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Abstract Mooring data from September 2011 to July 2013 on the Iceland slope north of Denmark Strait
are analyzed to better understand the structure and variability of the North Icelandic Jet (NIJ). Three basic
configurations of the flow were identified: (1) a strong separated East Greenland Current (EGC) on the
mid‐Iceland slope coincident with a weak NIJ on the upper slope, (2) a merged separated EGC and NIJ, and
(3) a strong NIJ located at its climatological mean position, coincident with a weak signature of the separated
EGC at the base of the Iceland slope. Our study reveals that the NIJ‐dominant scenario was present
during different times of the year for the two successive mooring deployments—appearing mainly from
September to February the first year and from January to July the second year. Furthermore, when this
scenario was active it varied on short timescales. An energetics analysis demonstrates that the high‐
frequency variability is driven by mean‐to‐eddy baroclinic conversion at the shoreward edge of the NIJ,
consistent with previous modeling work. The seasonal timing of the NIJ dominant scenario is investigated in
relation to the atmospheric forcing upstream of Denmark Strait. The resulting lagged correlations imply that
strong turbulent heat fluxes in a localized region on the continental slope of Iceland, south of the Spar
Fracture zone, lead to a stronger NIJ dominant state with a two‐month lag. This can be explained
dynamically in terms of previous modeling work addressing the circulation response to dense water
formation near an island.

Plain Language Summary The dense water flowing southward through Denmark Strait
represents the largest contribution to the deep limb of the Atlantic Meridional Overturning Circulation,
the large‐scale flow pattern that helps regulate Earth's climate. Three different currents feed the overflow in
the strait: the shelfbreak East Greenland Current adjacent to Greenland, the separated East Greenland
Current located farther offshore, and the North Icelandic Jet (NIJ) on the Iceland continental slope. The
latter, which was recently discovered, supplies the deepest and densest overflow water to the strait. To
understand the structure and variability of the NIJ, we analyze two years of mooring data on the Iceland
slope roughly 200 km northeast of Denmark strait. We present the spatial and temporal variability of three
configurations of the flow and focus on the NIJ‐dominant scenario. The rapid (less than 1 week) variability is
found to arise from instability associated with the current's density structure. We then address the
monthly variation, which we argue is driven by air‐sea heat fluxes in a localized region on the continental
slope north of Iceland. The ocean responds to the fluxes in this region by exciting waves that propagate
clockwise around the island, which in turn impact the strength of the NIJ.

1. Introduction

The circulation in the Nordic Seas plays a critical role for the North Atlantic climate system. Warm, saline
Atlantic waters flow northward, release heat to the atmosphere, and the newly ventilated dense waters sink,
return southward, and enter the North Atlantic as overflow plumes. This sinking represents an important
component of the Atlantic Meridional Overturning Circulation. Previous studies (Dickson & Brown, 1994;
Jochumsen et al., 2017) indicate that approximately 50% of the total overflow water passes through
Denmark Strait. However, there remain significant gaps in our knowledge of the upstream sources and
pathways of water feeding the strait, especially with regard to the newly identified North Icelandic Jet
(NIJ) (Jonsson & Valdimarsson, 2004; Pickart et al., 2017; Våge et al., 2011). This in turn hinders our ability
to establish the sensitivity of the Atlantic Meridional Overturning Circulation to changes in the freshwater
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input (Dukhovskoy et al., 2016; Gierz et al., 2015), air‐sea fluxes (Moore et al., 2012), and sea ice
concentration (Moore et al., 2015) in the Nordic Seas.

The circulation scheme and pathways of overflow water upstream of Denmark Strait have recently been
revised as a result of the discovery of the NIJ (Figure 1). Prior to this it was believed that the East
Greenland Current (EGC) along the Greenland shelfbreak and slope was the sole conduit of Denmark
Strait Overflow Water (DSOW) (Mauritzen, 1996). However, Jonsson and Valdimarsson (2004) reported
the existence of a new current, which subsequently has been termed the NIJ, transporting the densest com-
ponent of overflow water into Denmark Strait along the north slope of Iceland. Together with more recent
measurements and model simulations (Behrens et al., 2017; Harden et al., 2016; Köhl et al., 2007; Våge et al.,
2011; Våge et al., 2013), it has now been established that there are three distinct currents advecting overflow
water southward into the strait: the shelfbreak EGC, the separated branch of the EGC, and the NIJ
(Figure 1). The separated EGC bifurcates from the shelfbreak EGC as it approaches the Blosseville Basin.
Two mechanisms have been proposed to explain the bifurcation (Våge et al., 2013). The first explanation
is that the separated EGC results from the negative wind stress curl in the region together with the closed
bathymetric contours of the Blosseville Basin. The second explanation is that the shelfbreak EGC is barocli-
nically unstable and the separated branch arises from the rectification of eddies spawned by the
shelfbreak branch.

