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ABSTRACT

A high-resolution numerical model, together with in-sitadasatellite ob-
servations, are used to explore the nature and dynamics dbiminant high-
frequency (one day to one week) variability in Denmark $tidiooring mea-
surements in the center of the strait reveal that warm wéleoding events”
occur, whereby the North Icelandic Irminger Current (NIi2ppagates off-
shore and advects subtropical-origin water northwardudindhe deepest part
of the sill. Two other types of mesoscale processes in Deki@tait have
been described previously in the literature, known as “bedl and “pulses”,
associated with a raising and lowering of the overflow watégrface. Our
measurements reveal that flooding events occur in conpumetith especially
pronounced pulses. The model indicates that the NIIC hydpigc front is
maintained by a balance between frontogenesis by the laaje #ow and
frontolysis by baroclinic instability. Specifically, therhperature and salinity
tendency equations demonstrate that the eddies act totredaxont, while
the mean flow acts to sharpen it. Furthermore, the model Isetiest the two
dense water processes — boluses and pulses (and hencedlewdnts) — are
dynamically related to each other and tied to the meanderirtge hydro-
graphic front in the strait. Our study thus provides a gdnfeaaework for
interpreting the short timescale variability of Denmarka8tOverflow Water

entering the Irminger Sea.
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1. Introduction

Transformation of surface waters to dense overflow watetsgdt latitudes is a fundamental
component of the Atlantic Meridional Overturning Circudat (AMOC). Strong air-sea buoyancy
forcing in the Nordic Seas converts the warm, subtropicajio water to cold water that returns
equatorward at depth. The newly-ventilated dense watesesjulently flows through gaps in the
Greenland-Scotland ridge, the largest of these overflowsraag in Denmark Strait (transport at
the sill 3.2-3.5 Sv; Harden et al. (2016); Jochumsen et@L{}). As the Denmark Strait Overflow
Water (DSOW) descends the continental slope into the Irerigga its transport nearly doubles
due to entrainment of ambient water, forming the headwaiéithe Deep Western Boundary
Current (Dickson and Brown 1994). ldentifying and diagngsthe dynamical processes that
regulate the overflow in Denmark Strait is thus of key impectto improve our understanding
of the functioning of the AMOC.

It has now been established that there are three pathwayne&dvater flowing into Denmark
Strait: the Shelfbreak East Greenland Current (EGC), tipaus¢ed EGC, and the North Icelandic
Jet (NIJ, see Fig. 1). The first two currents advect mainhawtit-origin overflow water, which
is the relatively warm and salty dense water transformetiwihe rim-current overturning loop
of the Nordic Seas (Mauritzen 1996; Vage et al. 2011). ThmBged EGC is an offshoot of the
shelfbreak EGC that forms near a sharp bend in the bathymetty 69N (Vage et al. 2013).
By contrast, the NIJ advects predominantly Arctic-origuedlow water that was transformed in
the interior of the western Nordic Seas (Vage et al. 2011520 This water is colder, fresher,
and denser than the Atlantic-origin overflow water. As thd Bpproaches the strait it merges
with the Separated EGC (Harden et al. 2016). The other majwewt in Denmark Strait is the

northward-flowing North Icelandic Irminger Current (NII@hich advects subtropical-origin wa-
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ter into the Iceland Sea (Fig. 1). It is believed that the N&i@ NIJ constitute the inflow and
outflow, respectively, of a local overturning loop in theltoed Sea (Vage et al. 2011; Pickart et al.
2017).

The transport of DSOW (the sum of the branches in Fig. 1) show$ng-term trend and
displays little seasonality (Jochumsen et al. 2012, 201 Has been argued that hydraulic control
takes place in the strait, which helps set the mean trang§pthitehead et al. 1974; Whitehead
1989; Kase et al. 2003; Nikolopoulos et al. 2003). Whiteh@®89) used shipboard hydrographic
data to evaluate the hydraulically-derived volume flux, ehgave a transport of 3.9 Sy, in line
with the recent mooring estimates noted above. In contoastd steady nature of the overflow
over seasons and years, the flow at the sill is found to vaopgly on short timesecales of order 2—
5 days (Aagaard and Malmberg 1978; Ross 1978; Macrander2Q@I'; Jochumsen et al. 2017).
Earlier studies attributed these high-frequency flucturtito baroclinic instability (Smith 1976),
and fluctuations of a southward-flowing surface current endtnait (Fristedt et al. 1999).

Recent analyses of multiple years of hydrographic and wgldata in Denmark Strait have shed
further light on the nature of the short timescale vari&pi#it the sill. Two different mesoscale
processes have been described, which are referred to badnsepulses. The former (which
was first identified decades earlier; Cooper, 1955) corredpdo the passage of a thick lens of
cold, dense overflow water. Using a collection of over 10Qupedions of the Latrabjarg transect
across the Denmark Strait sill over a 23-year period (seelFigr the location of the transect),
Mastropole et al. (2017) found that boluses were presenfiéfhdf the sections. The features are
typically found on the western flank of the strait. Using 6ngeaf mooring data, von Appen et al.
(2017) found that boluses are associated with cyclonicaitial circulation in the water above the

overflow layer as they pass through the strait, although doayot appear to be isolated, coherent
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eddies. The overflow transport is enhanced when a bolus goesainly due to the raising of the
interface between the dense water and the ambient fluid above

