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Mesoscale Eddies Observed at the Denmark Strait Sill
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Abstract The Denmark Strait overflow is the major export route of dense water from the Arctic
Mediterranean into the North Atlantic. At the Strait's shallow sill, the overflow is a bottom-intensified cold
and dense plume, bound to the east by a thermal front formed with the warmer, northward flowing North
Icelandic Irminger Current. More than two decades of observations at the sill show strong fluctuations of
volume flux on daily time scales. To better understand the source of this variability, a five-mooring array
was installed at the sill, capturing nearly 1 year of velocity and bottom temperature measurements at a
high temporal and spatial resolution. Bottom temperature fluctuations that exceed 4 °C indicate a
meandering of the front between the plume and the North Icelandic Irminger Current. Current vector
rotation shows trains of alternating cyclones and anticyclones at the sill. An eddy crosses the sill every 3 to
6 days with a mean velocity of 0.4 m/s and a typical diameter of 30 to 40 km. The results suggest that
anticyclones, with centers passing through the deepest part of the sill, may be responsible for periods of
increased volume flux—also referred to as boluses and pulses in previous studies. Although the
relationship between eddies, pulses, and boluses is still unclear, the results show that eddies are directly
linked to fluctuations in the strength, thickness, and position of the overflow plume.

Plain Language Summary The southward flow of dense water from the Arctic ocean plays

a crucial role in global ocean circulation but is almost immediately constrained on its way south by a
submarine ridge that connects Greenland, Iceland, the Faroe Islands, and Scotland. The southward flow
is therefore forced to pass through several straits and up and over relatively shallow sills. Most of the

flow passes over a sill in the Denmark Strait, located between Greenland and Iceland. In this study, we
present observations from an array of instruments, which measure the southward flow as it passes over the
Denmark Strait sill. The flow is characterised by trains of eddies (vortices), with an alternating sense of
rotation; meaning a counterclockwise eddy is usually followed by a clockwise eddy. The eddies are 30 to
40 km wide and need about 1 day to pass over the sill. These eddies help to explain pronounced changes in
the flow across the sill, as they can help either to speed up the flow or slow it down. The results of this study
contribute to understanding mesoscale fluctuations, which influence local mixing processes and water
mass transports.

1. Introduction

Within the Arctic Mediterranean, the basins known as the Nordic Seas are important areas of water mass
transformation and recirculation (e.g., Latarius & Quadfasel, 2016; Pickart & Watts, 1990). Warm water
entering the region from the North Atlantic in surface intensified currents loses heat to the atmosphere,
thereby increasing its density and reducing its buoyancy (e.g., Mauritzen, 1996). As a consequence, a deep
water density difference between the Nordic Seas and the North Atlantic is established, which drives a sub-
surface southward return flow of dense water (e.g., Hansen et al., 2008). The Greenland-Scotland Ridge acts
as a topographic barrier to this return flow, and as a result the dense water is limited to passing through
a limited number of gaps and channels. The deepest channels connecting the Nordic Seas and the North
Atlantic are the Faroe Bank Channel and the Denmark Strait (DS). Flow through the DS provides the largest
source of lower North Atlantic Deep Water (Hansen et al., 2008). The DS has a sill depth of 650 m and is
about 100 km wide, which is relatively large compared to the Rossby radius of about 5 km in the Nordic Seas
(Nurser & Bacon, 2014).
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Figure 1. Map of the Denmark Strait and scheme of the mean circulation at 300-m depth. Warm water (red) is
transported north-eastward by the North Icelandic Irminger Current (NIIC) and westward by the Irminger Current
(IC). The cold and dense water (purple) of the Denmark Strait Overflow (DSO) is supplied by the two branches of the
East Greenland Current (EGC) and the North Icelandic Jet (N1J). The yellow line and the inset show the position of the
mooring array at the sill.
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Figure 2. Potential temperature distribution along the Denmark Strait sill during cruises (a) MSM21/1 (2012) and
(b) POS471 (2014) from CTD stations marked by vertical dashed lines. The thick black line shows the 27.8 kg/m?
isopycnal, and the positions of the moorings are indicated by the red squares at the seafloor.
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Denmark Strait Overflow Water (DSOW) has several sources that vary in temperature and salinity and also
in their volumetric contribution (Mastropole et al., 2017). These sources are the shelf break East Greenland
Current, the separated East Greenland Current and the North Icelandic Jet (N1J), all of which merge within
the DS (Figure 1). The resulting bottom-intensified DSOW plume is cold and dense and banked to the west-
ern side of the deep channel as it approaches and overflows the sill. To the east, on the western Icelandic
shelf, the North Icelandic Irminger Current (NIIC) carries warm water of Atlantic origin north-eastward.
Between the NIIC and the DSOW a pronounced thermal front is established (Figure 2).