Using a yearlong mooring array deployed north of Denmark Strait along the so‐called Kögur section
(Figure 1), Harden et al. (2016) estimated the transport of overflow water by the three currents, deducing
that the shelfbreak EGC accounts for 42% (1.50 Sv), the separated EGC for 30% (1.04 Sv), and the NIJ for

Figure 1. Schematic circulation upstream of Denmark Strait and place names. The North Icelandic Jet (NIJ), the North
Icelandic Irminger Current (NIIC), and the East Greenland Current (EGC) are shown in black, orange, and purple,
respectively. The EGC bifurcates in the Blosseville Basin forming the shelfbreak branch and the separated branch. The
dashed portions of the arrows represent parts of the pathways that require further clarification. The black circles denote
the mooring locations of the Kögur array; mooring KGA4 is highlighted as this is the only site instrumented in the
second year. The bathymetry is from ETOPO2. The rotated coordinate system used in the study is indicated. The box
outlines the portion of the Kögur array used in the study.
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28% (1.00 Sv). Consistent with the transport of DSOW at the sill (Jochumsen et al., 2012; Jónsson &
Valdimarsson, 2012), there is no significant seasonal cycle of the total transport of the three pathways at
the Kögur line, but the transport of the NIJ is generally out of phase with the combined transports of shelf-
break EGC and separated EGC (Harden et al., 2016). As the three currents approach the sill, the NIJ
merges with the separated EGC. Using historical hydrographic data in Denmark Strait and an end‐member
analysis, Mastropole et al. (2017) determined that the deepest part of the overflow water in the strait is
associated with the NIJ water, while the water transported by shelfbreak EGC passes through the strait
in the vicinity of Greenland shelfbreak. The cold, fresh water mass in the NIJ is referred to as Arctic‐origin
water because it is ventilated in the interior Nordic Seas. By contrast, the warm, salty water mass in the
EGC is termed Atlantic‐origin water as it is ventilated within the rim current flowing around the Nordic
Seas and thus has a direct advective pathway stemming from the North Atlantic (Mauritzen, 1996;
Pickart et al., 2017).

While the NIJ is now established as a significant source of DSOW, there remain numerous open questions
with regard to its origin, path, variability, and dynamics. The source of the water in the NIJ has been dis-
cussed in several previous studies (Käse et al., 2009; Köhl, 2010; Pickart et al., 2017; Våge et al., 2011). The
leading hypothesis (Våge et al., 2011) is that the NIJ originates from the Iceland Sea as the lower limb of a
local overturning cell. In this scheme the North Icelandic Irminger Current (NIIC) is the upper limb of
the cell, carrying warm Atlantic water northward that is transformed by wintertime air‐sea interaction
and returns equatorward in the NIJ. Pickart et al. (2017) found that the interannual variability in the salinity
of the outflowing NIJ is in phase with the changes in evaporation minus precipitation (E−P) over the region
of dense water formation, suggesting that the overturning process is rapid. This casts doubt on the Iceland
Sea Gyre as the location where the densification takes place, due to the fact that the water is trapped to some
degree within the gyre. The recent observations of Våge et al. (2015) indicate that the deepest and densest
wintertime mixed‐layers occur to the northwest of the gyre, which seemingly allows for a more direct con-
nection to the NIJ. Aside from the origin of the dense water in the NIJ, its establishment as a current remains
largely unexplained, as does its variability. Harden and Pickart (2018) identified the presence of high‐
frequency (order days) topographic Rossby Waves in the current, which appear to originate from the mean-
dering of the separated EGC in the Blosseville Basin. However, it is still unclear how the NIJ behaves on
longer timescales and if it is influenced by downstream processes in Denmark Strait or upstream processes
in the Nordic Seas.

In this study, we analyze two years of mooring data (September 2011 to July 2013) from the Kögur section
north of the Denmark Strait sill in order to shed more light on the characteristics and variability of the
NIJ. Using the first year of data, when there were multiple moorings, the currents on the Iceland slope
are classified into three basic configurations: (1) a strong separated EGC and weak NIJ, which are clearly
distinct; (2) a merged separated EGC and NIJ; and (3) a strong NIJ and weak separated EGC, which are again
distinct. We are then able to apply this classification system to the second year of data when there was only a
single mooring. We begin with a presentation of the data used in the study. This is followed by an investiga-
tion of the general spatial and temporal variability of circulation on the Iceland slope, which leads to our
classification of the three configurations of the flow. Next we focus on the NIJ‐dominant configuration
and investigate the instability and energetics of this state. Finally, we explore the relationship between the
NIJ‐dominant type and the atmospheric forcing.