The second dominant mesoscale feature found in Denmarik iStraferred to as a pulse (these
have only recently been identified, von Appen et al. (201 ontrast to boluses, pulses corre-
spond to a thinning and acceleration of the overflow layertifeumore, von Appen et al. (2017)
determined that they are associated with an anti-cyclanim@thal flow in the water above the
overflow layer. Using the same set of shipboard sections@regdlby Mastropole et al. (2017), it
was demonstrated that the passage of a pulse is coincidind wiestward migration of the NIIC
hydrographic front throughout the water column. von Appeale(2017) speculated that there
might be a dynamical connection between the deep pulsesieédeater and the variability of the
NIIC. As with boluses, the transport of overflow water is emted when a pulse occurs, except
in this case it is due to the large increase in equatorwarmktitglof the DSOW which more than
compensates the thinning of the layer. Based on the conidimnat shipboard and mooring data,
von Appen et al. (2017) concluded that either a bolus or ppgsses through Denmark Strait on
average every 2 days, which is of the correct timescale towuatdor the dominant high-frequency
variability noted by the many previous studies.

Numerical simulations have also been used to investigatertlergetic fluctuations in Denmark
Strait. Kase et al. (2003) ran a model with an upstream veseof dense water (i.e. a “dam
break” problem) to investigate the resulting flow througé $trait. Eddies were generated along
the path of the dense water which had similar charactesistidoluses. Spall and Price (1998)
found that an outflow of dense and intermediate waters thrtugstrait produced strong cyclones
that were in general agreement with observations. The nraiardbf the explosive cyclogenesis
was stretching of the intermediate layer above the overflater Almansi et al. (2017) analyzed

a high-resolution general circulation model with reatigfeometry and atmospheric forcing. The
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variability in Denmark Strait was found to be quite similarthat seen in the observations of
Mastropole et al. (2017) and von Appen et al. (2017). In paldr, both boluses and pulses
were present in the model with similar characteristics amé-{space scales. Consistent with the
data, the boluses were cyclonic and the pulses were arlorggcand both features resulted in an
increase in equatorward transport of overflow water. Almanhsl. (2017) also determined that

sea surface height anomalies were centered upstream dfi tivben boluses and pulses crossed
the strait, which is consistent with baroclinic instalililt still remains to be determined, however,

what the precise dynamics are of both types of features,faheyi are related to each other.

In the present study we further investigate the nature ohtgk-frequency variability in Den-
mark Strait using a combination of in-situ and satellitead@igether with a high-resolution nu-
merical model (the same model employed by Almansi et al. {PO1First, we describe another
mesoscale process that occurs in Denmark Strait which ésreef to as a flooding event. Dur-
ing such an event, warm subtropical-origin water flows neaitd through the deepest part of the
sill, associated with a westward migration of the NIIC. Nading the different data sources, it is
shown that the flooding events are in fact related to the pusly described pulses. The numerical
model is then used to explore the dominant variability indtnait, focusing on the role of the NIIC
front; namely, the occurrence of frontogenesis and inktaldn doing so, we demonstrate that the
three types of DSOW variability — boluses, pulses, and flogp@vents — are tied together within
a single dynamical framework. Our results thus providegihtiegarding the time-dependent flux

of overflow water into the Irminger Sea.
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2. Data and Numerical Model

a. In-situ Data

The primary in-situ data used in the study are from moorind d8ployed in Denmark Strait
at the deepest part of the sill (Fig. 1). The mooring cont@nskRDI 75-KHz upward-facing
Long Ranger acoustic Doppler current profiler (ADCP) sitdedt 648 m, roughly 8 m above the
sea floor. Velocity was recorded every hour in 16-m bins okerdepth range 80-630 m. The
dominant tides were removed using theTIDE sofware package (Pawlocwicz et al. 2002). It has
been documented that in some years the DS1 ADCP underessith& near-bottom velocity due
to interference from side-lobe reflections (Jochumsen.&(dl7). However, this does not affect
the results presented here as we are not concerned with tdiéedestructure of the near-bottom
flow. In particular, the identification and characterizataf the warm water flooding events in
Denmark Strait are not qualitatively influenced by this. Haene was true for the analysis of
boluses and pulses carried out by von Appen et al. (2017)e Werconsider the 10-year time
period from 2005-15 (although there are no data for the ZD@6ployment year). Velocities are
rotated to the along-stream (positive 28Gowards the Irminger Sea) and cross-stream (positive
140°T towards Iceland) directions. The along-stream direci$agictated by the long-term mean
flow vector from DS1 (von Appen et al. 2017). We also use tha ffaim the temperature sensor
on the ADCP, which has a resolution of @Cland accuracy of 0°€. Comparisons with calibrated
MicroCATs indicate that the accuracy of the ADCP thermigton fact better than this (D. Torres,

pers. comm., 2018).
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b. Satellite Data

The along-track absolute dynamic topography (ADT) data urs¢he study were obtained from
Copernicus Marine and Environment Monitoring Service (QWHE http://marine.copernicus.eu/),
which provides the satellite altimetry product formerlgtiibuted by Archiving Validation and
Interpretation of Satellite Data in the Ocean (AVISO). Theasurements were made by the
Jason-1 satellite until October 2008, after which Jasome&ine operational. The along-track
data have a spatial resolution of 12 km, and, since Denmasdit $ near the latitude of the
turning point of the satellite, the temporal resolutionasighly 2 days. We also use the daily
gridded surface geostrophic velocity product from CMEMSalkhmerges the multiple satellite
altimeter measurements and has a horizontal resolution2&f i longitude and latitude. For
sea surface temperature (SST) we employ MODIS Aqua Levelagyary with 9 km resolution
(https://podaac.jpl.nasa.gov/). The time period considédor all datasets is 2006-2015, which

roughly corresponds to the time period of the DS1 mooring dakd here.

