 and 2 cm s were obtained
for all four sections. Calibration errors as a result of transducer misalignment are routinely calculated
in the data-processing stage and yielded values of between 0.2 and 0.4 cm s™'. Total measurement
error was thus conservatively estimated at 3 cm s. Differences between observed and model bottom
depths were calculated for each section and the depth-scaled difference in tidal transport was used as
an indicator of the size of the detiding error at each station location. While this scaling does not

provide a perfect error estimate (as the initial computation of tidal transport by the model uses model
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depth as an input), experience from a number of cruises has shown that this method is a reliable
indicator of detiding error. Across most of the spill jet section, the detiding error is less than 1 cm s™
(tidal velocities in this location are weak), though a small (5 km wide) region of elevated error is
observed close to the shelf edge. As a result, a conservative tidal model error estimate of 2 cm s™

was used across the section.

The total velocity uncertainty was determined as the root of the sum of squares of the instrument and
tidal-model errors, thus yielding a total error of 3.6 cm s™'. To give a conservative total transport
uncertainty, it was not assumed that the error was uncorrelated across each section. The total error
for each portion of the boundary current was computed and added as an error bar to Table 1. The
uncertainty on the mean transports at the bottom of Table 1 was calculated from the maximum and

minimum possible transport from each component of the boundary current.

Appendix B: Calculation of Boundary Current Transports

Identifying appropriate lateral and density boundaries for each component of the boundary current is
important to obtaining reliable transport estimates. Several guiding criteria were used to separate the

EGIC, spill jet and DWBC components in each section.

1. The spill jet and DWBC have bottom-intensified flow, while the EGIC is identified by a near-
surface transport maximum.

2. The spill jet and DWBC are separated by a velocity minimum, which varies in magnitude from
<0.05ms" in 2003 to>0.2m s in 2001 and 2007.

3. The spill jet is associated with a maximum in lateral density gradient within ~10 km of the shelf-
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edge.

4. The DWBC is generally better ventilated than the spill jet (note: oxygen data were not available
for 2007, so this criterion could not be used in that year).

5. All of the equatorward transport between 56 km and 102 km is assigned to one of the three

components.

The use of these criteria dictates the choice of boundaries detailed in Table 1. More detailed

discussions for individual years are given below.

2001

The upper density limit chosen for the spill jet (o, = 27.55) and its offshore lateral boundary (76 km)
successfully separate the bottom-intensified flow associated with the strong isopycnal slope from the
surface-intensified EGIC (criteria 1 and 3). Moreover, the offshore boundary is located at the
velocity minimum that separates the spill jet and DWBC (criterion 2). The upper density limit of the
DWBC (o, =27.7) is selected as it coincides with the upper limit of the deep bottom-intensified flow
and is relatively well-ventilated up to this level (Pickart et al., 2005, Figure 7). The remaining
surface-intensified flow is classed as EGIC (criteria 1 and 5). Transport values using the different

boundaries employed by Pickart et al. (2005) are given in brackets in Table 1.

2003

The upper-bounding spill jet isopycnal of o, = 27.45 ensures that the bottom-intensified flow on the
outer shelf is classed as spill jet (criterion 1), while the lateral boundaries (56 km and 72 km)

successfully separate the flow by its velocity minimum from the DWBC (criterion 2) and from the
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surface-intensified velocity core near Station 34 (criterion 1). The choice of o, = 27.7 as the upper-
bounding isopycnal for the DWBC was made primarily with reference to the oxygen field (not
shown), which reveals more well-ventilated water (values exceeding 6.7 ml I'") at densities larger
than this value (criterion 4). The inclusion of the upper part of the bottom-intensified flow (between
Stations 33 and 32 in Figure 6b) as part of the EGIC, while appearing to violate criterion 1, is
justified by the low oxygen and density of this water mass, which is more akin to EGIC than to the

DWBC.

2004

In this year, use of o, = 27.55 as the upper-bounding isopycnal for the spill jet more successfully
separates the bottom-intensified spill jet from the surface-intensified EGIC (criterion 1).
Furthermore, the lateral spill jet boundaries (66 km and 82 km) clearly encompass the region of
maximum isopycnal slope (criterion 3), while also separating the spill jet by a velocity minimum
from the DWBC (criterion 2). Elevated oxygen levels (over 6.7 ml I'") are again observed at levels
denser than o, = 27.7 (criterion 4). The remainder of the region between 56 km and 102 km, which

exhibits predominantly surface-intensified flow, is assigned as EGIC (criterion 5).