2. Data and Methods
2.1. Mooring Data

Here we use two years of data from a set of moorings deployed along the Kögur section (approximately
200 km upstream of the Denmark Strait sill; Figure 1). In the first year (September 2011 to July 2012),
there were 12 moorings spanning the section, named KGA1‐12, measuring both the hydrography and
velocity of the water column from 50 m to the bottom. A detailed description of the first‐year mooring
data, including the instrumentation, processing steps, and sensor accuracy, is presented in Harden
et al. (2016). The instrumentation consisted of a combination of MicroCATs and Coastal Moored
Profilers measuring pressure, temperature, and salinity, and Recording Current Meters and acoustic
Doppler current profilers measuring velocity. The configuration of the moorings over the Iceland slope
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is shown in Figure 2a. We use the gridded product constructed by
Harden et al. (2016), which is an 8‐hourly time series of vertical sections
with a lateral resolution of 8 km and vertical resolution of 50 m. Since
we are focusing on the Iceland slope, we only consider the southeastern
part of the mooring array (moorings KGA1‐7, delimited by the black box
in Figure 1 and situated approximately 70 km offshore of the Iceland
shelfbreak). Velocities were rotated to be along‐stream (v, positive direc-
tion of 255°T) and cross‐stream (u, positive direction of 345°T). As dis-
cussed in Harden et al. (2016), in the yearlong mean vertical section
of along‐stream velocity the separated EGC is merged with the NIJ,
while the seaward edge of the NIIC is present at mooring KGA‐
1 (Figure 2b).

In the second year, only the KGA4 mooring was redeployed on the
Iceland slope (August 2012 to July 2013). The hydrographic and velo-
city instrumentation was the same as in the initial deployment, and
the data were processed following the same procedures used for the
first year.

2.2. Meteorological Data

To explore the relationship between the circulation and atmospheric for-
cing, we used the ERA‐Interim reanalysis product from the European
Center for Medium‐Range Weather Forecast (ECMWF, https://www.
ecmwf.int). This product has been used extensively in previous studies
investigating the air‐sea interaction along the coast of Greenland and in
the Nordic Seas and has been shown to be accurate (Harden et al., 2011;
Harden et al., 2016; Våge et al., 2015). Here we use wind, sea level pres-
sure, sea ice concentration, and latent and sensible heat flux data, with
daily temporal resolution and 0.25° spatial resolution.

2.3. Ertel Potential Vorticity

To shed light on the stability characteristics of the flow, we use the gridded
vertical sections from the first year of data to calculate the Ertel potential
vorticity

Π ¼ −f
ρ0

∂σθ
∂z

−
1
ρ0

∂v
∂x

−
∂u
∂y

� �
∂σθ
∂z

þ 1
ρ0

∂v
∂z

∂σθ
∂x

; (1)

where f is the (constant) Coriolis parameter (1.45× 10‐4 s ‐1), ρ0 is the reference density (1.028 × 103 kg/m3)
calculated using the mean mooring data, and σθ is the potential density. The three terms on the right‐hand
side of equation (1) are the planetary vertical stretching term, the relative vorticity term, and the tilting term
(from left to right). The relative vorticity term is dominated by horizontal gradient of the along‐stream velo-
city (∂v∂xÞ.
2.4. Mean‐to‐Eddy Conversion

The energetics of the circulation is addressed by evaluating the conversion terms from the mean energy to
the eddy energy. Following Spall et al. (2008), baroclinic instability is linked to the conversion from mean
potential energy into eddy energy and is given by

BC ¼ −g γu′σ′θ=ρ0; (2)

where g is the gravitational acceleration, γ = ∂z/∂x is the mean isopycnal slope, and u′σ′θ is the eddy
density flux. The primes indicate deviations from the time mean, and the overbar indicates the time
mean. Positive values correspond to energy being transferred from the mean density field to eddy
activity.

Figure 2. (a) Configuration and instrumentation of the portion of the Kögur
mooring array used in the study (delineated by the box in Figure 1). The
names of the moorings are listed along the top (KGA1‐KGA7). The different
types of instruments are marked in the legend. (b) Mean vertical section
of the along‐stream velocity [color, cm/s] in the first year, overlain by the
mean potential density [grey contours, kg/m3]. The zero velocity value is
contoured white. The 27.8 kg/m3 isopycnal is highlighted black, denoting
the top of the dense overflow water layer.
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Barotropic instability is related to the conversion from mean kinetic
energy and is given by

BT ¼ −u′v′
∂v
∂x

; (3)

where u′v′ is the eddy momentum flux and
∂v
∂x

is the cross‐stream gradient

of the time mean along‐stream velocity. Positive values correspond to
energy being transferred from the mean current to eddy activity.