The flow through the DS has been described as a hydraulically controlled flow through a channel (Kése &
Oschlies, 2000; Quadfasel & Kise, 2007), a south-westward directed barotropic jet with a horizontal shear
and vorticity gradient (Fristedt et al., 1999), as well as a bottom intensified deep density-driven overflow
plume (Macrander et al., 2007). These diverging descriptions highlight the gaps in our understanding of the
flow mechanics in the DS. The different views either result from the flow's high variability, which is much
higher at the sill than at downstream locations in the North Atlantic (Fischer et al., 2015) or explain different
phases of the same instability process. Furthermore, the observed high temporal variability at the DS sill
may originate from further upstream or be generated in the vicinity of the sill, due to topographic forcing at
the saddle point (Havik et al., 2017).

The variability of the velocity field and water mass distribution has been analyzed in a number of observa-
tional, theoretical, and model studies, which all find strong fluctuations on periods of several days, associated
with mesoscale variability (e.g., Jochumsen et al., 2012; Krauss & Kise, 1998; Macrander et al., 2007; Shi
et al., 2001; Smith, 1976; Spall & Price, 1998; Worthington, 1969). The longest spanning study used more
than 20 years of DSOW volume flux measurements at the sill and found strong variability on time scales of
days to years, with most energy below a period of 20 days (Jochumsen et al., 2017). Eddies are one poten-
tial source of variability at the sill, and while cyclones and anticyclones are documented north and south
of the sill from observations and models, they have not been clearly identified in the passage or at the sill
(e.g., Bruce, 1995; Harden et al., 2016; Jungclaus et al., 2001; Krauss & Kése, 1998; Lundrigan & Demirov,
2019; Shi et al., 2001; Voet & Quadfasel, 2010).

Recent observational and model studies describe the variability in terms of a background flow disturbed by
boluses or pulses passing over the sill (Almansi et al., 2017; Mastropole et al., 2017; von Appen et al., 2017).
Boluses are defined as cold, weakly stratified lenses that are accompanied by increased current speeds and a
thickening of the plume. Pulses have an increased flow speed and a thinner plume. Mastropole et al. (2017)
conclude that the boluses consist mostly of water that originates from the Iceland Sea and are supplied
mainly by the NIJ.

However, most studies at the sill are based solely on measurements of one- to two-moored Acoustic Doppler
Current profilers. From August 2014 to June 2015 the mooring array was extended to include five instru-
ments to improve the spatial resolution along the DS sill and to provide a more accurate volume transport
estimate (Jochumsen et al., 2017). The resulting data set of 11 months at high temporal resolution is eddy per-
mitting and reveals temperature and velocity fluctuations on daily time scales. We use these data to describe
the mesoscale variability in the strait and identify eddies, which are prominent features at the mooring array.
The data set is further explored to evaluate the occurrence of boluses and pulses (section 3). Finally, the
connection between these two types of mesoscale structures is summarized and discussed (section 4).

2. Data and Methods

2.1. Instruments and Mooring Setup

The mooring array deployed in 2014/2015 consisted of five current meters labeled DS1, DS20, DS2, DS21, and
DS22 (from southeast to northwest; Figures 1 and 2). DS1 and DS2 are the long-term moorings maintained
by the Marine and Freshwater Research Institute), Reykjavik, Iceland, and the University of Hamburg, Ham-
burg, Germany, respectively. Both consist of an upward-looking ADCP (Acoustic Doppler Current Profiler)
mounted within a floatation body, additionally equipped with a SeaBird MicroCAT SBE 37 below the ADCP,
providing temperature and salinity information. For the experiment in 2014/2015 DS20 had the same design
and was positioned between DS1 and DS2. Further west, an ADCP and a MicroCAT were deployed as DS21
in a bottom mounted trawl proof frame. Mooring DS22 had an Aanderaa RCM8 and a MicroCAT and com-
pleted the array on the Greenlandic shelf. All of the ADCPs were “75-kHz Workhorse Long Rangers” from
Teledyne RD Instruments. Further details about the mooring setup are provided in Jochumsen et al. (2017).
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Figure 3. Scheme depicting a vector time series measured by moorings (black dots) during the passage of cyclonic
(red) and anticyclonic (blue) eddies that are advected with the background flow (gray). Left (right) of the center of an
eddy the vectors rotate counterclockwise (clockwise) over time, independent of the sense of rotation of the eddy.
Adapted from Figure 15 of Darelius et al. (2011).