c. Numerical model description

The numerical circulation model dataset used here is a@gbtution realistic run of the Mas-
sachusetts Institute of Technology General Circulationl®dMITgcm; Marshall et al. 1997). Itis
publicly available on the Johns Hopkins University Sci®ersystemi{ttp://www.sciserver.
org/integration/oceanography/). The model setup is explained in detail in Almansi et al.
(2017), but is briefly described here. The model was run foedryfrom September 2007 to
August 2008) assuming hydrostatic balance, implementingralinear formulation for the free-
surface, and applying the non-local K-Profile Parametgadrdor vertical mixing. ERA-Interim
(Dee et al. 2011) provides the atmospheric boundary camditised to force the oceanic and sea

ice components every 3 hours. The horizontal resolutionkeidver the region of interest, the
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vertical resolution varies from 1 m at the surface to 15 melalepth of 120 m, and the numer-
ical solutions have been stored every 6 h. This high reswolus appropriate for studies, such as

the present one, focusing on high-frequency mesoscalarésat

d. Model prior validation

The model hydrography and circulation in Denmark Straitehla@en previously compared with
available observations (Almansi et al. 2017). Overall rttuelel does an excellent job of capturing
the major currents and water masses observed in Denmaik 8iraansi et al. (2017) identified
the subtropical-origin (Irminger) water, the recircuthteminger water, and both types of overflow
water (Arctic-origin and Atlantic-origin) in the model. €lcurrents advecting these water masses
to the strait are well captured by the model, and the simdlal®C and DSOW velocities are
similar to the measurements reported by Vage et al. (20Ih¢. properties of the water masses
mentioned above are consistent with the historical CTD daédyzed by Mastropole et al. (2017).
The model does, however, appear to have a small bias in tatperaffecting the density in
the deep part of the water column. Specifically, while thgpysmal structure across the strait is
very similar to that seen in observations, the measuredloweis slightly denser than the model
overflow (the magnitude of density biases does not exceekigni 2, corresponding to a model

warm bias of less tharPC).

3. Warm water flooding events in Denmark Strait

a. Evolution of a composite event using the mooring data

In line with previous studies, we define DSOW as water dertsem 27.8 kg m3 (Dickson
and Brown 1994). In the mean, the dense water is banked ad¢lanwestern side of the trough

separating the Iceland and Greenland shelfbreaks as it floasgh the strait (Fig. 2a). The 27.8
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isopycnal rises 250 m from east to west, and the coldestedesctic-origin overflow water is
found at the bottom of the trough where the DS1 mooring istextaWhen boluses pass by, the
interface can rise to within 200 m of the surface, associatéit the thick lens of Arctic-origin
water (Mastropole et al. 2017). By contrast, the interfamepgns when pulses go by such that the
DSOW layer can be less than 100 m thick (von Appen et al. 2017).

On occasion, much of the trough at Denmark Strait is filledhvwiarm, sub-tropical origin water.
An example is shown in Fig. 2b, where water warmer tha@ dccupies most of the Latrabjarg
section, including the deepest part of the sill. During tiisupation of the line there was only
a small amount of DSOW present. How often does this situatimour? For the collection of
111 shipboard sections considered by Mastropole et al7)281ly a small number of realizations
captured this state (the section shown in Fig. 2b is the nrostqunced example), suggesting that
the condition is not common. To investigate this more defiely we considered 9 years of DS1
mooring data.

Using a graphical user interface (GUI) applied to the mapuata, we identified all of the
instances in which the temperature at the bottom of the trexgeededIC. The majority of them
(>70%) were associated with northward flow through the st@itoccasion the temperature was
warmer than 8C. We refer to this condition as a warm water flooding eveet; when the bottom
temperature is warmer thafi@ and the along-stream flow reverses to the north. Over thea®-y
record there were 151 such events; on average, one per nidmgte is no apparent seasonality or
long term trend to the flooding events (Fig. 3).

The GUI revealed that there was a well-defined, consistaritiBon associated with this pro-
cess. To quantify this we constructed a composite averag# thfe events, aligning each one at
the time of maximum temperature. Fig. 4 shows the resultimgposite timeseries of temperature

and velocity over a-3-day period surrounding the peak temperature, which iséefas time = 0.
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The top panel is bottom temperature, the next two panelsepthedependent along-stream and
cross-stream velocity. The fourth panel is the flow averapen the approximate depth range of
the DSOW layer, and that averaged in the water column abaese(ffhe final panel is discussed
below.)

Prior to the onset of the flooding event, the DSOW is flowing® $outhwest as it does in the
mean (see Fig. 1), and the bottom temperature is colder ti@odresponding to the Arctic-origin
overflow water. Roughly a day before the peak of the eventflthereverses to the northwest,
reaching maximum strength12 hours before the temperature attains its highest valdeG3n
the composite mean). Note that the northwest flow is surifaessified, which suggests that it is
the NIIC. As the temperature falls, the southwest flow of DSBWstablished again. On average

the events last 1.2 days, with the velocity signal leadimgt&émperature signal.

b. Sea surface signature of an event

To shed further light on the nature of the flooding events, nadyzed the along-track ADT of
the sea surface in the vicinity of Denmark Strait from CMEMSH section 2b). There are four
satellite tracks that cross the strait, passing almosttiyrever the DS1 mooring site (Fig. 5).
We considered the portion of the tracks within the rectangl€ig. 5, and computed the surface
geostrophic velocity associated with each crossing (ugiagomponent of velocity in the cross-
track direction). Following this, we constructed compesiof the surface velocity for each day of
the flooding events, coveringg3 day period centered on the peak of the event. The times of the
events were identified from the mooring data.