3. Results
3.1. Three Current Regimes Using the First Year of Mooring
Array Data

The mean vertical section of along‐stream velocity in the first year
(Figure 2b) reveals that the separated EGC is merged with the NIJ. The
separated EGC is surface intensified and centered near mooring KGA6.
Progressing onshore, the flow becomes middepth‐intensified, which is
characteristic of the NIJ (Våge et al., 2011). Upstream of the Kögur line,
the core of the NIJ is situated near the 650‐m isobath, which is consistent
with the mean section in Figure 2b. At the shoreward end of the mean sec-
tion the northward flowing NIIC is present.

To assess the spatial variability of the current on the Iceland slope, with an eye toward the fact that we only
have the single mooring KGA4 in year two, we identified different flow regimes using the data from the
KGA4 mooring as the basis for the characterization. In particular, using the first year of data, we computed
the depth‐mean along‐stream velocity at KGA4 at each time step and separated the results into bins of 2‐cm/
s increments (Figure 3). One sees that, most commonly, the depth‐mean flow at this site is equatorward in
the range of 6‐10 cm/s. The entire range in values spans from approximately ‐30 cm/s to +30 cm/s, although
the extreme values are rare. Based on this, we constructed 17 composite mean vertical sections using all 7
moorings (the 17 bins are marked in Figure 3).

The composited along‐stream velocity section for each bin is shown in Figure 4, with the range of depth‐
mean along‐stream velocity at the KGA4mooring (referred to as KGA4vel) and the frequency (in percentage)
of each bin listed above the section. A clear pattern of the circulation on the Iceland slope emerged as
KGA4vel increased from negative to positive values (Figure 4). For all cases when KGA4vel is smaller than
4 cm/s, the separated EGC and the NIJ are distinct, with the separated EGC significantly stronger than
the NIJ. In these cases, the NIJ is located roughly 0‐25 km offshore of the shelfbreak (the KGA4 mooring
is located at x = 25 km). For larger values of KGA4vel, the separated EGC and the NIJ start to merge and
become undistinguishable when KGA4vel ranges from 4 to 12 cm/s. This situation is similar to the year‐
round mean. Finally, when KGA4vel increases beyond 12 cm/s, the NIJ becomes dominant with a weak sig-
nature of the separated EGC at the base of the Iceland slope. Note that in this scenario the location of the NIJ
shifts offshore (x=15‐35 km). The subsurface velocity maximum of NIJ is centered near 250‐m depth, with a
core value >15 cm/s. Thus, the binned vertical sections indicate a clear evolution in the spatial structure of
flow with the increase of the velocity at the KGA4 mooring. In all cases the northward flowing NIIC is pre-
sent at the shoreward end of the section.

To simplify the analysis, we consider three scenarios for which we constructed composite vertical sections
(Figures 5a, 5c, and 5e): (1) type1 is referred to as the strong separated EGC (corresponding to KGA4vel
≤ 4 cm/s), which has a weak signature of the NIJ at shallow depths on the Iceland slope; (2) type2 is referred
to as the merged separated EGC‐NIJ (corresponding to 4 cm/s < KGA4vel ≤ 12 cm/s); and (3) type3 is
referred to as the dominant NIJ (corresponding to KGA4vel > 12 cm/s), which has a weak presence of the
separated EGC at the base of the Iceland slope. In this scenario, the NIJ is located at its canonical location
near the 650‐m isobath. The frequency of occurrence of type1, type2, and type3 is 26%, 58%, and 16%, respec-
tively, over the first year of data.

Figure 3. Histogram of the depth‐mean along‐stream velocity (KGA4vel)
in the first (blue) and second year (red). Positive velocity indicates
equatorward flow.
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The corresponding composite vertical sections of density anomaly for each type are shown in Figures 5b, 5d,
and 5f. Note that for the NIJ‐dominant type3, there is a positive density anomaly in the 200‐ to 400‐m depth
range at the KGA4mooring (Figure 5f), close to the subsurface maximum velocity of the NIJ (Figure 5e). The
magnitude of the density anomaly is small but statistically significant, indicating that when the NIJ is strong,
it transports denser water in its core. By contrast, for type1 when the NIJ is relatively weak, it transports
anomalously lighter water at its core. From hereon we focus primarily on type3 to understand the nature
and dynamics of the NIJ.