From the ADCPs we obtained vertical velocity profiles spanning 400 m with the first bin located 24 m above
the bottom and a bin size of 16 m. The RCM performed single-point measurements at a height of 22 m above
the bottom. The five moorings were separated by 5 to 10 km, thus spanning approximately 30 km from the
deepest point of the passage toward the Greenlandic shelf (Figure 2). The temporal resolution of our data
set is hourly and covers 300 days. MicroCAT data are considered to be representative of the homogeneous
bottom layer, located within 50-100 m of the bottom (Rudels et al., 1999, 2005).

As a complementary data source we use a set of historical CTD profiles in the DS that were collected by
the Institute of Oceanography of the University of Hamburg (e.g., Jochumsen, 2018). These CTD profiles
provided the information depicted in Figure 2.

2.2. Data Quality Control and Postprocessing

The data were processed, quality controlled, and corrected as described in Jochumsen et al. (2017). The
correction of the data took into account a low-velocity bias that affected the measurements of the Long
Ranger ADCPs. The coordinate system was rotated such that the v-component is oriented along the mean
flow direction and the u-component across the mean flow. Positive v is upstream (northeastward), and neg-
ative v is directed downstream (southwestward). Positive u is toward Iceland (southeastward), and negative
u is directed toward Greenland (northwestward). As the flow follows topography, the components essen-
tially correspond to along slope and across slope, respectively. In order to exclude tidal variations, the time
series were detided using harmonic analysis (Pawlowicz et al., 2002). Tidal fluctuations were in the range
of 0.2-0.3 m/s.

The maximum plume velocities were found on average within 100 m from the bottom (Jochumsen et al.,
2017). We thus focus on this velocity level, except for DS22, where we use the measurements at 22 m above
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Figure 4. Mean velocity vectors 100 m above the bottom from 300 days of measurements. For DS22 the velocity is
measured 22 m above the bottom. The yellow ellipses depict the standard deviation and are centered at the tip of each
vector. The topography from the IBCAO v3 data set is shown in the background (Jakobsson et al., 2012).
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Figure 5. Variance preserving power spectra of (a) u (across-stream) and (b) v (along-stream) velocity components
100 m above the bottom for the DS mooring array in 2014/2015. For DS22 the velocity is obtained at 22 m above the
bottom. Spectra are calculated using a Welch periodogram estimate for a 10-day window with 50% overlap to obtain a

smoother result. The dotted lines indicate the respective 95% confidence intervals. DS = Denmark Strait.

the bottom, which is the height of the point measurement obtained by the current meter. For the location

of DS22 we thus assume barotropic flow (as in Jochumsen et al., 2017). Barotropic structures were noted in

velocity sections from the DS, showing horizontal scales of 30-50 km and varying in position (see figures
in Girton et al., 2001; Jochumsen et al., 2015; Vége et al., 2011). However, this assumption may introduce
errors as even this far toward Greenland the warm Atlantic layer can cover the upper water column and

incline isopycnals (cf. Figure 2b).
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Figure 6. Low-pass filtered (13 hr) velocity anomaly vector time series for a 30-day period at 100 m above the bottom.
The position of each mooring is indicated by their name and distance from the deepest point of the DS on the y axis.
The bold black arrows on the left represent the mean velocity at each mooring. Vectors pointing to the left are in

the downstream direction; vectors pointing up (down) are flow toward Greenland (Iceland). The reference scale is in
the lower right corner. Background colors show the relative vorticity { normalized by f. Note that the contour plot
gives an interpolated field, as the vorticity is only calculated in between mooring pairs. Cyclonic (anticyclonic) eddies
are indicated by red (blue) vectors. Black vectors indicate that no eddy type could be identified. The green box indicates
the example shown in Figure 7. DS = Denmark Strait.
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Figure 7. Hovmoller plots of (a) v and the anomalies (b) v and (c) u’ at DS1 during the passage of an anticyclone (I)
followed by a cyclone (II). The time series of velocity anomaly vectors at 100 m above the bottom (green dotted line in
a—c) is shown in (d). Eddy types are indicated by color at the bottom of panel (c), as in Figures 3 and 6. Negative v is
directed downstream (southwestward), while positive u is directed southeastward.

2.3. Spectral Analysis
For spectral estimates of variance we applied Welch's periodogram method (Emery & Thomson, 2001). The
time series were smoothed using a 10-day Hamming window. With a 50% overlap the spectra were averaged
from 59 data segments.

2.4. Identification of Eddies

An eddy passing a current meter array can be identified in the recorded velocity time series by analyzing the
changes of current directions. As illustrated in Figure 3 velocities measured to the left of the center of an
eddy when looking downstream will rotate counterclockwise as the eddy passes the mooring. Similarly, a
mooring on the right side of an eddy detects clockwise vector rotation, regardless of the eddy type passing by
(see vectors along the dotted lines in Figure 3). The sense of eddy rotation can nevertheless be determined
by the orientation of the velocity vectors at the beginning of the rotation sequence: For an anticyclone the
starting vector is positive (upward in Figure 3) and negative for a cyclone (pointing downward in Figure 3).
By combining this information, passing eddies can be detected from a vector time series, as shown in
Foldvik et al. (1988) and Darelius et al. (2011).