This calculation reveals that the flooding events are indesdciated with a westward propa-
gation of the NIIC (Fig. 6a). Prior to the event the NIIC is &ed over the outer Iceland slope

and the velocity is equatorward in the trough. As the eveograsses, the NIIC moves across the

11



239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

strait at a rate o~~20 km d™? (indicated by the dashed line in Fig. 6a). At the end of theneve
the surface velocity at the DS1 site becomes equatorwaid,agasistent with the mooring data.
The northward-flowing NIIC is also re-established over teddnd slope.

This sequence is confirmed using independent SST sataliteflcom MODIS. We constructed
the analogous composite of the SST gradient across therstaaithe mooring location (Fig. 6b).
Although the SST signature is more noisy than the ADT sighal NIIC is clearly identifiable as
a maximum in SST gradient, i.e. the hydrographic front ofwaem, salty Irminger water. One
sees that the front propagates westward in conjunctiontiwélsurface velocity signal during the
flooding event at the same rate of 20 kmtdThe extent of the frontal excursion is consistent with
that deduced from the time integral of the depth-mean cstgsm velocity of the upper layer

using the mooring data (roughly 40 km, see Fig. 4e).

c. Relationship of flooding events to pulses

As described by von Appen et al. (2017), the pulses in DenrBaidit are associated with an
increased equatorward flow of DSOW in concert with a changerags-stream velocity from
negative to positive; i.e., prior to the pulse the crossastr flow is towards Greenland, and subse-
guent to the pulse it is towards Iceland, resulting in an-eytionic sense of rotation. Throughout
the event the cross-stream velocity signal is surface &ified. At the same time, the NIIC hydro-
graphic front is displaced westward during a pulse. ThivtedAppen et al. (2017) to hypothesize
that the occurrence of pulses was dynamically related tbéhavior of the NIIC.

In the composite flooding event of Fig. 4, the along-strealmoity in the overflow experiences a
temporary peak roughly one day after the temperature paaddition, the cross-stream velocity

in the water column above the overflow changes sign such phat, to the along-stream peak,

Lt is unclear why the surface signature of the NIIC does npeapto propagate back to the east after the flooding event.
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the upper-layer flow is towards Greenland, while afterwatds towards Iceland. Furthermore,
the overflow interface height decreases during this seguefevents The combination of these
signals is strikingly reminiscent of the pulses describgadn Appen et al. (2017) (see their Fig.
9). Our analysis thus implies that flooding events are infaletted to pulses and do not represent
a different type of mesoscale process in Denmark Strait.

We note that not every flooding event detected by the DS1 mgavas followed by a pulse.
One possible explanation for this is that, for especialiprgg flooding events (associated with
pronounced excursions of the NIIC), the subsequent pulseraed to the west of the mooring
location. This is consistent with the fact that these evergse associated with warmer bottom
temperatures. Nonetheless, the majority of the floodingntsverere followed by a pulse (as is
evident from the composite of Fig. 4). However, the oppomstaot true. The mooring data
indicate that not all pulses are preceded by warm water fhgpiiie deepest part of the trough. In
fact, there are many more pulses than there are floodingeweant Appen et al. (2017) determined
that pulses occur on average every 5.4 days, whereas floedergs take place roughly once a
month (Fig. 3b). The likely explanation for this is that flaogl events measured by the mooring
are simply cases when the NIIC is displaced far enough wedtteaeach the mooring site in the

trough. This is supported by the numerical model resultsgarted below.

4. Frontogenesis

We now focus on the structure of the boundary current systetimei vicinity of Denmark Strait
using the model data. Consider first a meridional sectiobat®2W, north of the Latrabjarg line

(the section is shown in Fig. 7d). The three major currents tiee Iceland slope are evident: the

2When the bottom temperature is above&ahere is no overflow water present, and, consequentlye ibaro interface between the overflow

layer and the water above. This explains the gap in the agerfime series.
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Separated EGC, the NIJ, and the NIIC (Fig. 7a, the former t&arethe process of merging at this
point). The mid-depth maximum in the southwestward flowirig i¥ supported by the change in
slope of the isopycnals around 500 m depth. The northeadtileaving NIIC is strongest near the
bottom, with the vertical shear balanced by the upward slpBopycnals near the surface. The
temperature and salinity sections delineate the diffenexter masses transported by these three
velocity cores (Figs. 7b, ¢). The water in the NIIC is warm aatty, while the overflow water in
the NIJ is colder and slightly fresher. The near-surfacdigoof the Separated EGC transports
a combination of cold and very fresh polar water alongsidariic water. In the upper part of
the water column the density is controlled by salinity, whilear the bottom it is controlled by

temperature.

a. Energetics

The eddy kinetic energy at 50 m depth and at 420 m depth arersimoiaig. 8. Eddies here are
defined as deviations from the time mean fields so includabdity at all frequencies less than 1
year. At both levels local maxima @¥(0.1 n? s~2) are found near and south of the Denmark Strait
sill. This is larger than the estimate by Havik et al. (2027P.02 n? s~2, which was based on
along-track sea surface height satellite measurementgsdhds probably an underestimate due
to limited spatial and temporal resolution of the data. Thpar layer shows a band of enhanced
variability extending to the northeast while the deepeeléy enhanced to the southwest. There
is also enhanced eddy kinetic energy over the shelf west afiaek Strait, which is a distinct
feature and will not be discussed further. The dominaniatity lies along the 600 m isobath
both to the northeast and southwest of Denmark Strait.