3.2. Temporal Variability of the NIJ‐Dominant Scenario From Two Years of Mooring Data

Using the above identified configurations, we plot the time series of KGA4vel for both years and identify the
occurrences of each current type (Figures 6a and 6c). Focusing on year‐1, the appearance of the NIJ‐
dominant type (red color in Figure 6a) shows a significant seasonal variation, with a greater appearance fre-
quency from September to February. Figure 6b presents the time series of density at the KGA4mooring aver-
aged over 200‐ to 400‐m depth range. The reason to focus on the density in this range is that the NIJ is
centered in this layer, with amaximum in velocity and density anomaly (Figures 5e and 5f). Not surprisingly,
higher values of density occur from November to March, consistent with the appearance of the NIJ‐
dominant type. Note that there are many pulses in the time series of velocity of type3 (Figure 6a), indicating
temporal variability in the NIJ‐dominant scenario on a variety of timescales from days to seasons.

In year‐2 there are some notable changes. First, the yearlong mean velocity at mooring KGA4 increases,
although it still displays the characteristic vertical structure of the NIJ with a middepthmaximum in velocity
(not shown). Using the same classification criterion (defined by KGA4vel), the histogram of values through
the year is similar (Figure 3). However, the appearance of the NIJ‐dominant type appears mainly from
January to July (Figure 6c), significantly different than that of the first year (Figure 6a), although it has
the same pulse‐like character during the time of year that it is prevalent. Consistent with year‐1, the time

Figure 4. Composite vertical sections of along‐stream velocity corresponding to the binned values of KGA4vel (see text for details). The value of the bin, along with
the percent of the time that it is present through the year, are listed above each section. The location of the KGA4 mooring is shown by the black triangle. The
horizontal dashed black line indicates the depth of the Denmark Strait sill.
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series of density averaged over 200‐ to 400‐m depth for the second year shows generally higher densities
during the NIJ dominant period (Figure 6d).

Harden et al. (2016) found that even though the total transport of dense overflow water upstream of
Denmark Strait—that is, the sum of the two EGC branches and the NIJ—has no significant seasonal signal,
the transport of overflow water by the NIJ varied through the year. Our results imply that while there was
again variation in the NIJ dominant state on the Iceland slope the following year, the seasonal trend was
not consistent between the two years. It is thus of interest to investigate possible mechanisms resulting in
the different appearance of the NIJ‐dominant state in the two consecutive years. In addition, we seek to
explore the nature of the short timescale fluctuations when this scenario is present. We consider the high‐
frequency variability first.

3.3. Instability and Energetics of the NIJ‐Dominant Type

The potential vorticity provides a means to assess the stability characteristics of the flow. Using the first year
of data, the mean vertical sections of the total Ertel potential vorticity for the time period when the separated
EGC is dominant (type1) versus the time period when the NIJ is dominant (type3) are shown in Figures 7a
and 7b. Both sections display similar characteristics and are dictated predominantly by the stratification (the
stretching term in equation (1)). Two regions with high potential vorticityΠ are found, centered at x=30 km
and x=0 km (the values are higher for the type3 scenario), while the values decrease at depth. A necessary
condition for baroclinic instability of the current is that the cross‐stream gradient of potential vorticity, Πx,

Figure 5. (a, c, and e) Composite mean sections of the along‐stream velocity [color, cm/s] for the three characteristic configurations of the flow on the Iceland slope,
using the first year of data. The 27.8 and 28.05 isopycnals are highlighted by the white contours. The range of KGA4vel values for each composite and the percent of
the time that the configuration is present through the year are listed above each section. The horizontal dashed black line indicates the depth of the Denmark
Strait sill. The location of KGA4 mooring is shown by the black triangle. (b, d, and f) The density anomaly, relative to the yearlong mean, for the three composites
[color, kg/m3].
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changes sign with depth (Charney & Stern, 1962). In Figures 7c and 7d, we present the vertical sections ofΠx

for the two periods. Again, both sections are qualitatively similar and reveal that the conditions for
baroclinic instability are met. In particular, at x=20 km (50 km) Πx changes sign from positive (negative)
in the upper 100 m to negative (positive) near 200 m.

The eddy density flux u′σ′θ calculated during times of the separated EGC dominant mode versus the NIJ
dominant mode are shown in Figures 8a and 8b. One can see that the fluxes are significantly stronger in
the latter scenario. In particular, a surface‐intensified positive density flux is located 30‐70 km offshore of
the shelfbreak associated with isopycnals sloping upward toward shore, while a surface‐intensified negative
density flux appears in the inshore region with oppositely sloped isopycnals. The associated sections of bar-
oclinic mean‐to‐eddy conversion reveal much larger values for the NIJ dominant state (compare Figures 8c
and 8d; where positive values indicate that energy is being transferred from the mean to the eddies). There
are two regions associated with high conversion: offshore near the edge of separated EGC, and onshore close
to the front between the NIJ and the NIIC.