When the center of an eddy passes directly over a mooring, the measured vector rotation will be 180°.
However, this only rarely occurs in practice. Most often a mooring will capture the eddy off center and the
resulting rotation in the vector time series will be less than 180°(see Figure 3 and Figure 15 in Darelius et al.,
2011). The total vector rotation decreases with distance from the eddy center. A threshold value <180° must
be found, which allows for eddies not fully captured by the measurement to be detected, but excludes fluc-
tuation due to other features. We use 45° here, which is a compromise of the two goals. Furthermore, we
introduced a time threshold, which requires eddy events at the moorings to last at least 13 hr, during which
the change of rotation must be persistent (i.e., always following the same sense of rotation, either clockwise
or anticlockwise).
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Table 1
Statistics of Eddy Types—Cyclonic (Cycl.) or Anticyclonic (Anticycl.) Rotation—Derived From the Band-Pass Filtered
(13-hr Low Pass) Time Series

Mooring DS1 DS20 DS2 DS21 DS22
Eddy Type anticycl.( cycl.) anticycl. (cycl.) anticycl.(cycl.) anticycl. (cycl.) anticycl.(cycl.)
Number 75 (56) 71 (80) 53(89) 75 (94) 85(85)
Duration (days) 0.9 (1.0) 0.9 (0.9) 1.0 (0.9) 1.0 (1.0) 1.0 (1.0)
V,qy (m/s) 0.35(0.40) 0.45 (0.48) 0.48 (0.48) 0.26 (0.26) 0.19 (0.16)
Diameter (km) 28 (36) 35(37) 42 (39) 23 (22) 16 (14)
EKE (cm?/s?) 473 (389) 424 (403) 436 (477) 428 (479) 262 (236)
Tpot °C) 0.04(—0.03) 0.04 (—0.02) 0.05(-0.05) 0.02 (0.00) 0.03 (—0.02)
h (m) —12(30) —11 (16) —4(0) —16 (4) 8 (—6)

Note. Statistics considered were number of observed eddies, the time it took them to pass the mooring array (Duration),
the velocity at which the eddy is advected across the mooring array (v,4,), eddy diameter, eddy kinetic energy (EKE)
obtained from velocity anomalies, near-bottom water temperature measured at the mooring (T,), and the plume
thickness (h) as an offset from the average plume height. DS = Denmark Strait; EKE = eddy kinetic energy.

The analysis described above was applied to our mooring time series after detiding. In addition, to reduce
short-term fluctuations that interrupt the vector rotation and thus disturb the eddy detection algorithm, a
fourth-order Butterworth filter with a 13-hr cutoff was applied. From the resulting time series of velocity
anomalies, events lasting at least 13 hr (i.e., consistent clockwise or anticlockwise rotation) were identified.
The orientation of the velocity vector at the beginning of each event was used to assign an eddy type. As a
result, each velocity measurement was assigned an eddy type (cyclone-east, cyclone-west, anticyclone-east,
and anticyclone-west) or a no-eddy flag. This approach allowed eddies to be identified from velocity
anomalies alone, without any assumptions about their structure or fits to specific shapes.

All vector stick plots in the following show the detided, 13-hr low-pass filtered time series of velocity
anomalies. Figures of velocity components present the unfiltered but detided velocity anomaly data.

Once we identified eddy types in the time series, we calculated for each eddy type the eddy kinetic energy
as EKE = %(u’2 + /%), where the overbar denotes the time-mean over all eddies of a type in the total time
series and u' and v are the velocity anomalies of individual eddies (i.e., after removing their mean).

Vv

An alternative approach to identify eddies is to calculate the relative vorticity ¢ = g—x - ‘di—l;, which is positive
(negative) for cyclones (anticyclones). As the mooring array is set up in a line perpendicular to the mean
flow direction the cross-stream gradient could be calculated directly. For the along-stream gradient we use
advective time derivatives, assuming that du is advected with the mean flow as an eddy property. In the
following the “eddy core” is defined as the region where the derivative of the cross-stream velocity remains
relatively constant. It is therefore bounded by a change in the sign of the derivative of the cross-stream

velocity, that is, when the velocity stops increasing (decreasing) and begins to decrease (increase).