2007

As in 2001 and 2004, o, = 27.55 is the most appropriate isopycnal to separate the surface-intensified
EGIC from the bottom-intensified spill jet (criterion 1). Use of 80 km as the offshore limit of the
spill jet both ensures that the spill jet transport covers the region of maximum isopycnal slope
(criterion 3) and is separated from the DWBC by a velocity minimum (criterion 2). No oxygen data

were taken during the 2007 occupation, but the o, = 27.7 isopycnal is used both to ensure

28



consistency with the other years and because it encompasses most of the high-velocity core
associated with the DWBC plume. The remainder of the section is assigned to the EGIC as it

incorporates the near-surface maximum close to 70 km along the section (criterion 5).
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Year Boundaries of domain used Equatorward
transport (Sv)
2001 DWBC 76-102 km, 0,> 27.7 7.1 = 0.7 (6.0)
0,> 27.8 (as in Dickson and
Brown, 1994) 20+0.23.4)
spill jet 56-76 km, o,> 27.55 27+021.9)
EGIC 56-76 km, 0,< 27.55 8.2+0.911.7)
76-102 km, 0,< 27.7
2003 DWBC 78-102 km, o,> 27.7 58+ 0.5
0,> 27.8 (as in Dickson and
Brown, 1994) 29+0.2
spill jet 56-72 km, 0,> 27.45 22+0.2
EGIC 56-72 km, 0,< 27.45;
72-78 km, full depth, 10.7 = 1.0
78-102 km, 0,< 27.7
2004 DWBC 82-102 km, o,> 27.7 5.6 0.5
0,> 27.8 (as in Dickson and
Brown, 1994) 42+04
spill jet 66—82 km,
27.55<0,<27.85 104 = 0.4
EGIC 56-66 km, full depth; 5.0+ 0.8
6682 km, 0,< 27.55;
82-102 km, 0,<27.7
2007 DWBC 80-102 km, o,>27.7 1.6 = 0.3
0,> 27.8 (as in Dickson and
Brown, 1994) 0.9+0.2
spill jet 56-80 km, o,> 27.55 4.6 = 0.3
EGIC 56-80 km, 0,< 27.55 3.1+0.7
80-102 km, 0,<27.7
Mean + DWBC 4.9 £ 0.5 (s.e. 1.4)
(standard spill jet 5.0 £ 0.3 (s.e. 2.2)
error) EGIC 6.8+ 0.9 (s.e. 1.9)
Total 16.9 = 1.5 (s.e. 3.0)
equatorward
transport

Table 1: Total equatorward transport (in Sv) for the three components of the East Greenland
boundary current system for the years 2001, 2003, 2004 and 2007. The error values given are
calculated from the instrumental and detiding error of the ADCP. The mean of the four
sections is also given, with both an ADCP-based error and a standard error. For comparison,
the values from Pickart et al. (2005) for 2001, using alternative boundaries, are given in
parentheses.
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Figure Captions

Figure 1: Schematic representation of the boundary currents in the Irminger Sea (after Pickart
et al., 2005). Red and blue lines denote warm and cold upper layer currents, respectively. The
flow of dense water is indicated by the grey lines, and water cascading off the shelf to form
the spill jet is indicated by the purple arrows. The abbreviations are: EGC = East Greenland
Current; IC = Irminger Current; EGCC = East Greenland Coastal Current; DWBC = Deep

Western Boundary Current.

Figure 2: (a) Locations of the hydrographic stations used in the study (indicated by crosses).
Most of the analysis is focused on the repeat sections near 65°N. The rectangle denotes the
area of detail in (b) showing the vicinity of Denmark Strait. (b) Detailed view of the sections

at and near the spill jet line and the section near the Denmark Strait sill (see the key).

Figure 3: Vertical sections of salinity and potential temperature (in °C) along the spill jet
section: (a), (¢), (e) and (g) display potential temperature in 2001, 2003, 2004 and 2007
respectively, while (b), (d) and (f) and (h) show salinity in those years. oy surfaces in kg m™

are overlaid and station numbers are given for each panel.

Figure 4: (a) Mean potential temperature and (b) mean salinity for the four sections, with cg

surfaces in kg m™ overlaid. Note the shorter x-axis than in Figure 3.

Figure 5: Mean absolute geostrophic velocity (in cm s) from the four spill jet crossings.

