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Abstract

Ocean currents affecting the global climate are sustained by cold and dense

water that sinks in the North Atlantic Ocean. A large portion of this water

overflows through Denmark Strait, the channel located between Greenland

and Iceland. This thesis investigates the physical processes controlling the

variability of the circulation in the vicinity of Denmark Strait. As direct

measurements are not sufficient to unravel most of these processes, we develop

a realistic general circulation model covering the East Greenland shelf and

adjacent deep ocean. The model hydrography and circulation agree well with

available observations. We find that the yearly mean southward volume flux

of dense water is about 30% greater in the presence of mesoscale features

known as boluses and pulses. We establish the causal relationship between

these features and overflow cyclones observed further south. Most of the

cyclones form at the Denmark Strait sill during overflow surges and grow

as they move equatorward. A fraction of the cyclones form south of the

sill, when anticyclonic vortices formed during high-transport events start

collapsing. Finally, the model reveals that the eddy activity north of Denmark

Strait regulates the bifurcation of the southward current along the eastern

coast of Greenland and the offshore transport of fresh water at the surface.
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Chapter 1

Introduction

Denmark Strait is an ocean channel located between Greenland and Iceland

(red pin in Figure 1.1). Although it has a sill depth of just about 650 meters

and is only approximately 300 kilometers wide, it plays a key role in the global

climate system. Its global importance is primarily due to the Denmark Strait

Overflow (DSO), a bottom-trapped current transporting dense water from

the Nordic Seas to the subpolar North Atlantic. This overflow is the largest

waterfall on Earth (Figure 1.1). After crossing Denmark Strait, the Denmark

Strait Overflow Water (DSOW) is colder and denser than the surrounding

water and sinks into the deep Irminger Basin. This sinking water is one of

the drivers of the thermohaline circulation, a critical system of ocean currents

redistributing water and heat on a global scale. Knowing the mechanisms

associated with the circulation in Denmark Strait is of key importance for

understanding and predicting Earth’s climate. Additionally, Denmark Strait

is a critical gateway for strategic, political, and economic reasons (“The GIUK

Gap’s strategic significance” 2019). For example, the hydrography and circu-

lation in the strait affect the marine ecosystem (Astthorsson et al., 2007), and

1



Figure 1.1: Schematic along-strait vertical section showing the Denmark Strait Over-
flow (DSO) and sill. The viewer is looking from east (Iceland) to west (Greenland). The
red pin on the map indicates Denmark Strait. Source: National Ocean Service website,
https://oceanservice.noaa.gov/facts/largest-waterfall.html, accessed on Jan-
uary 8, 2020.
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therefore the coastal communities relying on fisheries (Hamilton et al., 2004).

Large freshwater anomalies (i.e., freshening) have been recently observed

in the Arctic Ocean (Haine et al., 2015). However, the current/future global

impacts of these changes are hard to assess/predict because the knowledge

of the mechanisms controlling the circulation in the subpolar North Atlantic

is limited. The numerous open questions about the DSO dynamics motivate

this thesis. As direct measurements are not sufficient to unravel most of

the underlying physical processes, available observations must be integrated

with numerical models. The main goal of this thesis is therefore to design a

high-resolution, realistic general circulation model and use it to advance the

understanding of the circulation in Denmark Strait.

1.1 Global relevance of the Denmark Strait Over-
flow Water

The North Atlantic Deep Water (NADW) is the major input of dense water

sustaining the Atlantic Meridional Overturning Circulation (AMOC), which

refers to the thermohaline circulation in the Atlantic Ocean (Figure 1.2). This

dense water is the result of convective and mixing processes occurring in the

Arctic Ocean and the Nordic Seas (the Arctic Mediterranean Sea; Aagaard et

al., 1985). The AMOC is governed by both wind-driven and buoyancy-driven

processes (Kuhlbrodt et al., 2007). The former process causes water masses

to rise from the bottom of the ocean to the surface (upwelling), whereas the

latter causes dense water formed at the surface to sink into the deep ocean

(downwelling). The loop is closed by surface currents transporting relatively
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Figure 1.2: A simplified schematic of the Atlantic Meridional Overturning Circulation
(AMOC). Warm water flows north in the upper ocean (red), gives up heat to the
atmosphere (atmospheric flow gaining heat represented by changing color of broad
arrows), sinks, and returns as a deep cold flow (blue). Source: Srokosz and Bryden,
2015.
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light water towards the pole and deep currents transporting dense water

towards the equator. These currents have a large impact on Earth’s climate.

For example, the heat transported northward by the warm currents in the

North Atlantic is one of the mechanisms responsible for the mild climate of

northwestern Europe (Saenko, 2009).

The hydrographic properties of the NADW are of critical importance

because they determine the AMOC response to the ongoing climate change.

Four main water masses contribute to the NADW (Dickson and Brown, 1994):

(i) the Labrador Sea Water; (ii) the water overflowing on the eastern side of

Iceland through the Faroe Bank Channel; (iii) the water overflowing through

Denmark Strait; (iv) the Lower North Atlantic Deep Water (LNADW). The

latter forms from a portion of Antarctic Bottom Water (AABW) which crosses

the equator and gradually warms, mixes, and shoals. A major role is played

by the DSOW, as it is the coldest and densest contributor to the NADW (Swift

et al., 1980). Before entering the global thermohaline circulation, the DSOW is

modified by several local processes taking place in the Nordic and Irminger

Seas, such as air-sea interaction, mixing, and entrainment. The DSOW is the

most sensitive outflow to environmental changes induced at the sea surface

(Swift, 1984; Livingston et al., 1985) and it quickly transfers atmospheric

signals to the deep ocean Strass et al., 1993.

1.2 Local circulation in Denmark Strait

Through the years, many studies have been designed to better understand the

origins, pathways, and residence times of the dense water entering the global
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thermohaline circulation through Denmark Strait. The DSOW is commonly

defined as a mixture of different water masses with a resulting potential

density anomaly of more than 27.8 kg m−3 (σθ = ρ − 1000 kg m−3; Dickson

and Brown, 1994). In the deepest part of the Denmark Strait trough, the

overflow is almost completely composed of dense Arctic-origin water, while

less dense Atlantic-origin water and polar surface water contribute to the

remainder of the overflow layer (Mastropole et al., 2017).

The DSO volume flux (transport) is estimated to be 3.2 ± 1.5 Sv close to the

sill (1 Sv≡ 106 m3 s−1; Jochumsen et al., 2017), and increases by entrainment

as the DSO moves southward. The DSOW accounts for approximately half

of the overflow water export from the Nordic Seas to the subpolar North

Atlantic (Dickson and Brown, 1994; Hansen et al., 2016; Jochumsen et al., 2017;

Østerhus et al., 2019). Two major currents contribute to the DSO transport at

the sill (Figure 1.3): (i) the East Greenland Current (EGC) system; (ii) the North

Icelandic Jet (NIJ). The former involves two separate branches (Våge et al.,

2013): (i) the shelfbreak EGC; (ii) the separated EGC. The shelfbreak EGC

(Strass et al., 1993) originates north of Fram Strait and continues southward

along the East Greenland shelf toward the southern tip of Greenland. Then, it

bifurcates at the northern end of Blosseville basin forming the separated EGC

(Våge et al., 2013), which flows southward along the base of the Iceland slope.

The entire EGC system contributes about two thirds of the DSO transport at

the sill (Harden et al., 2016). The remaining third of DSOW is transported

primarily by the NIJ (Jonsson and Valdimarsson, 2004; Semper et al., 2019), a

recently discovered current that flows towards Denmark Strait along the north
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Figure 1.3: Schematic circulation in the region of the Blosseville Basin, upstream of
the Denmark Strait sill, as proposed by Våge et al., 2011 and Våge et al., 2013. Shown
in blue are the three proposed pathways of overflow water to the sill: the shelfbreak
East Greenland Current (EGC), separated EGC, and North Icelandic Jet (NIJ). The
overturning cell proposed by Våge et al., 2011 is also shown. The locations of the
moorings in the Kögur array are indicated by the black dots. Source: Harden et al.,
2016
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side of Iceland. The separated EGC and the NIJ partly merge near the Kögur

transect and the combined flow follows the deep part of the Iceland slope.

Other contributors to the DSOW are the poleward flowing North Icelandic

Irminger Current (NIIC), and a pathway identified south of Iceland along the

Iceland shelf (Saberi et al., 2020). The latter is highly variable and supplied

about one fourth of the DSOW in winter 2008, which had a relatively high

North Atlantic Oscillation (NAO) index.

1.3 Dynamics associated with the Denmark Strait
Overflow

The main physical processes associated with the DSO are shown in Figure 1.4.

