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ABSTRACT

Time series data from a mooring in the center of Denmark Strait and a collection of shipboard hydrographic
sections occupied across the sill are used to elucidate the mesoscale variability of the dense overßow water in the
strait. Two dominant, reoccurring features are identiÞed that are referred to as a bolus and a pulse. A bolus is a
large, weakly stratiÞed lens of overßow water associated with cyclonic rotation and a modest increase in along-
stream speed of 0.1 m s2 1. When a bolus passes through the strait the interface height of the overßow layer
increases by 60 m, and the bottom temperature decreases by 0.48C. By contrast, a pulse is characterized by
anticyclonic rotation, a strong increase in along-stream speed of. 0.25 m s2 1, a decrease in interface height of
90 m, and no signiÞcant bottom temperature signal. It is estimated that, on average, boluses (pulses) pass
through the strait every 3.4 (5.4) days with no seasonal signal to their frequency. Both features have the strongest
along-stream signal in the overßow layer, while the strongest cross-stream velocities occur above the Denmark
Strait overßow water (DSOW). In this sense neither feature can be characterized as a simple propagating eddy.
Their dynamics appear to be similar to that ascribed to the mesoscale variability observed downstream in the
deep western boundary current. Strong correlation of bottom temperatures between the mooring in Denmark
Strait and a downstream array, together with a match in the frequency of occurrence of features at both lo-
cations, suggests a causal relationship between the mesoscale variability at the sill and that farther downstream.

1. Introduction

Denmark Strait overßow water (DSOW) is the largest
and densest component of North Atlantic Deep Water
(NADW) and contributes signiÞcantly to the deep limb

of the global overturning circulation ( Dickson and Brown
1994; Hansen andØsterhus 2007). There are two differ-
ent paradigms by which this water is formed within the
Nordic Seas. The Þrst involves the boundary current
system encircling the interior basins (Mauritzen 1996).
SpeciÞcally, warm and salty water from the Gulf Stream/
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North Atlantic Current crosses the GreenlandÐScotland
Ridge and ßows northward in the Norwegian Atlantic
Current. Strong airÐsea heat loss densiÞes the water,
some of which recirculates in the vicinity of Fram Strait
(Hattermann et al. 2016), joins the East Greenland Cur-
rent (EGC), and ßows southward to Denmark Strait. This
is known as the rim current overturning loop, and the
overßow water so produced is referred to as Atlantic-
origin water. The second paradigm for dense water for-
mation involves convection in the interior basins, which
produces a water mass known as Arctic-origin water (with
very different temperatureÐsalinity characteristics than
the Atlantic-origin overßow; e.g., Swift and Aagaard
1981; Våge et al. 2011). It has been argued that Arctic-
origin overßow water emanates from both the central
Iceland Sea (Swift and Aagaard 1981) and the central
Greenland Sea (Strass et al. 1993). The model results of
Våge et al. (2011)imply that there is a second Nordic Seas
overturning loop, local to the Iceland Sea, that converts
the warm and salty water of the north Icelandic Irminger
Current (NIIC) into this class of overßow water.

The dense water formed north of the GreenlandÐ
Scotland Ridge is carried into Denmark Strait via a set
of three currents: the shelfbreak EGC; the separated
EGC, which bifurcates from the shelfbreak branch north
of the Blosseville Basin (Våge et al. 2013); and the north
Icelandic jet (NIJ; Jónsson 1999;Jónsson and Valdimarsson
2004; Våge et al. 2011). These are shown schematically in
Fig. 1. The shelfbreak EGC is a well-known conduit of
overßow water (e.g.,Strass et al. 1993; Rudels et al. 2002),

but the other two currents have only recently been
identiÞed. Using a model, Våge et al. (2013) argued
that a combination of bathymetry, baroclinic in-
stability, and winds diverts a portion of the shelfbreak
EGC into the interior forming the separated EGC,
which resides at the base of the Iceland slope. Farther
up the slope the NIJ also ßows equatorward, following
the 650-m isobath that is also the sill depth of Denmark
Strait. As the separated EGC and NIJ approach the
strait they merge, and, in the mean, appear as a single
feature (Harden et al. 2016, Fig. 1). The Þnal major
current in Denmark Strait is the NIIC, which transports
subtropical-origin water northward along the outer
shelf of Iceland (Jónsson and Valdimarsson 2012).