The eddy momentum flux u′v′ calculated for the dominant separated EGC versus dominant NIJ periods are
presented in Figures 8e and 8f. In the former case, the largest signal corresponds to a positive flux on the
shoreward side of the separated EGC, associated with lateral shifts in the current. In particular, when the
current moves offshore (onshore) it strengthens (weakens). In the latter case, the sign of eddy momentum
flux changes from negative to positive going from west to east across the NIJ. This is associated with the fact
that NIJ increases (decreases) in velocity when it moves seaward (shoreward). The sections of mean‐to‐eddy
barotropic conversion are shown in Figures 8g and 8h. The primary conversion region is located near the

front between the NIJ and NIIC, due to the large horizontal gradient of the along‐stream velocity (
∂v
∂x
).

Figure 6. Time series of the depth‐mean along‐stream velocity (KGA4vel) and the density averaged over 200‐ to 400‐mdepth at KGA4 in (a and b) the first year and
(c and d) the second year for the three configurations of the flow on the Iceland slope (see the legend). The 30‐day low‐pass of the full time series are shown in black.
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These results show that, generally, the baroclinic conversion from the mean to the eddies is much stronger
than the barotropic conversion on the Iceland slope in the region of the Kögur array. Furthermore, it demon-
strates that the baroclinic conversion in the region of the NIJ is significantly stronger when the NIJ is in its
dominant state (the type3 scenario). The model simulation of Spall et al. (2019) also has a region of strong
baroclinic eddy conversion north of Denmark Strait in the region of the NIIC hydrographic front, as we find
here. They demonstrated that closer to the strait, this variability is coupled to the dense overflowwater varia-
bility, which occurs throughout the year. Importantly, the baroclinic conversion shown here is present in all
three configurations of the flow (types 1, 2, and 3), which is consistent with the fact that the instability at the
Denmark Strait sill displays no seasonality. We have demonstrated, however, that when the NIJ is particu-
larly strong the instability process is more effective.

3.4. Relationship Between the NIJ‐Dominant Scenario and Upstream Atmospheric Forcing

We now seek to understand the difference in seasonal timing of the NIJ‐dominant scenario in the two years
of data, specifically to determine if it is related to the atmospheric forcing upstream of Denmark Strait. The
atmospheric weather patterns in this region are dictated largely by the Icelandic Low and the topography of
Greenland (e.g., Moore & Renfrew, 2005), as well as the Lofoten Low (Jahnke‐Bornemann & Brümmer,
2009). The prevailing winds in Denmark Strait and the western Iceland Sea are out of the north. This is seen
clearly in the two‐year mean map of 10‐m wind speed and sea level pressure (Figure 9a), where the mean is

Figure 7. (a and b) Total Ertel potential vorticity [color, 10‐10 · m‐1 · s‐1], and (c and d) the horizontal gradient of Ertel
potential vorticity [color, 10‐13 · m‐2 · s‐1] for the type1 and type3 configurations of the flow during the first year. The
overlain contours are potential density [kg/m3].
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taken over the cold months of the year (September to April). The Icelandic Low is evident in the southwest
Irminger Sea, as is the effect of the Greenland barrier which helps channel the winds along the coast. The
mean total turbulent heat flux (sensible + latent) is highest in a band extending from the northern
Irminger Sea through Denmark Strait. While the mean fluxes in the western Iceland Sea (the boxed region
in Figure 9, discussed below) are smaller, this region is governed by frequent cold‐air outbreaks during win-
ter which can result in strong fluxes for up to a week at a time (Harden et al., 2015; Moore et al., 2012).

There was a notable difference in the atmospheric forcing between the two study years (Figure 10). In par-
ticular, the Icelandic Low deepened from September through December in year 1; accordingly, the monthly
wind in the vicinity of Denmark Strait was stronger from early‐October to December (Figure 10a). In the

Figure 8. (a and b) Eddy density flux [color, 10‐2 kg/m2 s] and (c and d) mean‐to‐eddy baroclinic conversion term [color, 10‐8 m2/s3] for the type1 and type3 con-
figurations of the flow in year 1. (e and f) Eddymomentum flux [color, 10‐2 m2/s2] and (g and h) mean‐to‐eddy barotropic conversion term [color, 10‐8 m2/s3] for the
type1 and type3 configurations of the flow in year 1. The overlain contours are potential density [kg/m3] (a and b) and along‐stream velocity [cm/s] (c‐h).