Due to the geometry of Denmark Strait, rotating hydraulics theory has been

often applied to understand the overflow transport dynamics at the sill (e.g.,

Whitehead, 1998; Käse and Oschlies, 2000; Girton et al., 2001; Helfrich and

Pratt, 2003; Käse et al., 2003; Nikolopoulos et al., 2003; Kösters et al., 2005;

Macrander et al., 2005; Wilkenskjeld and Quadfasel, 2005; Köhl et al., 2007).

In these studies, the DSO is treated as a topographically restricted and hy-

draulically controlled flow, and the volume flux is believed to be modulated

by the height of the dense water above the sill level and the density differ-

ence between the upstream and downstream water. Downstream of the sill,

the DSO is bottom-trapped, entrains a large amount of ambient water, and

accelerates (Jungclaus et al., 2001). The strong entrainment is the result of

shear instability at the interface of the overflow, which is generated by the

velocity difference between the fast DSO and the slow intermediate layer in
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Figure 1.4: Schematic of the physical processes acting in overflows. Source: Legg
et al., 2009.
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contact with the overflow. Due to geostrophic constraints (balance between

pressure gradient and Coriolis forces), the DSO tends to follow topographic

contours (Legg et al., 2009). However, as the DSO is able to move downslope,

these constraints are often broken either in the bottom Ekman layer or through

baroclinic instability (Cenedese et al., 2004). As the DSO descend into the

Irminger Basin, it eventually becomes neutrally buoyant. At this stage, the

DSOW spreading into the ocean interior is enhanced by eddies resulting from

baroclinic instability (Legg et al., 2006).

1.4 Data accessibility: OceanSpy

Simulations of ocean currents using numerical circulation models are becom-

ing increasingly realistic. At the same time, these models generate increasingly

large volumes of model output data. These trends make analysis of the model

data harder for two reasons. First, researchers must use high-performance

data-analysis clusters to access these large data sets. Second, they must post-

process the data to extract oceanographically-useful information. Moreover,

the increasing model realism encourages researchers to compare simulations

to observations of the natural ocean. To achieve this task model data must

be analyzed in the way observational oceanographers analyze field measure-

ments; and, ideally, by the observational oceanographers themselves.

In order to address these needs we developed OceanSpy, an open-source

and user-friendly Python package that enables scientists and interested ama-

teurs to analyze and visualize oceanographic data sets. OceanSpy is published

by the Journal of Open Source Software (Almansi et al., 2019). It can be
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used as a standalone package for analysis of any general circulation model

output, or it can be run on a remote data-analysis cluster, such as the Johns

Hopkins University SciServer system (Medvedev et al., 2016). All of the data

sets produced for this thesis are available on SciServer, and can be analyzed

through OceanSpy to compare with oceanographic observations, and/or por-

tray the kinematic and dynamic space-time properties of the circulation (see

https://oceanspy.readthedocs.io).

1.5 Outline

We present the year-long, realistic, high-resolution ocean general circulation

model designed for this thesis in Chapter 2. In this chapter, we use the model

to study the high-frequency variability of the DSO at the sill. We aim to answer

the following questions:

• How do the overall hydrography and circulation in the model compare

with available observations in Denmark Strait?

• Is the observed high-frequency variability of the DSO well captured by

the model?

• How do the hydrography and circulation in Denmark Strait change

when overflow surges propagate through the region?

In Chapter 3, we use the model solutions to fill the gaps in the sparse

measurements along the DSO path. We aim to better understand the nature of

the DSO variability. The ultimate goal of this chapter is threefold:
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• To further quantify the characteristics of the high frequency DSO fluctu-

ations.

• To explore the dynamics associated with conservation of potential vor-

ticity and stretching of the water column as the overflow descends from

the sill.

• To characterize the life cycle of the so-called DSO cyclones as they

progress into the Irminger Basin.

In Chapter 4, we use the model to support and extend an observational

analysis focused on the Atlantic-origin Water in the EGC system. We aim to

answer the following questions:

• Is there a relationship between the kinematics of the simulated EGC

system and the processes altering the Atlantic-origin Water?

• Which dynamics control the variability of the EGC system and the

bifurcation of the shelfbreak EGC?

• How does the separation of the EGC affect the properties of the DSOW

entering the subpolar North Atlantic?

Finally, we summarize the major findings of this thesis and we provide a

plan for future investigations in Chapter 5.
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Chapter 2

Mesoscale anomalies associated
with overflow surges at the sill

We present a year-long, realistic, high-resolution ocean general circulation

model covering the East Greenland shelf, and the Iceland and Irminger Seas.

The model is used to advance the understanding of the short-term variability

of the Denmark Strait Overflow (DSO). First, we compare the numerical

solutions to available observations. Then, we use the model to study DSO

high-transport events occurring frequently at the sill. The hydrography and

circulation in our model show good agreement with measurements taken

in the vicinity of Denmark Strait. The numerical simulation indicates that

mesoscale anomalies play a major role in controlling the amount of overflow

water entering the Irminger Basin and its properties.

This chapter is published by the Journal of Physical Oceanography (Almansi

et al., 2017).
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2.1 Introduction

Studies on the DSO transport (volume flux) have found no long-term trends

(Jochumsen et al., 2012; Jochumsen et al., 2017). Although the annual mean

transport of the DSO is steady, observations and numerical models show a

pronounced high-frequency variability (from one day to one week at the sill;

Ross, 1984; Macrander et al., 2007; Haine, 2010; von Appen et al., 2017). Using

a large number of historical hydrographic sections occupied across Denmark

Strait, together with 5 years of mooring data, Mastropole et al., 2017 and

von Appen et al., 2017 described two dominant mesoscale features called

“boluses” and “pulses”. Both of these features are associated with overflow

surges at the sill.

The term bolus was first introduced by Cooper, 1955 and refers to a large

lens of cold and weakly stratified overflow water that crosses Denmark Strait.

The first direct attempt to observe the features described by Cooper, 1955 was

carried out by Harvey, 1961. Mastropole et al., 2017 found that this features

are very common and von Appen et al., 2017 found that they are associated

with veering of the horizontal current: first toward Iceland, then toward the

Irminger Sea, and finally toward Greenland. Numerous other observational

and numerical data sets show the existence of these intermittent mesoscale

features (e.g., Spall and Price, 1998; Rudels et al., 1999; Girton and Sanford,

2003; Käse et al., 2003; Haine, 2010; Magaldi et al., 2011; Koszalka et al., 2013;

Koszalka et al., 2017). However, the mechanisms controlling their formation

are still not understood.

The term pulse was introduced more recently by Bruce, 1995 to describe
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an intermittent increase in bottom velocity in Denmark Strait. von Appen

et al., 2017 demonstrated that these features propagate through the strait

approximately every 5 days. Pulses are associated with backing of the hor-

izontal current: first toward Greenland, then toward the Irminger Sea, and

finally toward Iceland. The dynamics associated with pulses are also still

unexplained.

The high temporal (6 h) and spatial (horizontal: 2-4 km; vertical: 1-15 m)

resolutions of our realistic general circulation model allow us to investigate

in detail the high-frequency DSO variability. This has not been possible in

past models that are not able to properly resolve boluses and pulses. For

example, the horizontal resolution used by Logemann et al., 2013 is about

7 km in Denmark Strait, whereas the vertical resolution used by Behrens et al.,

2017 decreases from 6 m at the surface to 250 m at the bottom.

In this chapter we aim to answer the following questions: (i) How do the

overall hydrography and circulation in our model compare with available ob-

servations in Denmark Strait? (ii) Is the observed high-frequency variability of

the DSO well captured by the model? (iii) How do the hydrography and circu-

lation in Denmark Strait change when boluses and pulses propagate through

the region? The chapter is organized as follows: In Section 2.2, we present the

high-resolution realistic simulation and we compare the model hydrography

and circulation in Denmark Strait with previous observational results. We

also describe the objective method designed to identify mesoscale features

in the model. In Section 2.3 we provide significant statistics of boluses and

pulses. We show their time evolution and we describe the spatial distribution

15



Figure 2.1: (a) Plan view of the numerical domain superimposed on seafloor
bathymetry. Red lines bound the 2-km resolution area. The Látrabjarg Line (LL)
is drawn in magenta. (b) Schematic of the currents flowing in the 2-km resolution
area highlighted in (a). Red (blue) stands for warm (cold) currents. Acronyms: East
Greenland Current (EGC); North Icelandic Jet (NIJ); North Icelandic Irminger Current
(NIIC); Irminger Current (IC)

of the anomalies associated with these features. We summarize our findings

and discuss the physical processes that may be involved in Section 2.4.