3. Results

3.1. Velocity Field

For all five moorings, the time-mean velocity vectors are generally orientated along the topography at
245 + 4° relative to true north (Figure 4). The highest mean velocities are found at the central mooring sites
(DS20/DS2: 0.47/0.48 m/s), located near the deepest part of the strait. The standard deviation is of the same
order at all sites (0.3 m/s), except at DS22 (~0.2 m/s). The standard deviation ellipses show that the major
axis is oriented along the topography. Ellipses at DS2 are directed about 20° cross slope according to the
mapped contour lines determined from the IBCAO data set (Jakobsson et al., 2012). The horizontal velocity
shear implies positive relative vorticity (cyclonic rotation) to the east and negative relative vorticity to the
west (anticyclonic rotation) of DS2.

Variations in the cross-stream velocity u can be attributed to a lateral distortion of the flow, while fluctuations
in the along-stream component v indicate a strengthening or weakening of the mean flow. Both types of
variation can be caused by the passage of eddies, the lateral movement of the NIIC front, or the occurrence
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Figure 8. Histogram of the occurrence of anticyclones (blue) and cyclones (red) at each mooring site. Dark (light)
colors indicate that the location of the measurement (mooring position) was on the eastern (western) side relative to
the eddy center.

of boluses and pulses (von Appen et al., 2017). The variance preserving power spectra of the detided u and
v velocity components are presented in Figure 5.

The variance in u increases from the deepest point of the passage (DS1) toward the Greenland shelf, with
the highest variance at DS21, whose peak spans periods of about 2 to 3 days (Figure 5a). The amplitude of
the variance in v is of the same range for all moorings (Figure 5b).The maxima in the spectra shift from 5
to about 3 days as we move from east (DS1) to west (DS21). At mooring DS1, which is closest to the NICC
front, pronounced energy is also found at a period of about 2 days. With the exception of DS21, the variability
at the mooring sites is dominated by the along-stream component, following the topography, indicating
fluctuations in the overflow strength.

3.2. Eddy Properties

Figure 6 presents the results of the eddy identification process, as explained in section 2.4, for a month of
data at all five moorings. In general, the vectors show the successive passage of cyclones and anticyclones.
They appear in a variety of sizes and strengths, with regard to the velocity magnitude.

The vorticity also shows alternating patterns, indicating that eddies of different types are passing the array.
Both methods match in about 65% of cases. When the two methods agree, the core of an eddy has likely been
found, that is, red (blue) sticks and positive (negative) vorticity identify cyclonic (anticyclonic) vortices. The
vorticity changes sign every 0.8 to 1.2 days. The sign change can occur when an eddy core is entering or
leaving the mooring location and thus gives a hint on the duration and size of a passing eddy. Eddy diameters
were obtained from the duration of an eddy event (eddy persistence) and the background velocity, taken as
the mean of the unfiltered, detided time series for each event. As a rough estimate the diameters are on the
order of 35 km, assuming that an eddy is translating across the array within 24 hr and is advected with a mean
velocity of about 0.4 m/s. Eddy diameters obtained from this procedure do not prescribe a circular shape
but give the eddy dimension in along-stream direction. If an eddy was captured off center, the estimated
diameter is biased to smaller values.

An example of two identified eddies, an anticyclone (I) followed by a cyclone (IT), is shown in more detail
in Figure 7 and can be compared to the identification scheme in Figure 3. In this example both eddies are
registered at mooring DS1 on their eastern flank. During the presence of the anticyclone (period marked
as I in Figure 7) the velocity anomaly vectors rotate counterclockwise (panel d), from a downstream to an
across-stream (toward Iceland) direction. The total downstream flow increases (panel a). When the cyclone
arrives at the mooring, the v and v components increase (panels b and c), reducing the total downstream
flow and eventually reversing it. The transit of the anticyclone and cyclone takes 18 and 39 hr, respectively.
The signal of the anticyclone appears to be baroclinic (first detected at depth then apparent throughout the
water column), while the signature of the cyclone is rather barotropic.
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Figure 9. Composites of downstream velocity v (left column) and velocity anomalies v (right column) for different
eddy cases registered at (Denmark Strait) DS1: western flank of anticyclone (a, b), eastern flank of anticyclone (c, d),
western flank of cyclone (e, f), and eastern flank of cyclone (g, h). The red squares denote the mooring positions with
DS1 as the easternmost mooring (black cross; DS22 is not included). The green line denotes the average plume
thickness derived from the depth of maximum shear; the red dashed line denotes the average thickness for the
particular eddy case.