The correlation between the high frequency temperaturabitity at 50 m depth and that at

420 m depth is shown in Fig. 9. The time series of temperatueaeh grid point has been high
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pass filtered for periods less than 10 days to highlight thiicad coherence of the mesoscale
variability and filter out seasonal and lower frequency iaflces. The correlation was computed
at zero time lag; positive and negative time lags betweeslialiow and deep time series produce
lower correlations. There is a band of high correlation éexting 0.8) extending from Denmark
Strait to the southwest. This is the signal of the strongaryes that are known to be generated due
to the descending overflow of dense water south of the sBaiith 1976; Spall and Price 1998;
Kase et al. 2003). This is also reflected in the eddy kinetergy fields. However, the correlation
northeast of the strait is much lower even though the nedaseikinetic energy there is similar to
that found southwest of the strait.

The energy source of the variability in the vicinity of Dermmk&trait is now diagnosed. Sources
due to internal instabilities are characterized as eitl@opdinic or barotropic, depending on
whether the eddy energy is derived from the mean potenteiggn(BC=baroclinic) or the mean

kinetic energy (BT=barotropic). The energy conversioesatre calculated as

BC = —g/po(¥ U0} + ¥ VOp) BT = —UV/(Ty+ W) (1)
whereu andv are the zonal and meridional velocities, overbars indittedd¢ime averagejy is the
potential density, primes are deviations from the time mgasgravitational acceleration, ad
is a reference density. Mean potential energy is conveaeditly energy by the horizontal eddy
density flux in the direction of the mean isopycnal slope, relyg andy, are the isopycnal slopes
in the zonal and meridional directionBE). Mean kinetic energy is converted to eddy energy by
the eddy momentum flux’v’ across the mean horizontal velocity sheias- vy (BT). Positive
values indicate a transfer of energy from the mean fieldsd@tidy fields.

The baroclinic conversion raC at 420 m depth and 50 m depth are shown in Fig. 10a and b.

At depth there is energy extraction from the mean in a banenehkntg from the sill towards the
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southwest, along the path of the overflow water. At 50 m demhetis also a positive conversion,
although it is more spatially variable and largest from thietewards the northeast, along the
path of the NIIC. Both baroclinic instability and symmetnistability result inBC > 0, but the
conditions for symmetric instability — that Ertel potehwarticity be negative — are not satisfied
outside ofO(10m) thick surface and bottom boundary layers. Hence we at&ithe source of the
variability to baroclinic instability of both the dense aflew waters and the NIIC. The NIJ does
not exhibit significant energy conversion upstream of thegen though there is baroclinic shear
present. The energy conversion terms and vertical cohersmggest that two distinct forms of
variability are present: a coupled mode in and south of tteétsand a surface intensified mode in
the NIIC along the northwest Iceland shelfbreak.

The vertical structure oBC and along-strait velocity at the sill are shown in Figs. 1@dor
the model equivalent of the Latrabjarg transect (red Im€&ig. 10a, b). There are two cores of
energy conversion, one near the bottom and one near thesufifae bottom region is extracting
energy from the sloped isopycnals associated with the wedlkdtified, dense overflow water. The
upper region is extracting energy from the density gradiettveen the lighter southward-flowing
water in the Separated EGC and denser northward-flowingwatke NIIC. The isopycnals are
relatively flat in the middle of the water column and so praviitkle source for energy extraction
there. The barotropic conversion tef8T was also calculated but was found to be generally
much smaller, especially when integrated across the dubezrause there are regions of offsetting
positive and negative eddy momentum fluxes. The Reynoldsss act primarily to shift the

location of the front slightly.
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b. Temperature and salinity balances

The variability associated with the baroclinic conversiemn acts to relax the isopycnal slopes.
In terms of the temperature tendency equation, this cabhsesdarm side of the front to cool and
the cold side of the front to warm. The contribution to thedemcy of temperature and salinity
by the mean and the negative of the eddy advection feanS0 m depth are shown in Fig. 11.
The mean advection is making the northwest side of the froldec and fresher and the southeast
side warmer and saltier. The eddy advection terms genamiligteract the mean flow, making the
northwest side of the front warmer and saltier and the sastrede colder and fresher. Although
there is some spatial variability, this general balanceum all along the frontal region.

A similar balance is found at all depths north of Denmark iStrahis is seen in the vertical
sections of temperature and salinity tendency for the éetrelong 27.78N (Fig. 12). Although
the balance is not exact, to leading order the flow is adialath the mean flow acting to increase
the lateral temperature and salinity gradients and theesdaliting to weaken the front. Note that
the isopycnal slope changes sign with depth. Thereforeharupper ocean the mean advection
of salinity is acting to increase the horizontal densitydggat, while at depth the advection of
temperature is acting to increase the horizontal denségignt.