2.2 Materials and methods

2.2.1 Numerical setup

We set up a yearlong, high-resolution, realistic general circulation model cen-

tered on Denmark Strait (Figure 2.1a). The dynamics are simulated using

the Massachusetts Institute of Technology General Circulation Model (MIT-

gcm; Marshall et al., 1997). The model solves the hydrostatic Navier-Stokes

equations under Boussinesq approximation for an incompressible fluid with

a nonlinear free surface (Campin et al., 2004). The realistic but simplified

equation of state formula (Jackett and Mcdougall, 1995) and the K-profile
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parameterization (KPP; Large et al., 1994) are implemented.

The model domain covers a larger area compared to previous similar

setups (e.g., Haine et al., 2009; Magaldi et al., 2011; Koszalka et al., 2013;

von Appen et al., 2014a; Gelderloos et al., 2017). It includes the entire Iceland

Sea to the north as well as the southern tip of Greenland (Cape Farewell;

2.1a). The numerical domain is discretized with an unevenly spaced grid of

960×880 points. The resolution is about 2 km over the center of the domain

and decreases moving toward the edges (the lowest resolution is about 4 km

in the peripheral area). The vertical domain is discretized by 216 levels. The

vertical grid uses partial bottom cells and the rescaled height coordinates z∗

(Adcroft et al., 2004). The vertical resolution linearly increases from 1 to 15 m

in the upper 120 m and is 15 m thereafter. The bathymetry is obtained from the

30 arc-s International Bathymetric Chart of the Arctic Ocean (IBCAO version

3.0; Jakobsson et al., 2012) north of 64°N and from Smith and Sandwell, 1997

elsewhere. Furthermore, the bathymetry is adjusted using depth data derived

from deep-diving seals (Sutherland et al., 2013).

After an 8-month spinup started in January 2007, we have run the model

storing the numerical solutions every six hours for twelve months (from

September 2007 to August 2008). The time period matches a mooring array

deployed on the East Greenland shelf and slope about 300 km downstream

of Denmark Strait (von Appen et al., 2014b). The model initial conditions

are obtained from the global 1/12° reanalysis HYbrid Coordinate Ocean
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Model+Navy Coupled Ocean Data Assimilation (HYCOM+NCODA; Cum-

mings and Smedstad, 2013) and the monthly reanalysis Towards an Oper-

ational Prediction System for the North Atlantic European Coastal Zones,

version 4 (TOPAZv4; Sakov et al., 2012). HYCOM+NCODA is also used to

nudge the hydrographic and velocity fields at the four open boundaries. Sea

surface temperature is relaxed with daily timescale to the Operational Sea

Surface Temperature and Sea Ice Analysis global product (OSTIA; Donlon

et al., 2012). Surface atmospheric forcings (air temperature, specific humidity,

wind speed, evaporation, precipitation, and radiation) are based on the global

atmospheric reanalysis ECMWF Re-Analysis (ERA-Interim Dee et al., 2011).

The oceanic component is coupled with the MITgcm sea ice model (Losch

et al., 2010). TOPAZv4 is used to nudge the snow thickness and sea ice area,

thickness, salinity, and velocities at the boundaries. The nudging timescale

is one day at each boundary and linearly increases toward the interior to

reach a maximum value of ten days at twenty grid points from the boundary.

The freshwater forcing is significantly improved with respect to previous

similar configurations. Surface runoff is estimated from a data set of daily,

1-km resolution Greenland Ice Sheet surface mass balance (Noël et al., 2016).

Solid ice discharge is estimated from a combination of climate modeling plus

satellite and terrestrial data (Bamber et al., 2012). Freshwater is distributed

over the oceanic grid cells adjacent to Greenland (a similar approach has been

used by Bakker et al., 2012).
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2.2.2 Validation

We compare the model output in Denmark Strait with conductivity-temperature-

depth (CTD) data from 111 shipboard transects occupied between March 1990

and August 2012 (Mastropole et al., 2017). Most of the data have been collected

by the Marine Freshwater Institute of Reykjavik as part of their quarterly sur-

vey. Therefore, there is a good coverage throughout the different seasons.

We use the data set processed by Mastropole et al., 2017: Each station has

been projected onto the Látrabjarg Line (LL) (66.9°N, 29.8°W; 65.5°N, 24.6°W;

Figure 2.1a), interpolated in depth space in the upper layer, and interpolated

in density space in the lower layer. The observational mean hydrographic

sections are reproduced in Figures 2.2a, 2.2c, and 2.2e. We process the model

output using the same procedure applied to the observational data. Specif-

ically, we extract the model fields at the grid points corresponding to the

location of the observational stations. Then, we construct the vertical sections

by projecting and interpolating the numerical data using the hybrid inter-

polator described above. The observational data have been sampled over

a ∼20-year period, whereas the numerical simulation only covers one year.

Therefore, to match the seasonal distribution of the observations, we subsam-

ple the model at the same relative yearday corresponding to the stations. The

mean hydrographic sections obtained from the model output are shown in

Figures 2.2b, 2.2d, and 2.2f.

Overall, the agreement between the model and the observations is excel-

lent. The model captures all of the major water masses in Denmark Strait: the

warm and salty subtropical-origin Irminger Water on the Iceland shelf; the
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Figure 2.2: Time-mean vertical sections obtained from (left) observations (Mastropole
et al., 2017) and (right) model outputs: (a, b) potential temperature; (c, d) salinity; (e,
f) Brunt-Väisälä frequency. Grey contours represent the potential density anomaly in
kg m−3. The DSO interface is highlighted in magenta.
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cold and fresh Arctic-origin Water extending from the western boundary into

the strait; the relatively warm recirculated Irminger Water on the Greenland

shelf; and the cold and dense overflow water in the trough. In addition, the

model isopycnal structure across the strait is very similar to that seen in the

observations. We also compare the spatial distribution of the simulated Brunt-

Väisälä frequency (Figure 2.2f) with observations (Figure 2.2e). In both data

sets, the overflow water and the deep portion of the Irminger Water on the

Iceland shelf are weakly stratified. Quantitatively, there are some differences

between the model fields and the observations. The Arctic-origin Water on the

East Greenland shelf in the model is colder and fresher, whereas the model

overflow is warmer by about 1°C in the deepest part of the trough. Because

of this, the measured overflow interface (27.8 kg m−3 isopycnal) corresponds

approximately to the 27.7 kg m−3 isopycnal in the model (contours in Fig-

ure 2.2). These biases could be due to both interannual variability and model

errors. Indeed, Macrander et al., 2005 and Jochumsen et al., 2012 found warm

overflow events in the 2000s. The overflow temperatures measured in this

period were warmer by about 0.5°C than the average temperature.

Mastropole et al., 2017 described two fronts in their mean hydrographic

sections (Figures 2.2a and 2.2c). Both of these fronts exist in our model and

are located in roughly the same area as the observations (Figure 2.1): (i) One

front is located in the center of the strait and corresponds to the separated East

Greenland Current (EGC). (ii) The second front is located near the Greenland

shelfbreak and corresponds to the shelfbreak EGC. The fronts are particularly

evident in the model temperature section (Figure 2.2b), which shows that
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the coldest water in the upper layer is located west of the East Greenland

shelfbreak, whereas the warmest water is confined to the Iceland shelf.

Hereafter, we estimate the Denmark Strait properties by fully sampling the

model at the grid points along the LL. We find that the mean annual properties

of the sections constructed using a 6-h regular sampling are consistent with

the sections obtained using the uneven sampling described above (Figure 2.3).

This is especially true on the Iceland shelf, where the majority of the mea-

surements have been taken (Figure 2.3a). With a mean absolute anomaly of

approximately 1°C, temperature is the most biased field (Figure 2.3b). Regu-

larly sampled temperatures are colder on the Greenland shelf by about 2°C

and the eastern flank of the trough is slightly warmer. By contrast, biases in

salinity and density are generally small and very localized (Figures 2.3c and

2.3d). The regular sampling produces slightly fresher and lighter water in

the westernmost area of the strait, whereas we find denser and saltier water

in the upper 100 m in the center of the strait. Biases on the western side of

Denmark Strait are mainly due to the dearth of measurements, whereas biases

in the center of the strait are mainly due to the uneven temporal distribution

of the observations. For example, fall is the season with the largest number

of samples (about 33% of the transects). Figure 2.3d shows that the uneven

sampling in Mastropole et al., 2017 produces densities in the deepest part

of the trough and below ∼200 m on the Greenland shelf that are consistent

with the regular sampling. Therefore, the isopycnal contours in Figure 2.2

accurately represent the yearly mean densities in the strait.