Since DSOW is signiÞcantly denser than the ambient
water of the northern Irminger Sea at sill depth, the
overßow water descends, mixes, and entrains some of
the lighter water south of the strait. During the descent
there is conversion of potential energy into kinetic en-
ergy, which then cascades to smaller scales and inßuences
the mixing. Independent of the descent, mesoscale pro-
cesses may also impact the dynamics of the entrainment.
The degree of entrainment is important as this helps to
determine the properties of the Þnal NADW product via
modiÞcation of the dense source waters. The overßow
plume south of Denmark Strait has been studied exten-
sively, and it is known to be highly variable in space and
time (e.g., Bruce 1995; Girton et al. 2001; Girton and
Sanford 2003; von Appen et al. 2014b). This includes the
generation of energetic cyclones in the mid- and upper

FIG . 1. Schematic of currents ßowing through Denmark Strait and various place names. The
magenta stars are mooring DS1 in Denmark Strait and moorings EG1ÐEG7 along the Spill Jet
line. The Látrabjarg line, located near the sill, is drawn in gray. The black dots are the CTD
stations composed of the 111 shipboard transects used in the study (the majority of which are
along the Látrabjarg line). The 500-, 1000-, and 2000-m isobaths are contoured in light gray.
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water column that are associated with lenses of overßow
water descending the slope (Spall and Price 1998; von
Appen et al. 2014b). The evolution of the gravity plume
south of the strait and its parameter sensitivity has also
been explored extensively (Jungclaus and Backhaus
1994; Krauss 1996; Krauss and Käse 1998; Jungclaus et al.
2001; Shi et al. 2001), but these studies all assumed time-
independent ßow in the strait and that all of the variability
is generated downstream. Traditionally, the DSOW has
been deÞned as water with potential density greater than
27.8kgm2 3 (Dickson and Brown 1994). Above this density
horizon there are contributions to the NADW from dense
water cascading over the east Greenland shelf downstream
of Denmark Strait ( Pickart et al. 2005; Falina et al. 2012;
von Appen et al. 2014a) and from open-ocean convection
in the Labrador Sea (e.g.,Talley and McCartney 1982).

Over the years there have been numerous observa-
tional and theoretical studies investigating the processes
that occur in the vicinity of the sill. The Þrst attempt to
measure the DSOW transport was reported by
Worthington (1969), which revealed large variability in
the velocities up to 1.5 m s2 1 near the sill at a dominant
period of 2Ð3 days. Since 1996, moorings have been
maintained in the central part of the strait more or less
continuously to monitor the transport and properties of
the DSOW. Jochumsen et al. (2012)calculated that, in
the mean, there are 3.4 Sv (1 Sv[ 106m3s2 1) of overßow
water denser than 27.8 kg m2 3 leaving Denmark Strait.
Notably, however, both the transport and hydrographic
structure of the overßow south of Denmark Strait vary
strongly on time scales of only a few days (Ross 1978;
Bruce 1995; Käse et al. 2003). Dating back to Cooper
(1955), the term ÔÔbolusÕÕ has been used to describe
lenses of dense overßow water that intermittently pass
through the strait. Bruce (1995) used the term ÔÔpulseÕÕ
for an intermittent increase in near-bottom velocity.
However, such features have only been loosely deÞned.
Different generation mechanisms for the typical vari-
ability of a few days in the strait have been proposed,
including baroclinic instability of the overßow ( Smith
1976) and ßuctuations of a surface jet passing through
the strait (Fristedt et al. 1999). In the Faroe Bank
Channel, the other main conduit of overßow water from
the Nordic Seas to the North Atlantic, oscillations of the
ßow with periods of 2.5Ð5 days have been observed.
These were attributed to topographic Rossby waves
propagating through the strait (Darelius et al. 2011).

Using a collection of over 100 hydrographic sections
occupied across the sill,Mastropole et al. (2017)recently
devised an objective deÞnition of a bolus in Denmark
Strait based on its cross-sectional area and stratiÞcation.
Using this deÞnition, Mastropole et al. (2017) de-
termined that the boluses are conÞned to the deepest

part of the sill, typically banked on the western side of
the trough. Such boluses were present in more than 40%
of the hydrographic sections, implying that they are a
very common feature of the DSOW crossing the sill.
However, Mastropole et al. (2017) did not have any
corresponding velocity data, so the kinematics and dy-
namics of the features have remained unexplored from
an observational standpoint. Based on a numerical
model, Jungclaus et al. (2001)concluded that the bo-
luses are associated with anticyclonic ßow.