Positive velocity is equatorwards. oy surfaces in kg m™ are overlaid.
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Figure 6: Absolute geostrophic velocity (in cm s) for each year: (a) 2001; (b) 2003; (c) 2004
and (d) 2007. Note that the extremely high spill jet velocities in 2004 necessitate a different
colour bar in that year. Positive velocities are equatorward. oy surfaces in kg m™ are overlaid
and station numbers are given for each panel. The thin white lines mark the limits of the three

components of the boundary current invoked for the transport calculations (see Appendix B).

Figure 7: Gradient Richardson Number sections for (a) 2001; (b) 2003; (c¢) 2004 and (d)
2007. Areas in the darkest shade of red have values of less than 1. oy surfaces in kg m™ are

overlaid.

Figure 8: 0/S diagram of the boundary current sections for the years (a) 2001; (b) 2003; (¢)
2004 and (d) 2007 respectively, with the three separate components of the boundary current,

as defined in Table 1, colour-coded accordingly. Density contours are plotted.

Figure 9: Vertical sections across the Denmark Strait sill in 2008 (see Figure 2 for the
location of the section). The top panel shows potential temperature (colour, °C) overlaid by
potential density (contours, kg m™). The lower panel shows absolute geostrophic velocity
(colour, cm s™') overlain by potential density (equatorward is positive). The o, =27.8 kg m™

contour is highlighted. Station positions are marked along the top.

Figure 10: Total potential vorticity (PV) budget in the depth range of the spill jet,
decomposed into the three terms defined in Equation 1. The individual panels show the PV
for (a) 2001 (averaged between 200 m and 850 m); (b) 2003 (averaged between 100 m and
700 m); (c) 2004 (averaged between 150 m and 1100 m) and (d) 2007 (averaged between

200 m and 1000 m). The location of the spill jet is denoted by grey shading in each
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realization.

Figure 11: Vertical sections of components of potential vorticity for the 2004 crossing. The
individual panels show (a) Relative vorticity divided by stretching vorticity (the non-
dimensional C); (b) Stretching vorticity; (c) Tilting vorticity divided by stretching vorticity
and (d) Total Ertel PV. Station locations are indicated along the top. The zero value is

contoured as a thick black line.

Figure 12: (a) Alongstream velocity (colour, cm s') measured by the shipboard ADCP in
2003 at a section approximately 50 km south of the repeat spill jet line (see Figure 2 for
location). Equatorward velocities are positive. The potential density is overlaid (contours,
kg m™). Station locations/numbers are indicated along the top. The thick black rectangle
denotes the portion of the water column that was neutrally stable at station 52. An additional
density contour (o = 27.557 kg m™) is shown near this region. (b) Vertical profiles of
potential temperature, salinity, and potential density at station 52. The grey shading denotes

the layer that is neutrally stable (corresponding to the thick black rectangle in (a).

Figure 13: Vertical sections of the shelfbreak hydrographic front at 65°N (spill jet line in
2001, top row) compared with 60°N (near Cape Farewell in 2001, bottom row). The left hand
panels are potential temperature (colour, °C) overlaid by potential density (contours, kg m™),
and the right hand panels are salinity (colour) overlain by potential density. Station positions
are marked along the top. The rectangles in each panel mark the region over which the lateral

profiles were constructed in Figure 15.

Figure 14: Turner angles from each CTD station (in degrees) along the spill jet section. Red
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areas denote regions subject to salt fingering (45° < Tu < 90°), blue areas denote regions
susceptible to diffusive convection (—-90° < Tu <-—45°) and black areas denote regions of

possible static instability (Tu <—-90° or Tu > 90°).

Figure 15: Potential temperature (°C, red) and salinity (blue) for stations seaward of the
shelfbreak close to the spill jet. Cold and fresh intrusions within warmer and saltier Irminger
water — indicative of double diffusive convection — are denoted with horizontal dashed lines.
The individual panels show (a) Station 21 in 2001; (b) Station 36 in 2003; (c) Station 68 in

2004 and (d) Station 65 in 2007. Note the different scales between the panels.

Figure 16: Average lateral profiles of potential temperature, salinity, and potential density
(blue curves) across the shelfbreak front at 65°N (spill jet line, left-hand panels) versus 60°N
(near Cape Farewell, right-hand panels) in 2001. The vertical axes are the same for each pair
of plots to facilitate comparison. In the left-hand panel of the bottom row the red dashed
curve is the density computed with salinity held constant (65°N). In the right-hand panel of
the bottom row the red dashed curve is the density with temperature held constant (60°N).
The regions over which the profiles were computed are marked by the rectangles in Figure
13. The boxes where chosen so as to cross the hydographic front within the same depth range

at the two locations.
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