Using data from a shipboard survey carried out in October 2008, Våge
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Figure 2.3: (a) Data coverage of the vertical sections. Anomalies of (b) potential
temperature, (c) salinity, and (d) potential density for the regular minus the uneven
sampling.
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et al., 2011 computed the absolute geostrophic velocity normal to the LL (Fig-

ure 2.4a). This synoptic realization shows that the Denmark Strait Overflow

Water (DSOW) flowing southward is banked against the Greenland side of

the trough, whereas the subtropical-origin water flows northward on the east-

ern side of the trough in the North Icelandic Irminger Current (NIIC). These

two currents are well captured in the mean October 2007 velocity section

extracted from the model (Figure 2.4b). The mean model section also shows

lighter DSOW flowing equatorward near the Greenland shelfbreak, which is

consistent with the results of Mastropole et al., 2017, who demonstrated that

Atlantic-origin DSOW is found in this region. The 2008 synoptic section of

Våge et al., 2011 contains more complex flow structures than the mean model

section. This is due to the energetic short time scale variability of the dynam-

ics in Denmark Strait. Indeed, model snapshots display similar mesoscale

variability, such as the October 1st, 2007 realization (Figure 2.4c).

2.2.3 Detection of mesoscale anomalies

Mastropole et al., 2017 characterized the structure and properties of boluses

using a large collection of hydrographic sections occupied across Denmark

Strait. Then, von Appen et al., 2017 augmented this data set with mooring data

to compare the hydrographic and kinematic structure of boluses and pulses.

Both boluses and pulses increase the southward transport of the overflow. In

the former case, the large volume flux is primarily dictated by the increase

in cross-sectional area of the water denser than 27.8 kg m−3, whereas in the

latter case it is mainly due to an enhancement of the near bottom flow.
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Figure 2.4: Vertical sections of (a) absolute geostrophic velocity measured in October
2008 (Våge et al., 2011), (b) monthly mean model velocity of October 2007, and (c)
mean model velocity on October 1st, 2007.
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Figure 2.5: Comparison of (a) SSH and (b) DSO interface during boluses (orange),
pulses (green), and background state (magenta). Black dashed lines bound the region
from 15 km west to 15 km east of the deepest part of the sill. Negative (positive)
distances correspond to northwest (southeast) of the sill. The viewer is looking to the
north.

We use an objective method to identify boluses and pulses and we ap-

ply it to vertical sections across Denmark Strait extracted from our model.

Nevertheless, this technique can be used to identify mesoscale features from

observational data sets as well. The method consists of a set of thresholds

calibrated using measured statistics and applied in the region from 15 km west

to 15 km east of the deepest part of the sill (black dashed lines in Figure 2.5).

In step 1, a vertical section is defined as containing a potential mesoscale
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feature if the southward overflow transport is greater than the 25th percentile

(considering the equatorward transport positive). In step 2, if the overflow

cross-sectional area is smaller (larger) than the yearly 35th (65th) percentile,

then the vertical section is deemed to contain a pulse (bolus). If the overflow

transport or cross-sectional area thresholds are not exceeded, then the vertical

section is considered to be representative of the background state. Therefore,

we consider background state cases where there is a large DSO transport but

the overflow interface does not deepen or shoal. Furthermore, we consider

background state cases where the cross-sectional area of the overflow changes

with a low DSO transport.

The mean cross-strait structures of the interface height for the two types

of model mesoscale features extracted using this method are consistent with

the observations. Figure 2.5b reveals that the maximum displacement of the

DSO interface occurs in the middle of the strait for both types of features.

Furthermore, the Sea Surface Height (SSH) across Denmark Strait rises ev-

erywhere by 4-10 cm during the passage of boluses and by up to 5 cm in the

western side of the strait during pulses (Figure 2.5a). This is consistent with

the correspondence between fluctuations in the time series of the Denmark

Strait transport and SSH anomalies found by Haine, 2010. Another charac-

teristic feature of the boluses described by Mastropole et al., 2017 is their

weak stratification. Although our identification method does not employ any

stratification thresholds, the overflow Brunt-Väisälä frequency (N2) is lower

during boluses in the model as well. This is particularly true on the eastern

side of the trough, where N2 is lower than the background state by about
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Figure 2.6: Composite of boluses minus background state Brunt-Väisälä frequency
(N2). The orange (magenta) line corresponds to the composite of boluses (background
state) DSO interface.

10−5 s−2 (Figure 2.6).

2.3 Results

2.3.1 Statistics of mesoscale anomalies

On average, boluses occur in the model every 3.2 days, whereas pulses pass

through Denmark Strait every 5.5 days. This is remarkably similar to the

measurements analyzed by von Appen et al., 2017 (3.4 and 5.4 days for boluses

and pulses, respectively). 31% (18%) of the vertical sections have been labeled

as boluses (pulses), whereas about half of them do not contain any pronounced

mesoscale feature. Pulses are associated with stronger southward velocities

than boluses, which is also consistent with observations. Averaging over the

area from 15 km west to 15 km east of the deepest part of the sill (black dashed
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Figure 2.7: Mean velocity of the DSO between 15 km west and 15 km east of the sill in
the composites of boluses (orange), pulses (green), and background state (magenta).
The thick black line corresponds to the direction of the LL (cross strait).

lines in Figure 2.5), the mean along-strait equatorward speed of a pulse is

0.43 versus 0.27 m s−1 for a bolus (background state is 0.24 m s−1). The mean

cross-strait westward speed of a pulse is 0.29 versus 0.09 m s−1 for a bolus

(background state is 0.14 m s−1). The model reveals that the direction of the

DSO is skewed relative to the along-strait direction (Figure 2.7). Furthermore,

Figure 2.7 shows that the direction of boluses (pulses) is slightly tilted toward

Iceland (Greenland). The mean southward DSO transport excluding boluses

and pulses is by definition smaller than the mean transport estimated using

all of the vertical sections. However, the model allows us to quantify the
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Figure 2.8: Seasonality of boluses and pulses. Green (orange) bars show the num-
ber of pulses (boluses) in a season. Black bars show the seasonal distribution of
boluses + pulses. The numbers on the top of the bars indicate the percentage of
boluses, pulses, or boluses + pulses, respectively. The 3-month acronyms for sea-
sons are: September-October-November (SON); December-January-February (DJF);
March-April-May (MAM); June-July-August (JJA).

contribution of boluses and pulses to the yearly mean DSO volume flux. We

estimate that, excluding the mesoscale features, the transport is lower by about

30%.

In contrast with Mastropole et al., 2017 and von Appen et al., 2017, who did

not find any seasonal signal, the model suggests that between September 2007

and August 2008 boluses and pulses are not evenly distributed throughout the

year (Figure 2.8). Model boluses are more frequent during summer 2008 and
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pulses occur more frequently in winter 2007-2008. Roughly 40% of boluses

cross Denmark Strait between June and August 2008 and the minimum occurs

between December 2007 and February 2008. Conversely, more than 30% of

pulses occur in winter 2007-2008 and only 17% cross the strait in summer

2008. While these trends offset each other to some extent, the model suggests

that the majority of the energetic mesoscale features occur in summer 2008

(∼30%).

2.3.2 Time evolution of mesoscale anomalies

On average, bolus events are 57.1±48.7 h long (± indicates standard devia-

tions), whereas pulses are 27.5±15.4 h long. We construct a composite of each

type of event to shed light on their temporal evolution. We average together

all of the boluses whose duration is between 47.1 and 67.1 h, which results in

13 events. Some of the pulses are asymmetric in their along-strait structure,

so we exclude these from the pulse composite (we consider 12 events). Our

rationale is to focus on the canonical features and to have similar numbers

of realizations in each average. The time depth composites are shown in Fig-

ure 2.9 for hydrography and Figure 2.10 for circulation. These are obtained

by averaging spatially over the area between 15 km west and 15 km east of

the deepest part of the sill (black dashed lines in Figure 2.5). We normalize

each bolus and pulse before creating composites and we use a normalized

time axis corresponding to the length of the events.

Boluses correspond to an enhanced presence of cold and weakly stratified

overflow water and a shallowing of the 27.8 kg m−3 interface (Figures 2.9a
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Figure 2.9: Time evolution of the composites of representative (left) boluses and (right)
pulses obtained by averaging (a, b) potential temperature and (c, d) salinity over the
area between 15 km west and 15 km east of the sill. The time axis is normalized to the
length of the events (57.1±10 h for boluses and 27.5±15.4 h for pulses). The potential
density contours are drawn in gray and the DSO interface is highlighted in magenta.
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Figure 2.10: As in Figure 2.9, but for (a, b) along-stream velocity and (c, d) cross-
stream velocity. The along-stream direction for boluses and pulses is defined as the
orientation of the mean velocity vectors in Figure 2.7. Zero velocity contours are
drawn in black.
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and 2.9c). By contrast, pulses are characterized by a thinning of the overflow

layer due to the depression of its interface (Figures 2.9b and 2.9d). There

are clear differences in the middle of the water column and between the two

features: Boluses contain slightly colder and fresher water, while there is a

large presence of warm and salty Irminger Water at mid-depth during a pulse.