Applying the vector method to the full time series of all moorings, we can determine average eddy property
statistics, as summarized in Table 1. The number of eddy types and the location relative to the eddy center
for each mooring site is shown in Figure 8. Moorings west (east) of DS20 are located more frequently on the
western (eastern) side of both cyclones and anticyclones. West of DS1 cyclones outnumber anticyclones by
about 68% (53 anticyclones and 89 cyclones at DS21). At DS22 the distribution of eddy types is even. Thus,
we conclude that the center of an eddy is most likely to be found near DS20 or between DS20 and DS2, which
corresponds to the highest mean velocities and the average position of the plume core. Both anticyclones
and cyclones have periods of about 3 to 6 days. Dividing the total number of identified eddies by the length
of the time series (300 days) indicates that approximately every 2 days, an eddy, anticyclone, or cyclone is
registered. The time it takes an eddy to pass through the mooring array is about 1 day, which agrees with
the change of vorticity after about 1 day, and does not vary considerably with eddy type.

By combining the time it takes for an eddy to cross the sill with the advective velocities, the average eddy
diameter ranges between 14 and 42 km, depending on the mooring (Table 1). East of DS2, cyclones are
slightly larger than anticyclones. The largest diameters are found at DS20 and DS2, which again indicates
that the eddy centers pass near these moorings and that the full eddy diameters exceed 35 km (Table 1). The
thickness of the plume h is derived from the maximum in vertical velocity shear (Jochumsen et al., 2017). On
average the plume is slightly thinner (—7 + 10 m) during the passage of anticyclones and thicker (9 + 15 m)
during the passage of cyclones. The difference in thickness is small, that is, less than 15 m on average, which
issmaller than the bin size of the ADCPs, indicating that these differences may not be statistically significant.
Only at DS1 does the thickness of the plume increase considerably when a cyclone is passing.
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Figure 10. Composites of (a) downstream velocity v and (b) velocity anomalies v for boluses registered at DS1. The
green line denotes the average plume thickness derived from the depth of maximum shear; the red dashed line denotes
the average thickness for boluses.

The highest EKE (>470 cm?/s?) is found for cyclones at DS2 and DS21 and anticyclones at DS1. The
largest difference (85 cm?/s) between eddy types is seen at DS1, where anticyclones are more energetic than
cyclones. At DS2 and DS21 EKE values are larger for cyclones. The difference in EKE between eddy types is
smallest at DS20 and DS22. Note that the lower average value at DS22 is likely caused by the measurements
being taken close to the bottom where velocity variations are smaller.

During the passage of cyclones bottom temperatures are lower than the mean (—0.03 °C) and anticyclones
can be connected to positive temperature anomalies (0.04 °C). However, the temperature difference is below
0(0.1 °C), which is relatively small compared to overall variability of bottom temperature (the standard
deviation of temperature at DS1 is 0.6 °C).

Composites of the downstream velocity and its anomaly were calculated for the full mooring array, sepa-
rately for the four eddy types (i.e., rotation and location in the eddy) identified at DS1 (Figure 9). When
DS1 captures the western side of an anticyclone, the plume tends to be 110 m thinner at DSI1; there is a
northeastward velocity anomaly, and the plume core identified by the maximum southwestward velocity is
located near DS2 (Figures 9a and 9b). If the eastern side of an anticyclone is captured by DS1, the south-
westward flow increases and the plume core is located at DS1 or further east, on the Icelandic side of the
strait. The plume thickness increases slightly (by 22 m at DS1; Figures 9c and 9d) and the velocity anomaly
is mainly barotropic. A passing cyclone that is captured on its western flank by DS1 causes an increase of
southwestward flow at DS1, a thicker plume (+30 m at DS1), and the plume core shifts its location to DS20
(Figures 9e and 9f). The pattern of the velocity anomaly resembles the first case (western side, anticyclone)
but with opposite sign. When the eastern flank of a cyclone is captured, the southwestward flow is reduced,
the plume is slightly thicker (+30 m at DS1), and the core is located near DS2 (Figures 9g and 9h). The
velocity anomaly is again mainly barotropic.

To test the robustness of this result, we recalculated the composites in Figure 9 but only for cases where the
same eddy type was detected simultaneously at DS1 and the neighboring DS20. This criterion holds in one
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Figure 11. Composites of (a) downstream velocity v and (b) velocity anomalies v for pulses registered at DS1. The
green line denotes the average plume thickness derived from the depth of maximum shear; the red dashed line denotes
the average thickness for boluses.

third of the detected eddy events at these locations. The resulting composites (not shown) have generally
the same patterns but with a slight increase in velocity magnitude and a shift toward the west.