The mean model SST and surface velocity field in the regiommpassing Denmark Strait
are shown in Fig. 13a. This reveals the convergent mean flawvsiinpports the hydrographic
front: cold, fresh surface waters are advected from thenhard warm, salty surface waters are
advected from the south. The analogous fields derived frans#tellite ADT and SST data are
shown in Fig. 13b. While the model produces a sharper teryrerfiont, likely due to the coarser
resolution and processing of the satellite data, the oveunalace velocity and temperature fields

are very similar between the model and observations. Ittevmarthy that the mean velocity field

3The negative is shown in order to make it easier to compatetivé mean.
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at the surface is broadly distributed across the strag;nbit confined to narrow boundary currents.
Its significant orthogonal relationship with surface dgn&@nd temperature and salinity) gradients
points to the importance of the barotropic component of he.fl

A measure of the influence of the mean flow on the tracer fieldgsven by the strain field,

defined as

€= [(Ux— V)2 + (v +Uy)? Y2, )

where subscripts indicate partial differentiation amd are the mean velocities. As seen in
Fig. 13c, the time-mean model strain is largest along thenBary between waters emanating
from the north and those originating from the sofith.is clear that the mean velocity acts to in-
crease the horizontal gradient of temperature along thiatary (also the gradients of salinity and
density). The strain calculated from the satellite-detivelocity field (Fig. 13d) shows a similar
pattern with a maximum along the temperature front northea®enmark Strait (the magnitude
is smaller, which is expected given the low resolution ofghedded velocity field). Interestingly,
calculation of the strain over the Faroe-Bank overflow regioes not show a similar enhance-
ment; this appears to be unique to the Denmark Strait. THikdly because Denmark Strait lies
on the western boundary of the Nordic Seas and is thus thédaoaf southward flowing, low
salinity waters, and the topographic configuration stdexsibrthward and southward flowing wa-
ters through the narrow strait. These waters were identifged key driver of the cyclogenesis
south of Denmark Strait by Spall and Price (1998).

Eddy fluxes play a leading role in the temperature, salirityd density budgets by acting to
adiabatically balance the mean flow. This is important beeaif the eddy field is not suffi-

ciently resolved, the mean flow will collapse the gradientsuch small scales that parameter-

4There is also very large strain over the Djupall Canyon néaf6l, 24°W, perhaps also weakly present in the satellite data.
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ized or numerical lateral mixing will become important (83897; McWilliams and Molemaker
2011). Such subgridscale mixing often artificially intreads diapycnal mixing, modifying the

water masses and the resulting transports of heat and salt.

c. Relation to overflow water variability

Returning to the short timescale variations of the DSOW, veereow in a better position to
understand the underlying cause of these fluctuations datk e boluses and pulses to each
other (it has already been demonstrated that flooding eaeatsxtreme versions of pulses). The
model has revealed that the NIIC is baroclinically unstaBaenanifestation of this is the mean-
dering of the hydrographic front (akin to the Gulf Streamthawall). When flooding events are
present, meanders of the NIIC projected onto the nearlylzatallite tracks in Fig. 5 produce a
zonal phase speed of approximately 20 km tb the west, very close to the satellite observations
(see Fig. 6). The meandering results in enhanced eddy &iee&rgy at periods of several days,
consistent with the observed overflow variability measatithe sill.

Using the model fields we composited the SST during periodswMiboding events were present
at the sill and periods when boluses of DSOW were presentatilh Flooding events were de-
fined as times when the temperature at 600 m depth was warareBtiC and boluses were de-
fined as times when the temperature at 400 m depth was coltedliC. While these definitions
differ slightly from those used above for the mooring, thed@lgrovides more information in the
vertical and these choices allow for a clearer identificatd these events. As seen in Fig. 14,
flooding events occur during meander crests (northwestexedrsions of the NIIC front), while
boluses occur during meander troughs (southeastwardsangrof the NIIC front). This is con-
sistent with respect to the observed lateral movement dirtimt during pulses (von Appen et al.

2017) and during flooding events (Fig. 6). (There is no olztemal evidence to date of shore-
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ward excursions of the NIIC during boluses, mainly becadseseasonal bias in the collection of
Latrabjarg transects, see von Appen et al. (2017). Howavéne model of Almansi et al. (2017)
the NIIC moved onshore during bolus events.) The observelbeic versus anti-cyclonic sense
of rotation of the boluses versus pulses is also consisteghttiie meander troughs versus crests
seen in the model composites. These results thus link thelbmonant modes of observed over-
flow variability to a single dynamical process associatetthwhe instability of the hydrographic

front in Denmark Strait.

5. Discussion and Summary

In-situ observations, remotely sensed data, and a regiigiaresolution numerical model have
been used to provide a unifying view of high frequency valitghin the vicinity of Denmark
Strait. The observed flooding of warm, salty northward-flogwvater through the deepest part of
the strait is shown to be associated with a westward shift@NIIC. These flooding events occur
about once per month and appear to be extreme versions ofdhe gommon and previously
described anticyclonic pulses of dense water.

It was also shown that the front separating the northwandifig NIIC from the southward-
flowing Separated EGC / NIJ (which are essentially mergekearstrait) is baroclinically unstable.
There are two dominant regions of energy conversion whithaaftatten the isopycnals: one in
the upper layer and one near the bottom. The large-scale fie®am both the numerical model
and that inferred from sea surface height data are broadiyha@rd-flowing north of the sill and
northward-flowing south of the sill. The water north of thi isi cold and fresh while the water
south of the sill is warm and salty. This provides a confluent that acts to sharpen the horizontal
gradients of temperature and salinity, and to steepen tipyésals throughout the water column.