For the time-depth velocity composites we show the along-stream and

cross-stream velocities (instead of the along-strait and cross-strait compo-

nents). The reason is that boluses and pulses cross the strait with slightly

different directions (Figure 2.7). As the mean velocity vectors in the overflow

layer of the composites in Figure 2.10 agree with the mean velocity vectors

computed considering every bolus and pulse, the along-stream direction for

boluses and pulses is defined as the orientation of the mean velocity vectors

in Figure 2.7. This revealed a kinematic structure that is in line with the obser-

vations. For boluses, there is not consistent variation in the along-stream flow

of DSOW. However, there is a clear pattern in the cross-stream velocity for

the upper layer that extends into the overflow layer as well. Specifically, the

flow is toward Iceland at the leading edge of the bolus and toward Greenland

at the trailing edge. This indicates that boluses are associated with veering

of the horizontal circulation. For pulses, the along-stream flow of DSOW is

significantly faster in the center of the feature, while the cross-stream flow is

associated with backing: first toward Greenland, then toward Iceland. All of

these characteristics are in line with the available observations (von Appen

et al., 2017).
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Figure 2.11: Composites of (left) boluses and (right) pulses minus the background
state: (a, b) potential temperature and (c, d) along-strait velocity. Positive velocities
are equatorward. The DSO interface during boluses (orange), pulses (green), and
background state (magenta) are outlined. Gray contours bound the northward flow
at the Iceland shelfbreak during the background state, whereas black contours bound
the northward flow during boluses in (c) and pulses in (d).

2.3.3 Spatial evolution of mesoscale anomalies

We use composites to examine the spatial distribution of boluses and pulses

as they progress through the strait (both in the vertical and horizontal plane).

These composites include every snapshot identified as bolus, pulse, or back-

ground. Therefore, the averages in Figures 2.11 and 2.12 represent the

mesoscale features when they are centered at the LL.

As shown in Figures 2.9c and 2.9d, the intermediate water is slightly saltier

during pulses and fresher during boluses (∆S ≤0.05), whereas anomalies

in the overflow layer are negligible. These small salinity anomalies of the
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Figure 2.12: Composites of DSO interface during (a) boluses and (b) pulses minus the
background state. Black contour lines show the SSH composite during boluses and
pulses minus the background state (cm). The bathymetric contours (m) are shown in
gray. The Látrabjarg Line (LL) is drawn in magenta and the black cross corresponds
to the sill. Regions where the entire water column is lighter than the overflow water
are masked white. Negative (positive) anomalies correspond to a shallower (deeper)
DSO compared to the background state.
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intermediate water are uniformly distributed across Denmark Strait, so salinity

is omitted in Figure 2.11. However, there is a clear temperature anomaly in the

vertical plane associated with each feature. The temperature in the trough is

up to 2.6°C colder during bolus events. The cold water is mainly concentrated

around the overflow (Figure 2.11a), although the anomaly extends more than

200 m above the 27.8 kg m−3 isopycnal. The largest temperature difference

occurs on the eastern flank of the trough. By contrast, the temperature at the

overflow interface increases by up to 1.8°C during pulses (Figure 2.11b). The

largest difference again occurs on the eastern flank (same as boluses), but it is

smaller.

Interestingly, there is no surface temperature signal within the trough

during the passage of boluses and pulses (Figures 2.11a and 2.11b). Indeed,

the time series in the region where our thresholds are applied do not show

any clear link between surface temperature variability and mesoscale features

(Figures 2.9a and 2.9b). Surface temperature anomalies are only present in

the composite of boluses and are located on the Iceland shelf, where the

surface water is warmer by up to 1.4°C. There are also well-defined anomalies

in the vertical plane for the along-strait velocity. While the flow of DSOW

is enhanced in each case, the composites reveal that there are differences

in structure. During pulses, the signature is confined to the overflow layer

(Figure 2.11d). The DSO increases by more than 30 cm s−1 and the maximum

anomaly occurs on the western flank of the trough. This large increase in

speed is associated with the enhancement of the overflow transport together

with the compression of the overflow layer. By comparison, the along-strait
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velocity anomaly of the boluses is smaller (<2.5 cm s−1; Figure 2.11c), although

the entire water column is impacted and there is anomalous northward flow

as well. The enhanced southward flow is located in the center of the strait,

whereas the northward anomaly is near the Iceland shelfbreak. This suggests

that there is a link between boluses and the poleward flow of the NIIC.

Finally, we construct composites of the DSO interface height and SSH, and

difference these from the background state to create anomalies (Figure 2.12).

In agreement with the vertical plane perspectives shown above, the interface

deflection at the sill is much more pronounced for boluses than pulses. On

average, the DSO interface shoals by up to 85 m during boluses and deepens

by up to 50 m during pulses. Therefore, boluses occupy a larger cross-sectional

area than pulses. Both mesoscale features have elongated shape: The along-

strait horizontal length scale is larger than the cross-strait horizontal length

scale. Notably, the lateral scales of the two features are quite different and

boluses also occupy a larger horizontal area. Furthermore, during the passage

of a bolus, the interface height is elevated throughout the Denmark Strait.

This is markedly different than pulses, where the interface is depressed over

a relative confined region and is surrounded by a modest increase of layer

height. SSH anomaly contours reveal a relative minimum upstream of the

sill for a bolus and a relative maximum upstream of the sill for a pulse (black

contours in Figure 2.12). These surface anomalies and the DSO interface

anomalies are offset in the along-strait direction.
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2.4 Summary and discussion

In this chapter we present results from a yearlong simulation of a high-

resolution numerical model centered on Denmark Strait. This data set is

publicly available on the Johns Hopkins SciServer system (Medvedev et al.,

2016). The code to reproduce the results is also publicly available (https:

//doi.org/10.7281/T1Q52MS4).

Our goals are to characterize and better understand the variability of the

hydrography and circulation in Denmark Strait associated with boluses and

pulses. These are the two dominant mesoscale features in the strait, both of

which occur during overflow surges. To detect boluses and pulses, we use an

objective method based on transport and cross sectional area of the DSO. We

use statistics measured by von Appen et al., 2017 to calibrate our thresholds.

The general properties of boluses and pulses in the model are summarized

in Table 2.1. Boluses occur more frequently than pulses and are of longer

duration. The DSO interface shoals during boluses and deepens during

pulses. The along-strait length scale of boluses is larger compared to pulses.

Seasonally, boluses are more common in summer 2008, whereas pulses appear

more often in winter 2007-2008.

We quantify the temporal and spatial structure of boluses and pulses by

constructing composite averages. On average, boluses correspond to a thicker,

colder, and more weakly stratified DSO layer with moderately enhanced

equatorward velocity. Above the overflow water, the Atlantic layer becomes

slightly colder and fresher, and there is a strong cross-stream velocity signature
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Table 2.1: Summary of boluses and pulses mean properties and
thresholds.

Thresholds and properties Boluses Pulses

DSO transport threshold (percentile) >25 >25
Cross-sectional area threshold (percentile) >65 <35
Mean duration (h) 57.1 27.5
Frequency of occurrence (days) 3.2 5.5
Mean along-strait velocity (m s−1) 0.27 0.43
Mean cross-strait velocity (m s−1) 0.09 0.29
Maximum ∆DSO interface depth (m)a -85 +50
∆SSH (cm) 4-10 0-5
∆T at the DSO interface (°C) -2.6 +1.8
∆S of the DSO ≈0 ≈0
Rotation of the DSO direction over time Veering Backing
a Negative anomaly corresponds to shallower DSO interface rela-

tive to the background state.

indicative of veering. By contrast, pulses are characterized by a thinning of

the DSO layer and a stronger increase in equatorward velocity. Warm and

salty Irminger Water appears in the middle of the water column and the cross-

stream flow is again strong above the overflow layer (except in this case it

is indicative of backing). These results are in line with the measurements of

Mastropole et al., 2017 and von Appen et al., 2017.