In this study, we augment the collection of hydro-
graphic sections used byMastropole et al. (2017) with
6 yr of mooring data from the sill to more thoroughly
investigate the type of mesoscale variability associated
with the ßow of DSOW. In addition to the well-known
boluses that pass through the strait, here we identify and
describe a previously unknown feature that we refer to
as a pulse. As the name implies, this is characterized by
an increase in velocity of the overßow, but, in contrast to
the boluses, the overßow layer thins during the pulses.
We compare the hydrographic and kinematic structure
of the two classes of mesoscale variability and make some
inferences concerning their dynamics. We begin by pre-
senting the mooring and CTD data used in the study
(section 2). Then we examine the conditions in Denmark
Strait in the presence of overßow boluses (section 3) and
overßow pulses (section 4). Finally, we discuss possible
implications for the overßow transport and the down-
stream impacts of the mesoscale features that occur in
Denmark Strait ( section 5).

2. Data and methods

a. Mooring data in Denmark Strait

Mooring DS1 has been maintained at the 650-m iso-
bath in the deepest part of the Denmark Strait sill
(6684.60N, 2785.60W) since 1996 by the Marine Research
Institute of Iceland. For the present study, we use data
from summer 2005 to summer 2011, which represents
6 yr of data (there were no data for 2006Ð07). While this
represents only a subset of the total record, 6 yr is more
than sufÞcient to illuminate the features of interest in
this mesoscale study. The mooring contains an upward-
facing, 75-kHz Long Ranger RDI acoustic Doppler
current proÞler (ADCP) measuring near-bottom tem-
perature (648-m depth) and velocity in 16-m bins be-
tween 80- and 630-m depth once per hour. Details about
the mooring can be found in Jochumsen et al. (2012).
The amplitude of the semidiurnal tide is a little less than
half of the standard deviation of the velocity records in
Denmark Strait. However, it only leads to typical tidal
excursions of 2Ð3 km that do not signiÞcantly affect the
transport through the strait ( Macrander et al. 2007).
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Therefore, the M2 (12.42 h) and S2 (12.00 h) tides were
removed from the hourly velocity records using a tidal
harmonic Þt (T_TIDE; Pawlowicz et al. 2002). The mean
ßow at DS1 is southwestward. Based on this, plus the
observed current ellipses, we deÞned the along-stream
direction x as 2108T (southwestward, positive toward the
Irminger Sea). The cross-stream directiony (right-hand
coordinate system) is southeastward (toward Iceland).

Recently, side-lobe contaminations for newer versions
of the 75-kHz Long Ranger ADCP have been reported for
situations in which the instrument is moored close to a
rocky (highly reßective) bottom ( Nunes et al. 2016). The
contamination results in an underestimation of the veloc-
ities in the bins that are within ’ 200 m of the instrument.
This applies for the ADCPs used in this study from 2007 to
2011, while the ADCP deployed during 2005Ð06 is an older
model not subject to such contamination. We veriÞed that
the results presented below are not qualitatively impacted
by the side-lobe interference by performing analogous
calculations using the 2005Ð06 data alone. There are,
however, some slight (quantitative) impacts that are noted
at the appropriate points in the text.

b. Mooring data at the Spill Jet line

Mooring data from south of the sill are used in the
study. From September 2007 to October 2008, an array
of seven moorings was maintained across the east
Greenland shelf/slope (Fig. 1). This location is known as
the Spill Jet line since the East Greenland Spill Jet was
Þrst identiÞed there (Pickart et al. 2005). We use the
bottom temperature records from MicroCATs on the
four deepest moorings. Details about the array and
the time series can be found invon Appen et al. (2014b).

c. Hydrographic sections along the Látrabjarg line

The so-called Látrabjarg section extends across Den-
mark Strait near the location of the sill ( Fig. 1) and has
been occupied many times over the years.Von Appen
et al. (2014a) and Mastropole et al. (2017) compiled all
known occupations of the line between 1990 and 2012 (111
total). A table of the occupations is given in Mastropole
et al. (2017). Some of the transects are shorter, extending
from Iceland to the deepest part of the strait, while
some reach entirely across the strait. The conductivityÐ
temperatureÐdepth (CTD) sections were quality con-
trolled and then interpolated onto a regular grid of 2.5 km
in the horizontal by 10m in the vertical [see Mastropole
et al. (2017) for details]. We make use of this gridded
product in the present study.

d. IdentiÞcation of the overßow water layer

To isolate the overßow water it is necessary to adequately
deÞne the interface between this layer and the water above.