3.3. Boluses and Pulses

Another important set of mesoscale features found at the DS sill are boluses and pulses (Almansi et al.,
2017; Mastropole et al., 2017; von Appen et al., 2017). We use our data set to identify such phenomena and
relate them to the occurrence of eddies. In order to do so, we first define criteria to identify boluses and
pulses. For a bolus, the downstream velocity must be strong (>75th percentile) and the plume thick (>75th
percentile). For a pulse, the downstream velocity must be strong (> 75th percentile) as well but the plume
thin (< 25th percentile). We then create composites of the velocity field for times these criteria match. A
bolus registered at DS1 is associated with a barotropic increase of downstream flow (Figure 10). For a pulse
we find a baroclinic structure with an anomaly of upstream flow in the upper layer and downstream flow

Bottom temperature [°C]
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Figure 12. Time series of bottom temperature at DS1 during the mooring period 2014/2015. Times where pulses (red)
and boluses (yellow) were identified are highlighted.
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Figure 13. Time series of (a) bottom temperature at DS1 during a warm event and Hovmoller plots of (b) downstream
velocity v and the anomalies (c) v and (d) u’ at DS1. The time series of velocity anomaly vectors at 100 m above the
bottom (green dotted line in b-d) is shown in (e). The time axis starts on 27 October 2014, 6:00.

in the bottom layer (Figure 11). About 60% of all detected boluses and pulses do not coincide with eddies
identified with the methods described earlier. However, there are occasions when the passage of a pulse
(42%) or a bolus (28%) corresponds to the transit of the eastern flank of an anticyclone (Figure 9c). This
agrees with the counterclockwise vector rotation in Figure 9 of von Appen et al. (2017).

3.4. Meandering of the NIIC

Bottom temperatures measured at DS1 show strong fluctuations with very warm events that exceed 2 and
even 4 °C (Figure 12). This signal is likely caused by a westward shift of the NIIC front and can be observed
at all moorings (not shown). As an example, Figure 13 shows the evolution of the warmest event observed
during the mooring period. At first, the flow is weak and approximately southward throughout the water
column. After a day the velocities increase and, in the upper layer, rapidly rotate toward the north. After
72 hr, northward flow occupies the whole water column and the near-bottom temperature has increased to 6
°C. This situation persists for about 10 hr and then returns to a weak southward flow. Overall, temperatures
exceeded 4 °C at DS1 on five separate occasions. With one exception (western flank of an anticyclone) these
warm events do not correspond to observed eddies. In addition, no obvious relation to a bolus or pulse is
evident (cf. Figure 12).

4. Discussion and Conclusion

In this study, data from five moorings were used to analyze the mesoscale variability of the overflow at the
Denmark Strait sill on time scales of 1 to 10 days. Trains of eddies were identified, alternating cyclones and
anticyclones, by distinguishing unique patterns in anomalies of the velocity field. In addition, boluses and
pulses were detected at the deepest part of the strait, and their presence was occasionally connected to a

MORITZ ET AL.

7958



. ¥ell

100

VANCING EAR
AND SPACE SCI

Journal of Geophysical Research: Oceans 10.1029/2019JC015273

NIiC
8

Figure 14. The variability of the flow through the Denmark Strait between the Greenlandic (GR) and Icelandic shelves
(IS) is influenced by (a) the passage of mesoscale vortices (eddies), (b) the lateral movement of the dense plume (blue)
up and down the slope of the Greenlandic shelf and the movement of the NIIC front (red), and (c) the instability and
meandering of the NIIC front (red) .

passing anticyclone. These features are likely linked to frontal instabilities of the NIIC, which also cause tem-
perature fluctuations at the mooring array of more than 4 °C. The drivers of mesoscale variability identified
in this study are summarized in Figure 14 and discussed in more detail below.

4.1. Cyclonic and Anticyclonic Eddies

The analysis of the vector rotation and vorticity shows alternating patterns and suggests that trains of
cyclones and anticyclones are propagating across the sill. The eddies have periods of about 3 to 6 days and
diameters on the order of 30 to 40 km. Previous studies north and south of the sill have found similar
sizes and frequencies (e.g., Bruce, 1995; Foldvik et al., 1988; Harden et al., 2016; Krauss, 1996; Lundrigan
& Demirov, 2019), as well as the presence of trains of eddies (e.g., Jungclaus et al., 2001). However, down-
stream of the DS sill, cyclones dominate the deep overflow and anticyclones are found on the shallower side
of the Greenland slope, supposedly caused by vortex stretching and squeezing (Krauss & Kise, 1998; Shi
et al., 2001). This discrepancy suggests that the eddies observed at the sill are formed by different mecha-
nisms than those found downstream. This is perhaps due to the more gradual topography at the saddle point
or conditions upstream of the sill not captured by this analysis. A possible source of eddies is the meander-
ing of the NIIC front (see below), which could also explain the occurrence of anticyclones in the deep part
of the strait: anticyclones formed from the NIIC front would tend to occupy the deep and western side of the
sill, while the formation of cyclones would be hindered by the limitation of space on the eastern side (the
steep Icelandic shelf break) .