Figure 9. (a) Two‐year mean wind field (2011–2013) for the months of September to April (color and vectors), overlain by themean SLP (contours, mb). (b) Same as
(a) except for the total turbulent heat flux (color). The dark red line represents the composite 50% sea ice concentration contour for winter months (December
to February). The contours of bathymetry from ETOPO2 are shown in gray. The black box (15°‐23° W, 67°‐70° N) denotes the region used for calculating the
spatially‐averaged time series in Figure 10.
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second year, the strong wind season shifted, starting in late‐November and extending to April. A comparable
change occurred with the monthly turbulent heat flux as well (Figure 10b). In particular, the oceanic heat
loss reached its peak in December of the first year and in the March of second year. This interannual change
in the timing of the strong atmospheric forcing, in light of the shift in phasing of the dominant NIJ

Figure 10. Time series of (a) daily (grey) and 60‐day low‐passed (black) wind speed and (b) turbulent heat flux from
September 2011 to July 2013. The daily values of wind speed and turbulent heat flux are averaged within the boxed
region of Figure 9 before using the low‐pass filter. The horizontal lines on top of the panels indicate the time periods of
mooring deployment in the first year (dark blue) and the second year (light blue), and the appearance of the type 3
configuration (red bars).

Figure 11. Spatial distribution of the lagged correlation between the monthly depth‐mean along‐stream velocity at the KGA4mooring for the NIJ dominant mode,
and the monthly wind speed at each grid point in the domain. The lag is listed above each panel. A positive correlation corresponds to the atmospheric signal
leading the velocity at KGA4. Only regions with P values ≤ 0.05 in the Student's t‐distribution test are shown.
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occurrence between the two years discussed earlier (Figure 6), motivates consideration of possible links
between the two.

To explore this, we correlated the time series of monthly velocity of the NIJ‐dominant mode with the
monthly wind speed and monthly total turbulent heat flux over a broad region centered on Denmark
Strait, from September 2011 to July 2013. The results are shown in Figures 11 and 12. For both fields, there
is a statistically significant region of correlation, passing the Student's t distribution test, with the largest
values north of Iceland corresponding to a +2‐month time lag (there were no correlations for negative time
lags). The sense of the lag is such that the strong atmospheric forcing (i.e., higher winds and larger heat
fluxes) leads the enhanced NIJ signature. We note that the same correlation pattern and lag arises for the
latent heat and sensible heat fluxes individually (Figure 13).

What are the reasons for these correlations? We are unable to identify a causal relationship due to the wind
stress alone, both for the region upstream or downstream of Denmark Strait. Specifically, the sense or the
timing of coastal wave propagation is inconsistent with our observations (e.g., Allen, 1976). Furthermore,
there is no significant correlation with regard to the regional wind stress curl. This implies that the buoyancy
forcing is the primary reason for the correlations found here.

A physical explanation for the observed link between the turbulent heat flux and NIJ variability is provided
by the study of Spall et al. (2017), who investigated the circulation response to an isolated region of dense
water formation near an island. In their model, a region of deep convection was specified on the continental
slope of the island over a relatively small geographical area. The resulting depression in sea surface height
(SSH) excites Kelvin waves that propagate anticyclonically around the island. This in turn establishes a
cyclonic circulation along the slope, which encircles the island due to the SSH gradient (lower height near
the island). The wave response propagates at phase speeds in the range of 2‐15 cm/s.

Figure 12. Same as Figure 11 except for the total turbulent heat flux.

Figure 13. Spatial distribution of the +2‐month lagged correlation betweenmonthly depth‐mean along‐stream velocity at
KGA4 mooring (Sep 2011 to Jul 2013) and (a) monthly latent heat flux and (b) monthly sensible heat flux, with P values
≤ 0.05 in the Student's t‐distribution test.
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Close inspection of Figures 12 and 13 shows that the region of high correlation occurs on the north slope of
Iceland, in the vicinity of the Kolbeinsey Ridge on the south side of the Spar Fracture zone (see Figure 1 for
geographical names). A wave emanating from this location, propagating at the high end of the above range
(15 cm/s), would reach the Kögur mooring array in roughly three months, resulting in the enhanced equa-
torward flow on the continental slope—that is, a stronger NIJ. This is of the correct order to explain the
observed lag of two months (Figure 12).

There are two caveats to consider in this comparison. The first is that, in the model, the convection reaches
the bottom, which is not the case in the observations. However, the response in the model is nearly barotro-
pic (Spall et al., 2017) and should feel the bottom in the case of shallower convection. Furthermore, there

Figure 14. Distributions of late‐winter mixed‐layer properties in the Iceland Sea, from Våge et al. (2015). (a) Potential
density [kg/m3], and (b) depth [m]. The white contours are dynamic height [dynamic cm] of the Iceland Sea Gyre relative
to 500 db. The black lines are isobaths (200, 400, 600, 800, 1000, 1400, and 2000 m).
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would be a sea surface depression regardless of the depth of convection. The second caveat is that there is no
observational evidence to date for such a cyclonic circum‐island flow. However, other factors could readily
prohibit the signature of this, including the presence of Denmark Strait and hydraulic effects, wind forcing,
and the subtropical‐origin circulation in the vicinity of Iceland.