Macrander et al. (2007) considered three possible di-
agnostics of this interface based on the assumption that
there is a relatively sharp density contrast at this depth and
that there is a signiÞcant difference in advective speeds
between the layers. The latter implies that there should be a

FIG . 2. Depth (m) of the 27.8 kg m2 3 isopycnal vs (a) the depth
of the maximum vertical density gradient and (b) the depth of the
maximum horizontal density gradient. The individual realizations
where both properties are deeper than 200 m are shown as are the
one-to-one correlations (blue lines) and the least squares Þts
(red lines).
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maximum in the vertical shear of the horizontal velocity
that can be recorded by an ADCP. This was the Þrst
diagnostic considered byMacrander et al. (2007). The
second diagnostic is that there should be a maximum in
acoustic backscatter at this level due to a congregation
of zooplankton (i.e., scatterers) on the gradient be-
tween the two water masses. Finally, a pressure in-
verted echo sounder was considered that could be
calibrated to identify the interface height using hy-
drographic proÞles from the area. Macrander et al.
(2007)found that the three diagnostics agreed well with
each other and could be used to successfully detect
changes in the overßow layer height on time scales of a
few hours and longer.

For this study, we use the maximum vertical shear in
horizontal velocity as a measure of the overßow height.
Since we have many more hydrographic sections than
were available to Macrander et al. (2007), we were able
to investigate more thoroughly the relationship be-
tween vertical shear and DSOW layer height. For each

Látrabjarg transect, the potential density proÞles from
the CTD stations (no gridding was performed) were
used to determine 1) the depth of the 27.8 kg m2 3 iso-
pycnal, 2) the depth of the maximum vertical gradient
of density, and 3) the depth of the maximum horizontal
gradient of density at the deepest part of the Denmark
Strait sill (i.e., where mooring DS1 was located). As
seen inFig. 2, both the depth of maximum stratiÞcation
(point 2) and maximum horizontal density gradient
(point 3) agree relatively well with the depth of the
27.8 kg m2 3 isopycnal (the near-surface layer was ex-
cluded from this calculation). Both correlations are
quite tight when the DSOW interface is near the bot-
tom, although the relationship degrades somewhat as
the interface height increases. By thermal wind, the
maximum in horizontal density gradient is proportional
to a maximum in the vertical shear of velocity; hence,
Fig. 2b justiÞes our use of ADCP shear to determine
the overßow layer height. (We note that while the
magnitude of the maximum vertical shear may be

FIG . 3. Hydrography along the Látrabjarg section [(left) west and (right) east] during boluses compared to the
background state. (a),(b),(c) Potential temperature (8C) and (d),(e),(f) salinity, each overlain by potential density
contours (kg m2 3). (a) and (d) show the background. (b) and (e) show the composite bolus. (c) and (f) show the
anomaly of potential temperature/salinity for the bolus minus the background, overlain by the background po-
tential density. The location of mooring DS1 is shown as a black line.
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affected by the side-lobe contamination, its vertical
location is not.)

3. Overßow boluses

We focus Þrst on the most commonly observed me-
soscale feature of the overßow water in Denmark Strait:
boluses. As noted above, these features occur in-
termittently at the sill on time scales of a few days (e.g.,
Ross 1978; Bruce 1995; Käse et al. 2003). Recently,
Mastropole et al. (2017) elucidated aspects of the bo-
luses using the same collection of shipboard sections
considered here. We now contrast the hydrographic
conditions in the strait when boluses are present versus
the background state, using the Látrabjarg sections.
Following that, we employ the mooring data to in-
vestigate the circulation associated with these features.

a. Overßow boluses in the hydrographic sections

Mastropole et al. (2017)used three criteria to identify
boluses in the hydrographic sections at the sill. The
overßow water in question had to be weakly stratiÞed
(N2 , 2 3 102 6s2 2), it needed to extend 150 m or more
above sill depth, and the cross-sectional area of the
feature had to occupy at least 65% of the trough
(y 5 2 12 to 13 km) that represents the deepest part of
the sill. Based on this deÞnition, 41% of the Látrabjarg
sections contained boluses. The bolus frequency is not
sensitive to the exact cutoff values used here, and the
qualitative discussion below is independent of these
choices. To determine the canonical hydrographic
structure of the features, we computed a composite
vertical section of the 46 transects containing boluses.
This is compared to the background state in Denmark
Strait (Fig. 3). The background is taken to be the com-
posite of all transects that did not contain either a bolus
or a pulse (the other dominant mesoscale feature that is
investigated below in section 4).

The most conspicuous aspect of a bolus is the increased
amount of cold water in the bottom of the trough. Using
an end-member analysis,Mastropole et al. (2017) de-
termined that these features contain predominantly
Arctic-origin water, the coldest and densest overßow
water. The boluses are also saltier than the ambient water
in the trough (cf. Figs. 3d and 3e). The mean displacement
of isopycnals associated with the passage of a bolus is
quantiÞed in Fig. 4. One sees that, in the center of the
trough, the isopycnals are deßected upward by more than
50m at depths greater than 400 m, and there is even sig-
niÞcant upward displacement at depths above the over-
ßow layer (as shallow as 200 m).