Over the long-term mean, the tendency of the mean flow to stetlye front is nearly adiabatically
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balanced by the tendency for eddies generated by baroaistizbility to relax the front. Thus we
view the high frequency (one day to one week) variabilityhe vicinity of Denmark Strait to
derive from a baroclinic front maintained locally by thedafscale mean flow. Similar balances
between confluent flows and frontal instability have beeoudised in the context of submesoscale
upper ocean fronts (Spall 1997; McWilliams and Molemaker)0

Our results suggest that the intense growth of cycloneshwsa@st of the sill results at least in
part from the localization of the confluent flow in the vicindf the sill. Once the strong baroclinic
shear that is formed near the sill is free from the frontogjeregfect of the large-scale mean flow,
baroclinic instability can grow unchecked. The growth natékely also enhanced by the large
horizontal gradients in potential vorticity found southtioé sill (Spall and Price 1998). A similar,
but weaker, region of baroclinic conversion is found in thpgper ocean to the northeast of the
sill. There does not appear to be an analogous confluencerfltveivicinity of the Faroe Bank
overflow or the Mediterranean overflow, but there is a singlamfluence with strong fronts and
enhanced eddy variability in Fram Strait (Hattermann e2@1.6).

This highlights the importance of properly representinghbiearoclinic instability and eddy
fluxes on small scales. If a model is unable to represent tkeggrconversion and growth of
eddies and meanders, it will not be able to properly arrestfrtbntogenetic effect of the con-
fluent flow. Eventually the front will sharpen to the point w@umerical mixing balances the
mean flow. This will introduce diapycnal mixing that dilutthe water masses, both those flowing
northward into the Nordic Seas and those flowing southwardiftg the headwaters of the Deep
Western Boundary Current. In addition to producing wates$ea of incorrect density, this mixing
will alter the heat and freshwater transports associatéd the AMOC. This is analogous to the

“Veronis Effect” (Veronis 1975), previously identified asmajor source of error in the meridional
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heat transport in climate models that results from numkdizgycnal mixing in the vicinity of

the Gulf Stream.
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Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.

Schematic circulation showing the three dense water pathteeDenmark Strait (blue lines)
and subtropical inflow from the Irminger Sea (red line). Toesltion of the DS1 mooring is
marked by the star, and the Latrabjarg transect is indidayethe dashed line. The 10-year
mean flow vector from the DS1 mooring, averaged over the depte 400 m—bottom, is
shown (see the key). The gray contours are the isobaths.

(a) The mean vertical section of potential temperatureofcoC) overlain by potential den-
sity (contours, kg m®) at the Latrabjarg line across Denmark Strait from Masitegt al.
(2017) (see Fig. 1 for the location of the line). The 27.8 dgn=ontour, delimiting the
DSOW layer, is highlighted by the thick magenta contour. T/&1 mooring is indicated
by the black star. (b) The Latrabjarg section occupied ofddust 2001 which captured
a warm water flooding event in Denmark Strait. The CTD stafiositions are indicated
along the top of the figure.

(a) Average number of warm water flooding events per monthenrbark Strait using all
9 years of DS1 mooring data. The red line indicates the nummbevents per month when
averaged over the year. (b) Number of events per year fror@-2d(the years in which the
deployments lasted a full calendar year). Ce e

Composite warm water flooding event constructed using therimg data. (a) bottom tem-
perature (green curvéC). The value away from the flooding events is indicated by the
black line. (b) Along-stream velocity (nT8). The magenta line denotes the top of the over-
flow water layer; the black line indicates the value of thieiface away from the flooding
events. (c) Cross-stream velocity (mt% (d) Averaged velocity vectors (northwards is up-
ward) from 400 m to the bottom (blue) and 400 m to the surfaed)(r(e) Time integrated
depth-averaged cross-stream velocity for the two layers, @oxy for frontal excursion. A
negative excursion is towards Greenland. The sequendagtioi the composite flooding
event is numbered in the different panels: (1) northwest flomards Greenland; (2) bot-
tom temperature peak; (3) equatorward pulse of overflownvated (4) cross-stream flow
towards Iceland. . e G e

Satellite tracks crossing Denmark Strait near the DS1 mgasite. The ADT data from
the red portions of the tracks (within the dashed blue reg&gmwere used to compute the
surface geostrophic velocity for the composites of Fig. 6a.. .

(a) Composite along-strait surface geostrophic velocitsirdy a flooding event. Blue is
poleward and red is equatorward. Day O corresponds to thie plethe event, defined
using the DS1 mooring data. The dashed black arrow denotewelstward propagation
of the NIIC. The bottom panel shows the cross-strait bathigme&he red dashed line marks
the location of the DS1 mooring. (b) Composite of the crdss#sSST gradient during a
flooding event. The positive gradient associated with tHE€Nlarge blue peak) propagates
westward at the same speed as the surface geostrophictyaligrial in (a), indicated by
the identical dashed black arrow. C e

Meridional section of the mean a) zonal velocity € 1); b) temperatureQ); c) salinity.
The white contours are potential density, contour inte®valkg m 3. d) mean sea surface
temperature. The white contours are bottom topographyt¢comnterval 300 m), and the
red line marks the location of the meridional sections in a-c S

Eddy kinetic energy at a) 50 m and b) 420 m depth §2). Bottom topography is indicated
by the white contours (contour interval 300 m). .
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Fig. 9.

Fig. 10.

Fig. 11.

Fig. 12.

Fig. 13.

Fig. 14.

Correlation between the temperature anomaly at 50 m depthhentemperature anomaly
at 420 m depth. Bottom topography is indicated by the whitgaars (contour interval 300

Baroclinic energy conversion raBC at a) 420 m, b) 50mnf s—3). c) vertical section of
BC along the red line in a and b. d) time-mean velocity normahe sectionrf s™1, zero
contour is black; distance is in km from southeast to norstwgositive is flow towards the
southwest).