The high-resolution, three-dimensional model fields allow us to go be-

yond the available observations. We find that the temperature anomalies are

strongest near the overflow interface. Specifically, water near the interface of

the overflow layer is colder by about 2.6°C during boluses and warmer by

about 1.8°C during pulses. The enhanced equatorward flow during pulses is

confined to the overflow layer on the western side of the trough, whereas for

boluses it extends throughout the water column in the center of the trough.
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Interestingly, the poleward flow of the NIIC (Figure 2.1) increases during

bolus events. The lateral extent of boluses is much greater than that of pulses

and the DSO interface is raised throughout Denmark Strait. By contrast, the

interface is depressed over a much smaller region during pulses and in the

surrounding area it is slightly raised. We estimate that the mean southward

transport of the DSO is about 30% lower in the absence of boluses and pulses.

Therefore, these features play a major role in controlling the variability of the

DSO transport.

We find that boluses and pulses have a clear signature in SSH anomaly.

Boluses are associated with a relative minimum upstream of the sill (bowl),

whereas pulses are associated with a relative maximum upstream of the sill

(dome). Assuming that the flow is in geostrophic balance, these anomalies im-

ply enhanced DSO flow toward Iceland during boluses (cyclonic) and toward

Greenland (anticyclonic). This is consistent with the flow vectors shown in

Figure 2.7. Similar to the western tilt with height that occurs in mid-latitude

weather systems, the SSH and DSO interface anomalies are not in phase. Ide-

alized models of baroclinic instability (e.g., Eady, 1949) show how this lag

implies the release of available potential energy and conversion to eddy kinetic

energy (e.g., Pedlosky, 1979; Vallis, 2017; Klinger and Haine, 2019). It is still

uncertain if boluses and pulses are triggered by different dynamical processes.

The formation of pulses may be explained by the baroclinic destabilization of

density-driven abyssal flows theorized by Reszka et al., 2002. On the other

hand, boluses are associated with an enhanced equatorward flow throughout

the whole water column and, as hypothesized by Mastropole et al., 2017, may
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be related to the North Icelandic Jet (NIJ).
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Chapter 3

Evolution of overflow surges south
of the strait

Using a realistic numerical model, we find new evidence of the causal relation-

ship between high-transport events at the Denmark Strait sill and Denmark

Strait Overflow (DSO) cyclones observed downstream. Most of the cyclones

form at the sill during overflow surges and, because of Potential Vorticity

(PV) conservation and stretching of the water column, grow as they move

equatorward. A fraction of the cyclones form downstream of the sill, when

anticyclonic vortices formed during high-transport events start collapsing.

Regardless of their formation mechanism, DSO cyclones weaken starting

roughly 150 km downstream of the sill, and PV is only materially conserved

during the growth phase.

This chapter is published by the journal Geophysical Research Letters Almansi

et al., 2020.
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Figure 3.1: Infrared imagery of sea surface temperature on September 24, 1990.
Accompanying sketch shows location and shape of eddies and seafloor depth contours
in meters. The Denmark Strait sill is at upper right. Source: Bruce, 1995.

3.1 Introduction

Downstream of Denmark Strait, the high-frequency variability of the overflow

is dominated by the presence of energetic cyclones. The first studies of these

features, known as DSO cyclones, used laboratory experiments (Whitehead

et al., 1990), satellite imagery (Figure 3.1; Bruce, 1995), and surface drifter tra-

jectories to describe some of their basic characteristics (Krauss, 1996). Several

studies using idealized models then explored the underlying dynamics of
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the cyclones (Spall and Price, 1998; Krauss and Käse, 1998; Jungclaus et al.,

2001; Reszka et al., 2002). Spall and Price, 1998 formulated the so called “PV

Outflow Hypothesis”. Cyclogenesis in their three-layer model was explained

via conservation of PV in the presence of strong vortex stretching. The three

layers defined by Spall and Price, 1998 are composed of relatively (i) fresh,

cold, and light East Greenland Current (EGC) water at the surface; (ii) dense

Denmark Strait Overflow Water (DSOW) at the bottom; and (iii) Arctic In-

termediate Water (AIW) in between, which is not as cold and dense as the

DSOW (Figure 3.2). These layers are stretched downstream of Denmark Strait,

particularly the intermediate layer as the other layers are constrained to the

bottom/surface. Therefore, assuming the absence of diabatic and frictional

processes, positive relative vorticity is generated to conserve PV in each layer.

Magaldi et al., 2011 used a high-resolution realistic model to relate DSO

cyclones with the East Greenland Spill Jet, which is a current banked against

the upper East Greenland continental slope downstream of the Denmark

Strait sill (Pickart et al., 2005). Koszalka et al., 2017 performed Lagrangian

simulations to investigate the hydrographic and mixing anomalies associated

with mesoscale eddies. von Appen et al., 2014b used data from a mooring

array in conjunction with satellite fields to characterize DSO cyclones at the

so-called Spill Jet (SJ) section, which is located about 300 km downstream

of Denmark Strait and extends from the continental shelfbreak to a depth

of 1000 m. They found that DSO cyclones represent the largest source of

variability at this location.

Although the model results of Spall and Price, 1998 indicate that these
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Figure 3.2: Cartoon of the stretching process leading to the generation of cyclonic
vorticity. h is the height of the water column, ζ is the relative vorticity, Ro is the
Rossby number, and f is the vertical component of the Coriolis parameter. Source:
von Appen, 2013.
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features can form from a steady overflow, von Appen et al., 2017 hypothesized

a one-to-one connection between the passage of the boluses/pulses discussed

in Chapter 2 and the formation of DSO cyclones. The authors argued that

boluses lead to strong DSO cyclones downstream, while pulses result in

weaker cyclones. The idea is that the cyclonic vorticity generated by the

stretching of the water column downstream of the sill enhances the initially

cyclonic boluses, and overcomes the initially anti-cyclonic pulses. The notion

of a causal relationship between the mesoscale variability at the sill and the

downstream cyclones proposed by von Appen et al., 2017 was based on

simple correlations using two different moored data sets. However, at present

it remains a hypothesis which needs to be investigated further.

In this chapter, we use an improved version of the general circulation

model presented in Chapter 2 to fill the gaps in the sparse measurements

along the DSO path (Figure 3.3) and better understand the nature of the

DSO variability. The goal of the study is threefold: (i) To further quantify

the characteristics of the high frequency DSO fluctuations; (ii) To explore

the dynamics associated with PV conservation and stretching of the water

column as the overflow descends from the sill; and (iii) To characterize the

life cycle of DSO cyclones as they progress into the Irminger Basin. The

chapter is organized as follows: In Section 3.2 we describe the materials and

methods used, including the setup of the numerical model, its comparison

with observations, and the criteria used to detect DSO mesoscale features.

In Section 3.3 we present new evidence of the causal relationship between

DSO cyclones and high-transport events, and we use composite averages to
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Figure 3.3: Seafloor bathymetry in the region of interest for this study. Red lines
bound the area fed to the vortex detection algorithm shown in Figure 3.5. Circles
indicate the stations along the DSO path (Koszalka et al., 2017). Circles colored in
magenta, white, blue, and green indicate where the DSO path crosses hydrographic
sections known as the Látrabjarg Line (LL; magenta line), Denmark Strait South (DSS),
Transient Tracers in the Ocean (TTO), and Spill Jet (SJ), respectively.
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investigate the evolution of the cyclones along the DSO path. We summarize

and discuss our findings in Section 3.4.

3.2 Materials and methods

3.2.1 Numerical setup

The results presented in this chapter are based on the numerical solutions of a

yearlong, high-resolution, realistic circulation model. An identical configura-

tion with different atmospheric forcing is explained in detail in Chapter 2. The

numerical solutions are publicly available on the Johns Hopkins SciServer sys-

tem (Medvedev et al., 2016). Additional fields have been computed, extracted,

and visualized offline using OceanSpy v0.1 (Almansi et al., 2019) and several

packages from the Pangeo software ecosystem (e.g., Dask Development Team,

2016; Hoyer and Hamman, 2017).

The model is particularly well suited to study mesoscale features occurring

on short timescales (1-10 days; Almansi et al., 2017; Spall et al., 2019). The

horizontal resolution is 2 km in the vicinity of Denmark Strait, and the vertical

resolution is 15 m or better throughout the water column. Snapshots have

been stored from September 2007 to August 2008 at 6-hour frequency. Haine

et al., 2009 found that the spatial resolution of the atmospheric fields used to

force high-resolution models significantly affects the ocean circulation in Den-

mark Strait. Therefore, we use the 15-km resolution Arctic System Reanalysis

(ASRv2; Bromwich et al., 2018), which represents a significant improvement

in horizontal resolution of the atmospheric forcing previously implemented
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(ERA-Interim; Dee et al., 2011). It has been shown that, compared to global re-

analyses, higher-resolution regional reanalyses reduce the wind-speed biases

with respect to atmospheric observations (Bromwich et al., 2016).