We quantify the impact of the boluses by computing
the anomaly between the background state and the

bolus composite sections (Figs. 3c and 3f). Regions
where the anomaly is not signiÞcant based on a StudentÕs
t test with 90% conÞdence are masked white. While the
boluses are generally colder and saltier than the back-
ground, the biggest temperature difference occurs on
the eastern ßank of the trough because in the mean the
coldest and densest DSOW is banked on the western
side of the trough (so there is less change on that side).
The biggest salinity difference, on the other hand, occurs
in the overßow layer on the western ßank of the trough.
The other region of signiÞcant anomaly is on the Iceland
shelf where the Irminger water appears to be warmer
and saltier. However, this is due to the temporal dis-
tribution of the bolus sections. In particular, there are
signiÞcantly more bolus occupations in the fall when
the Irminger water is seasonally warmest and saltiest.
When we remove some of the fall occupations so as to
make the data coverage more uniform in time and
thereby reduce seasonal biases, the anomaly on the
Iceland shelf disappears. We stress, however, that the
bolus anomaly signal in the trough does not change,
which is consistent with the fact that there is no

FIG . 4. (a) Number of occupations of the Látrabjarg line for the
different cases. (b),(c) Isopycnal displacement due to the meso-
scale features relative to the background. The depth (color), where
a particular isopycnal is located in (b) the bolus case and (c) the
pulse case, minus its depth in the background state, overlain by the
isopycnals in the background case (contours).
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seasonality to the overßow water (Dickson and Brown
1994; Jónsson 1999; Jochumsen et al. 2012).

b. Overßow boluses in the mooring record

Unfortunately, it is not possible to detect the passage
of boluses using the mooring data alone. This is partly
because, as shown above, the technique of using the
velocity shear to detect the height of the overßow layer
is less accurate for large interface heights (which is the
case for boluses). However, more importantly, the in-
formation provided by the mooring records is insufÞcient.
For each of the Látrabjarg sections, we tabulated the
value of temperature at the bottom of the trough (at the
closest grid point to the mooring location) and compared
this to the depth of the overßow interface at the same
location (the height of the 27.8 kg m2 3 isopycnal;Fig. 5).
This represents what the mooring would measure if the
shear metric from the ADCP data were perfect. The blue
circles in the Þgure denote when boluses were present (46
total). As expected, these points correspond to cold
temperatures and large interface heights (the upper-left
quadrant of the plot). Notably, however, the combination
of cold bottom temperatures and large interface heights
does not by itself imply the presence of a bolus. This is
due either to the stratiÞcation not being weak enough or
the cross-sectional area not being large enough (or both).

As such, the green circles in the upper-left quadrant of the
plot denote some of the realizations of the background
state (the red symbols are discussed in the next section).

There were 10 occupations of the Látrabjarg line that
captured a bolus during the time that the mooring was
deployed. However, the mooring records showed in-
consistent signals during Þve of these time periods, so we
only consider the remaining Þve events that are marked
in Fig. 5. (There are a number of possible reasons why
some of the events did not show up clearly in the mooring
time series, including weak currents, insufÞcient signal to
noise ratios, and nonsmoothly evolving cross-stream ve-
locities.) A compositing procedure was then applied to
the remaining events to characterize the response of the
water column to the passage of such a feature. Based on
visual inspection of the mooring records, the time cor-
responding to a change in cross-stream velocity direction
was determined for each event, which we assume to be
associated with the center of the bolus. The time axis was
then transformed to hours before/after the passage of the
center. Then the events were averaged to form the
composite, which extends from 36h before the center of
the bolus to 36h after. We considered bottom tempera-
ture, along-stream velocity (seesection 2a for the deÞ-
nition of along stream), cross-stream velocity, and
interface height. The results are displayed inFig. 6.

FIG . 5. Thickness of the overßow water layer (. 27.8 kg m2 3) as a function of near-bottom
potential temperature in the vicinity of DS1 from the hydrographic occupations (see text).
Boluses contain weakly stratiÞed ßuid (N2 , 2 3 102 6 s2 2) and were identiÞed according to
Mastropole et al. (2017). Pulses have interface thicknesses of less than 250 m. The background
cases are the remaining points. Also shown are the boluses and pulses that were identiÞed in the
mooring (see the legend).
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