It is important to note we are not linking convection and dense water formation south of the Spar Fracture
zone to the formation of the NIJ, but rather attempting to explain the monthly variability when the NIJ is in
its dominant state. As noted in the introduction, it has been hypothesized that the source waters of the NIJ
stem from the interior Iceland Sea (Våge et al., 2011). The deepest and densest wintertime mixed layers in
the Iceland Sea are found farther to the north, at the outskirts of the Iceland Sea Gyre (Våge et al., 2015; see
Figure 14). The air‐sea forcing is also stronger in that area than near the Spar Fracture zone (Figure 9). It is
thus more likely that the source waters of the NIJ emanate from the northwest Iceland Sea (or farther north).
However, if the mechanism of Spall et al. (2017) is at work, the convection (and depression in SSH resulting
from the convection) influencing the observed NIJ variability needs to take place on the Iceland
continental slope.

Our results imply that there is only a small geographical area on the slope, south of the Spar Fracture Zone,
where the sensitivity between the forcing and response is greatest (Figure 13). A likely reason for this is that
the isobaths of the continental slope undergo a significant northward excursion there due to the Kolbeinsey
Ridge (Figure 1). Våge et al. (2015) investigated the wintertime properties of the mixed layer in the Iceland
Sea; Figure 14 shows their maps of climatological mixed‐layer density and depth. One sees that the region in
question corresponds to the deepest and densest mixed layers found anywhere on the continental slope
north of Iceland. (We note that a winter cruise to the western Iceland Sea in February 2018 measured locally
dense and deep mixed layers in this area.) Together, these results provide a dynamical explanation for the
link found here between the atmospheric forcing and monthly variability of the NIJ.

4. Summary

Two years of mooring data from the Kögur section north of Denmark Strait were analyzed to better under-
stand the structure and variability of the NIJ on the Iceland slope. Using the first year of data (September
2011 to July 2012), during which there were seven moorings deployed across the slope, three characteristic
configurations of the flow were identified: (1) a strong separated EGC on the mid‐Iceland slope and weak
NIJ on the upper Iceland slope (referred to as type1), (2) a merged separated EGC and NIJ (type2), and
(3) a strong NIJ located at its climatological mean position on the Iceland slope (roughly the 650‐m isobath)
and a weak signature of the separated EGC at the base of the Iceland slope (type3). The focus of the study was
on type3, when the NIJ is dominant and advects anomalously dense water in its core.

The above classifications were identified by establishing a clear relationship between the different flow
regimes and the depth‐averaged flow at mooring KGA4 located at the canonical position of the NIJ. Since
only KGA4 was deployed for the second year, this enabled us to parse out the three configurations of flow
for that year as well (August 2012 to July 2013). We found that the NIJ dominant scenario was present during
different times of the year for the two deployments—appearing mainly from September to February the first
year, and from January to July the second year. Furthermore, when type3 was active it varied on short time‐
scales characterized by the occurrence of pulses.

To understand the high‐frequency variability of the NIJ dominant mode, we analyzed the Ertel potential
vorticity and found that the cross‐stream gradient of potential vorticity changes sign with depth, indicating
baroclinic instability of the NIJ. To assess this further, we calculated the mean‐to‐eddy conversion for the
three flow configurations using the first year of data. For type3 this revealed two high baroclinic conversion
regions, one located near the edge of the separated EGC in the upper layer and the other one situated on the
shoreward side of the NIJ at the front between the NIJ and the NIIC. The latter feature is consistent with
recent model results suggesting that the NIJ upstream of Denmark Strait is intimately related to the high‐
frequency variability of dense overflow water at the Denmark Strait sill. Our results suggest that while the
NIJ instability is present for the three flow configurations, it is enhanced for the dominant NIJ case.

To consider the seasonal timing of the NIJ dominant mode, we investigated the relationship between this
state and the upstream atmospheric forcing. The time series of the monthly velocity of the NIJ dominant
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type shows a significant 2‐month lagged correlation with the monthly wind speed and turbulent heat flux in
a localized region on the continental slope north of Iceland, with the atmospheric forcing leading the NIJ
response. This region is south of the Spar Fracture zone, a gap in the Kolbeinsey Ridge, where the isobaths
undergo an excursion to the north. Here the deepest and densest wintertime mixed layers are found along
the continental slope north of Iceland (Våge et al., 2015). A dynamical explanation for the observed correla-
tion lies in the context of Spall et al. (2017), who investigated the circulation response to a patch of dense
water formation on the continental slope of an island. The Kelvin waves excited by the associated SSH
depression set up a cyclonic circulation encircling the island. The timing of this process agrees well with
the observed lagged response seen in our observations. While this can explain the monthly variability of
the NIJ seen in the mooring data, it does not explain the origin of the current, which requires
further investigation.
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