Compared to Figure 2.2, annual mean model vertical sections of hydro-

graphic and velocity fields do not show differences relevant to this study.

The major currents and water masses measured in Denmark Strait are well

captured by the model. The small hydrographic biases of the overflow in the

previous version of the model are improved, but not eliminated. The DSO

is slightly warmer and lighter in the model compared to the historical obser-

vations analyzed by Mastropole et al., 2017. Density and temperature biases

do not exceed 0.1 kg m−3 and 1◦C, respectively. The model solutions used

in this chapter have also been compared to drifter pathways by Saberi et al.,

2020 and to data collected upstream of Denmark Strait by Håvik et al., 2019

(see Chapter 4). Overall, the agreement between the model and the available

observations around Denmark Strait is excellent.

3.2.2 Vortex detection scheme

We designed an automatic vortex detection scheme based on the Okubo-Weiss

(OW) parameter (Okubo, 1970; Weiss, 1991) to isolate DSO cyclones:

OW = S2
n + S2

s − ζ2. (3.1)

Sn, Ss, and ζ are, respectively, the normal component of the strain, the shear

component of the strain, and the relative vorticity of the horizontal velocity
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field:

Ss =
∂v
∂x

+
∂u
∂y

,

Sn =
∂u
∂x

− ∂v
∂y

,

ζ =
∂v
∂x

− ∂u
∂y

, (3.2)

where u = (u, v, w) is the vector velocity field written as a function of Carte-

sian position xx̂ + yŷ + zẑ. Several methods have been used in previous

studies to detect mesoscale features (Lian et al., 2019). Most of them are based

on sea surface fields. The following arguments motivated our choice to use

the OW parameter: (i) Strain and relative vorticity can be computed from the

velocity field in the middle of the water column (Equation 3.2), where the

signal of DSO cyclones is strongest (von Appen et al., 2014b); (ii) DSO cyclones

are characterized by high relative vorticity, and the OW scheme allows one

to discern vorticity-dominated features (OW< 0) from the background state;

(iii) The typical magnitude of the OW parameter does not vary significantly in

the water column, and we can define a depth-independent threshold to detect

DSO cyclones along terrain-following levels.

Dense overflows are known to vary in their proximity to the seafloor

(Shapiro et al., 2003). Therefore, the detection algorithm operates on three

terrain-following levels (σ-levels). We extracted the σ-levels using a nearest-

neighbor vertical interpolation. Defining H as the seafloor depth, the up-

permost level is located at a depth of H/2 (where measurements show the

strongest signal of DSO cyclones; von Appen et al., 2014b), the deepest level
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is located at 3H/4 (in proximity to the DSO interface), and the mid-level is

halfway between the top and bottom levels. Unless otherwise specified, the

results shown and discussed hereafter refer to the mid-level (5H/8).

Our detection algorithm includes several filters to overcome the sensitivity

to noise of the OW parameter (Souza et al., 2011). In line with most of the

OW schemes designed to detect ocean eddies (e.g., Isern-Fontanet et al., 2006),

the first step of the algorithm locates vorticity dominated regions with OW<

−0.2σOW , where σOW is the spatial standard deviation of the OW parameter

calculated at each snapshot and σ-level. For each of the terrain-following

levels, closed contours bounding these regions have been deemed as vortices

and fit to ellipses. A size filter excludes features with semi-minor axis smaller

than 7.8 km, which is the mean radius of DSO cyclones measured by von

Appen et al., 2014b at the SJ section. Furthermore, ellipses with area larger

than 4π2L2
D, which tend not to be mesoscale features, are excluded (Klocker

and Abernathey, 2014; Martínez-Moreno et al., 2019), where LD = 7.7 km is

the nearest first-baroclinic Rossby radius of deformation computed by Chelton

et al., 1998 (note that the observational radius is consistent with the theoretical

radius). More permissive size filters mainly affect the number of vortices

detected near the SJ section, where the vortices are smaller, but do not impact

the results discussed in this chapter. Furthermore, because of the model

horizontal resolution, the mean properties of vortices with axes lower than the

threshold chosen might be significantly impacted by noise. Finally, in order

to exclude potential DSO cyclones without vertical coherence, the algorithm

only retains features with a signal in the entire lower half of the water column
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(overlapping ellipses in all σ-levels).

Figure 3.4 shows the location of the centers of the mesoscale vortices

detected. Although the vertical component of the Coriolis parameter ( f ) does

not change significantly within the study region, we present and discuss

the nondimensional relative vorticity ( f−1ζ). The majority of the cyclones

( f−1ζ > 0; overlined quantities correspond to spatial averages in the regions

occupied by the vortices and f is the vertical component of the Coriolis

parameter) are located in proximity to the DSO path and move southward

along the continental slope (Figure 3.4a). By contrast, most of the anticyclones

( f−1ζ < 0) are located over Dohrn Bank and on the western side of the

Denmark Strait trough (Figure 3.4b). These anticyclones move southwestward

following the edge of the East Greenland shelf.

We applied a set of additional filters to exclude features unrelated to the

DSO. Only mesoscale features covering regions with H greater than 450 m are

retained. This threshold excludes the vortices on the East Greenland shelf that

do not interact with the DSO. Furthermore, we applied a distance threshold

to exclude the cyclones far from the DSO path. Downstream of station #04,

where the DSO moves along the continental slope, we excluded vortices with

centers located farther than 20 km from the DSO path. Specifically, this filter

excludes the cyclones in the Kangerdlugssuaq Trough and the anticyclones

on the edge of the East Greenland shelf. Upstream of station #05, where the

isobaths are far apart, we applied the same spatial filter exclusively to the

vortices detected on the southeast side of the DSO path. This filter retains

the anticyclones that cross Denmark Strait on the western side of the trough,
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Figure 3.4: Unfiltered locations of the centers of the detected cyclones (a) and anti-
cyclones (b). The color code indicates the mean nondimensional relative vorticity
( f−1ζ) of the vortices. ζ has been extracted along the σ-level at a depth of 5H/8. Black
contours show the seafloor depth in meters. The color code convention of the DSO
stations is the same used in Figure 3.3.
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which are related to a fraction of DSO cyclones observed at the SJ section

(von Appen et al., 2017).

Figure 3.5 shows the location of the centers of the filtered vortices. The

cyclones ( f−1ζ > 0) are located in proximity to the DSO path and move

southward along the continental slope. The anticyclones ( f−1ζ < 0), which

are thought to be related to a fraction of DSO cyclones observed at the SJ

section (station #17 von Appen et al., 2017), are located on the western side of

the Denmark Strait trough.

3.2.3 Identification of high-transport events

We conducted a census of boluses and pulses using the same criteria defined

in Chapter 2. First, we extracted vertical sections at the Látrabjarg Line

(LL) in the region from 15 km west to 15 km east of the deepest part of the

sill (magenta line in Figure 3.4). Next, we excluded snapshots where the

volume flux of the overflow is lower than the yearly 25th percentile. Lastly,

we deemed the remaining snapshots to contain a bolus (pulse) if the cross-

sectional area covered by the overflow is larger (smaller) than the yearly 65th

(35th) percentile. In line with previous studies, the DSO interface corresponds

to σθ = 27.8 kg m−3 (σθ = ρ − 1000 kg m−3; Dickson and Brown, 1994). It

is important to note that high-transport events and DSO cyclones have been

detected independently, and none of the criteria used to characterize boluses

and pulses have been implemented in the vortex detection algorithm.
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Figure 3.5: Location of the centers of the filtered vortices color-coded by their mean
nondimensional relative vorticity ( f−1ζ) at a depth of 5H/8. Black contours show
the bathymetry in meters. Black dashed lines bound the region shown in Figure 3.3.
The color code and labeling conventions of the DSO stations are the same used in
Figure 3.4.
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Figure 3.6: Seasonal frequency of occurrence of (a) boluses and cyclones, and (b)
pulses and anticyclones. Red (blue) hatched bars show the percentage of cyclones
(anticyclones) detected in a season compared to the total number of cyclones (anticy-
clones). Orange (green) bars show the frequency of occurrence of boluses (pulses). The
3-month acronyms for seasons are: September-October-November (SON); December-
January-February (DJF); March-April-May (MAM); June-July-August (JJA).