The estimated EKE differs between the two eddy types. Maximum EKE values are about 480 cm?/s? and
correspond to anticyclones at the eastern moorings (DS1 and DS20) and cyclones at the western moorings
(DS2 and DS21). Our EKE estimates are about 3 times larger than average near-surface EKE at the Kogur
section (200 km north of the sill) presented in Havik et al. (2017). They also exceed estimates south of the
sill (array A presented in Voet & Quadfasel, 2010).

4.2. Boluses and Pulses

Previous studies linked the development of cyclonic and anticyclonic eddies with the formation and propa-
gation of boluses of dense water south of the sill (Jungclaus et al., 2001; Shi et al., 2001). However, in a more
recent and extensive study von Appen et al. (2017) conclude that neither boluses nor pulses are linked with
eddies. Our results form a link between these two views, as we have occasionally connected boluses and
pulses to an anticyclone passing DS1. Only this eddy case offers the conditions where a bolus or pulse can
accompany an eddy. None of the other eddy cases provide sufficiently strong negative velocity anomalies at
DS1, which distinguish both boluses and pulses from the mean flow (see Figure 9). However, when an anti-
cyclone passes the strait with its center close to the Greenland slope, that is, mooring DS1 is on the eastern
flank of the eddy, the velocity field is altered to strong downstream flow (Figures 9c and 9d). The overflow
thickness varies around its mean for this eddy case, allowing for both boluses and pulses: Strong positive
anomalies in overflow thickness indicate a bolus, while strong negative anomalies correspond to a pulse.

4.3. Meandering of the NIIC

The bottom temperatures vary on hourly to daily scales, but this variability is distorted by sporadic extreme
warming events that exceed 4 °C. Occasionally, the warm water peaks are even registered at the west-
ernmost mooring DS22 (not shown). It is likely that the warm water originates in the vicinity of the sill,
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where bottom temperatures in the northward flow are within the observed range (e.g., see Figure 1 in
Jochumsen et al., 2015). Further north of the sill, similarly high temperatures are not found below approx-
imately 350 m (Jonsson & Valdimarsson, 2004, 2012; Smith, 1976). In agreement with recent findings by
Spall et al. (2019), we conclude that the warming events are caused by the meandering of the NIIC front, as
the westward movement of the cold overflow plume allows the warm water of Atlantic origin to temporarily
occupy the array (Jochumsen et al., 2012). The shift of the NIIC front is connected to the occurrence of pulses
(Spall et al., 2019; von Appen et al., 2017) and anticyclonic patterns in the velocity field.

4.4. Sensitivity of the Eddy Identification Method

The eddy identification method includes thresholds that, depending on their choice, affect the results, that
is, eddy statistics (Table 1). To evaluate the sensitivity of the results to the identification method, we reran the
identification algorithm with various settings. The most important threshold is the minimum rotation angle
of the low-pass filtered velocity vectors (cf. section 2.4). An adjustment of this threshold results in a different
number of eddies detected. By reducing the angle, more eddies are identified, that is, 5% to 10% more for an
angle of 30°. When increasing the threshold, less eddies are identified, that is, 20% to 50% less for an angle
of 90°and 50% to 70% less for an angle of 120°. While the duration and diameter do not change significantly,
at a larger threshold of 90° and 120°, the ratio between the number of anticyclones and cyclones changes
slightly and the EKE reduces by 20% and 30% on average, respectively. Therefore, a rotation angle threshold
below 45 results in little change, while a higher threshold misses many eddies that only pass through a
portion of the array but are still relevant to the study.

4.5. Conclusion and Outlook

Our observational analysis at the DS sill emphasizes the importance of eddies for short-term flow variability.
Altogether, eddies, boluses, and pulses and the meandering of the NIIC front form a wealth of mesoscale
features detected at this location. We cannot determine from our data if these features are produced by as
many processes or simply correspond to phases of the same instability process. Resolving the forcing and
effect of these features requires high-resolution observational data or model configurations. As a result,
estimates of the overflow strength are potentially susceptible to aliasing, that is, when a mooring is capturing
a predominant side of the eddies, the mean velocity at the mooring location can be biased.

Open questions remain regarding the formation process of the sill eddies, as vortex stretching and squeezing
cannot be accountable at this location. High-resolution modeling studies could provide answers, although
topographic features may very well play a role, which are a challenge to capture realistically in models. The
lifetime, pathway, and dissipation of the sill eddies will be addressed in further studies, eventually link-
ing the features to downstream overflow modification (North et al., 2018) and eddy features off Greenland
(von Appen et al., 2014).
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