Contributions to the temperatui@ ¢ 1) and salinity § 1) tendency equations at 50 m depth
due to a) mean temperature advection; b) negative of the wadgerature advection; c)
mean salinity advection; d) negative of the eddy salinityeadion.

Contributions to the temperature and salinity tendencygqus across the meridional sec-
tion at 25.75W (see Fig. 7d) due to a) mean temperature advection; b)imegdithe eddy
temperature advection; c) mean salinity advection; d) tigaf the eddy salinity advec-
tion. The white contours are for temperature in a) and b)t@arinterval  C) and salinity

in ¢) and d) (contour interval.B). Ce e

a) Mean velocity and SST from the model; b) same as a) catmlilaing the satellite data;
c) mean strain field from the moded () ; d) same as c) using the satellite derived surface
velocity.

Composite averages of SST from the model for (a) periods wilvenling events were

present, and (b) periods when DSOW boluses were presentte\Whintours are bottom
topography (contour interval 300 m). The red asterisk iddbation of the mooring.
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617 FiG. 2. (a) The mean vertical section of potential temperatonto(, °C) overlain by potential density (con-
a0 tours, kg nT3) at the Latrabjarg line across Denmark Strait from Masttepet al. (2017) (see Fig. 1 for the
a0 location of the line). The 27.8 density contour, delimitthg DSOW layer, is highlighted by the thick magenta
e0 contour. The DS1 mooring is indicated by the black star. (t¢ Tatrabjarg section occupied on 11 August
e 2001 which captured a warm water flooding event in DenmaritStfhe CTD station positions are indicated

«2 along the top of the figure.
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623 FiG. 3. (a) Average number of warm water flooding events per monBenmark Strait using all 9 years of
¢« DS1 mooring data. The red line indicates the number of eyaeitsnonth when averaged over the year. (b)

s Number of events per year from 2008-14 (the years in whicld#moyments lasted a full calendar year).
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Fic. 4. Composite warm water flooding event constructed usiegriboring data. (a) bottom temperature
(green curveyC). The value away from the flooding events is indicated byliaek line. (b) Along-stream
velocity (m s'1). The magenta line denotes the top of the overflow water jalyerblack line indicates the value
of this interface away from the flooding events. (c) Croseash velocity (m s?). (d) Averaged velocity vectors
(northwards is upward) from 400 m to the bottom (blue) and A0 the surface (red). (e) Time integrated
depth-averaged cross-stream velocity for the two layers, groxy for frontal excursion. A negative excursion
is towards Greenland. The sequence/timing of the compiiedding event is numbered in the different panels:

(1) northwest flow towards Greenland; (2) bottom tempeeapgak; (3) equatorward pulse of overflow water;

and (4) cross-stream flow towards Iceland.
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635 Fic. 5. Satellite tracks crossing Denmark Strait near the DSarimg site. The ADT data from the red
s portions of the tracks (within the dashed blue rectanglepwised to compute the surface geostrophic velocity

7 for the composites of Fig. 6a.
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63 FiG. 6. (a) Composite along-strait surface geostrophic velatiring a flooding event. Blue is poleward and
e0 redis equatorward. Day O corresponds to the peak of the @&fiied using the DS1 mooring data. The dashed
«0 black arrow denotes the westward propagation of the NII@. Bdttom panel shows the cross-strait bathymetry.
«1 The red dashed line marks the location of the DS1 mooring.C@iophposite of the cross-strait SST gradient
«2 during a flooding event. The positive gradient associatéh thie NIIC (large blue peak) propagates westward

«s at the same speed as the surface geostrophic velocity sig@) indicated by the identical dashed black arrow.
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are bottom topography (contour interval 300 m), and the ire@harks the location of the meridional sections

in a-c.
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648 FiG. 8. Eddy kinetic energy at a) 50 m and b) 420 m depth$ 2). Bottom topography is indicated by the

«s  White contours (contour interval 300 m).
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652 FiG. 10. Baroclinic energy conversion raB€ at a) 420 m, b) 50mni? s~3). c) vertical section of BC along
s the red line in a and b. d) time-mean velocity normal to theéisedm s, zero contour is black; distance is in

¢ Km from southeast to northwest; positive is flow towards thatlswest).
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655 FiG. 11. Contributions to the temperatu@ ¢ 1) and salinity 6 1) tendency equations at 50 m depth due to
s6 @) Mean temperature advection; b) negative of the eddy tertyse advection; ¢) mean salinity advection; d)

e7 Negative of the eddy salinity advection.
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658 Fic. 12. Contributions to the temperature and salinity tengeguations across the meridional section at
o 25.75W (see Fig. 7d) due to a) mean temperature advection; b) imegdtthe eddy temperature advection; c)

0 Mean salinity advection; d) negative of the eddy salinityestion. The white contours are for temperature in a)

1 and b) (contour interval®lC) and salinity in c) and d) (contour interval3).
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662 FiG. 13. a) Mean velocity and SST from the model; b) same as ajleddr] using the satellite data; ¢c) mean

«:  Strain field from the modeb(!) ; d) same as c) using the satellite derived surface velocity
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664 FIG. 14. Composite averages of SST from the model for (a) pexddsn flooding events were present, and
s (b) periods when DSOW boluses were present. White conteetsatom topography (contour interval 300 m).

ss The red asterisk is the location of the mooring.
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