3.3 Results

3.3.1 Relationship between DSO cyclones and overflow surges

In contrast to the measurements analyzed by Mastropole et al., 2017 and

von Appen et al., 2017, the mesoscale features in the model are not evenly

distributed across the year. Therefore, we can use the seasonal signal to

indicate the link between boluses/pulses and vortices. We find that the

temporal distribution of the cyclones and anticyclones detected near the LL

station are consistent with the statistics of boluses and pulses, respectively

(Figure 3.6). The variability of overflow surges in the annual cycle simulated

is discussed in more detail in Chapter 2. More than 50% of the boluses and

cyclones were detected between March 2008 and August 2008 (Figure 3.6a),

while the frequency of occurrence of pulses and anticyclones is low in spring
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2008 (Figure 3.6b). The distribution of boluses matches very well the frequency

of occurrence of the cyclones in all seasons. Some biases exist between the

seasonal distribution of pulses and anticyclones. Specifically, a lower fraction

of anticyclones was detected between September 2007 and November 2007

compared to the pulse events. Nevertheless, the distribution of pulses across

the year matches the frequency of occurrence of the anticyclones reasonably

well (particularly from December 2007 to August 2008).

We selected two events that highlight the connection between boluses/cyclones

(Figures 3.7, and 3.7b), and pulses/anticyclones (Figures 3.7c and 3.7d). Specif-

ically, we investigate their spatial and temporal evolution along terrain-

following levels. The vorticity field (Figure 3.7a) shows a cyclone crossing

Denmark Strait over the deepest part of the sill. At the same time, a bolus was

detected at the LL. The density difference between the snapshot exhibiting

the cyclone and the background state (yearly average) highlights positive

density anomalies within the perimeter of the cyclone (Figure 3.7b). As we

are investigating density fields along terrain-following levels, higher densities

(∆σθ > 0) are the result of the shoaling of the deep isopycnals. These anoma-

lies are consistent with the thickening of the overflow layer characteristic of

boluses. Figure 3.7c shows an anticyclone detected near the LL during a pulse

event (January 30th, 2008). In contrast to the cyclone described above, the

anticyclone corresponds to a region with instantaneous density lower than the

background state (Figure 3.7d). The deepening of the isopycnals is consistent

with the presence of pulses, which enhance the southward volume flux of the

overflow and reduce its thickness.
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Figure 3.7: Relative vorticity (a, c) and instantaneous potential density minus the
yearly mean (b, d) during a bolus and a pulse. The bolus (a, b) crossed the LL (drawn
in magenta) on April 27th, 2008 at midnight. The pulse (c, d) was detected in Denmark
Strait on January 30th, 2008 at noon. Dark gray contours indicate the seafloor depth
in meters. Dashed lines bound the vortices detected. Fields have been extracted along
the σ-level at a depth of 5H/8.
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Composite vertical sections of the cyclones (Figures 3.8a, 3.8c, and 3.8e)

and anticyclones (Figures 3.8b, 3.8d, and 3.8f) at the LL also support the

existence of a causal relation with overflow surges. During cyclones, the

water near the eastern side of the trough is denser compared to the yearly

average (Figure 3.8a), while it is lighter during anticyclones (Figure 3.8b).

Denser (lighter) water is the result of the shoaling (deepening) of the DSO

interface characteristic of boluses (pulses). During anticyclones, the enhanced

equatorward flow is confined to the deepest part of the trough (Figure 3.8d),

whereas during cyclones it extends throughout the whole water column. In

the latter case, the strongest velocity anomalies are located at the interface

of the overflow layer (Figure 3.8c). On the Iceland shelf, the poleward flow

of the North Icelandic Irminger Current (NIIC) strengthens during cyclones

(Figure 3.8c). Finally, anticyclones coincide with an enhanced cross-sectional

flow toward Greenland within the overflow layer (Figure 3.8f). All of these

anomalies in the composites of cyclones and anticyclones are consistent with

the anomalies associated with boluses and pulses, respectively (Almansi et al.,

2017; Mastropole et al., 2017; von Appen et al., 2017).

It has been previously shown that mesoscale features associated with

high-transport events act to relax the NIIC hydrographic front in the model

(i.e., they are the product of baroclinic instability; Spall et al., 2019). The

location of the detected cyclones (Figure 3.5) and the front in the along-strait

velocity anomalies (Figure 3.8c) indicate that the cyclones are centered on

the eastern side of the trough. The front intersects the whole water column,

is located between equatorward anomalies at the centre of the trough and
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Figure 3.8: Composite vertical sections along the LL of cyclones (anticyclones) de-
tected within 48 hours from overflow surges minus the yearly averages are shown
in the left (right) column: (a and b) potential density; (c and d) along-strait velocity
(orthogonal to the LL); (e and f) cross-strait velocity (tangential to the LL). The viewer
is looking to the north: Positive along-strait (cross-strait) velocities are towards the
pole (Iceland). The dashed line corresponds to the σ-level at a depth of 5H/8.
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poleward anomalies on the eastern side, and is more pronounced at mid-

depths (including the σ-level at a depth of 5H/8; Figure 3.8c). As the cyclones

move downstream following the DSO path (southwestward), their relative

vorticity grows. The height of the water column also increases along the path

(i.e., stretching of the water column), suggesting that positive relative vorticity

is added to the mesoscale features due to vortex stretching.

As opposed to the cyclones, the location of the detected anticyclones

(Figure 3.5) and the along-strait velocity anomaly front (Figure 3.8d) show that

the anticyclones cross Denmark Strait on the western side of the trough. The

front is located between equatorward anomalies at the centre of the trough

and poleward anomalies on the western side (Figure 3.8d). The DSO direction

is slightly tilted towards northwest (Figure 3.8f), which causes the anticyclones

to slowly veer towards Greenland. The paths followed by the anticyclones

suggest that the 400-meter isobath prevents the anticyclones from reaching the

East Greenland shelf. As the vortices move towards the shelf, the anticyclonic

relative vorticity is sustained by the shrinking of the water column. When

the anticyclones reach the edge of the shelf, new cyclones form south of them

(Figure 3.9). The plots in the left column of Figure 3.9 show this process for a

single event corresponding to the pulse shown in Figures 3.7c and 3.7d. The

right column corresponds to composites of anticyclones detected near station

#03. First, bands of positive relative vorticity surround the slowly-moving core

of the anticyclones (Stage I; Figures 3.9a and 3.9b). Then, the peripheral bands

of positive relative vorticity strengthen and converge, triggering the formation

of cyclones south of the collapsing anticyclones (Stage II; Figures 3.9c and
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Figure 3.9: Nondimensional relative vorticity ( f−1ζ) and velocity vectors extracted
along the σ-level at a depth of 5H/8. The region shown is bounded by black dashed
lines in Figure 3.5. Labeled circles correspond to the DSO stations. Three consecutive
snapshots (a, c, and e) following the pulse in Figures 3.7c and 3.7d, and composites
of thirty anticyclonic events (b, d, and f) are shown. The composite of Stage II (d)
includes the snapshots where anticyclones have been detected near station #03. The
stages are six hours apart. Dark gray contours indicate the seafloor depth in meters.
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3.9d). Last, the anticyclones vanish and the cyclonic features triggered by

the anticyclones move southwestward following the DSO path (Stage III;

Figures 3.9e and 3.9f). As these cyclones move downstream, they gain positive

relative vorticity due to stretching of the water column.

3.3.2 Downstream evolution of DSO cyclones

The geometry and relative vorticity magnitude of the cyclones associated with

pulses are similar to the properties of the cyclones formed during the bolus

events. Therefore, to investigate their evolution as they move downstream,

we created composites at fixed stations along the DSO path including all of the

detected cyclones (Figure 3.10). The DSO stations are spaced ∼20 km apart.

They overlap the DSO pathway mapped by Koszalka et al., 2017 using the

time- and depth-averaged trajectories of synthetic Lagrangian particles.

The background relative vorticity downstream of Denmark Strait is cy-

clonic along the entire DSO path (labeled circles in Figure 3.10a). The anticy-

clones associated with pulses impact the background relative vorticity, which

decreases moving from the LL to the Denmark Strait South (DSS) station.

Downstream of station #02, where most of the anticyclones spin down, the

background relative vorticity monotonically increases moving towards station

#07. This is consistent with the hypothesis that PV conservation governs

the dynamics in this region (Spall and Price, 1998; von Appen et al., 2014b;

von Appen et al., 2017). Positive relative vorticity is generated in response to

the stretching of the water column. Downstream of Denmark Strait, the light

upper layer is constrained at the surface, while the dense DSO is constrained
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Figure 3.10: Composites of area-weighted mean (a) nondimensional relative vorticity
and (b) vertical velocity along the DSO path. Positive (negative) vertical velocities
correspond to upwelling (downwelling). Lines in black (a, b) correspond to compos-
ites of DSO cyclones. Blue and red lines correspond to composites in the regions of
the vortices 6 hours before and after the detection, respectively. Error bars represent
the area-weighted standard deviation. Labeled circles correspond to composites of
yearly averages in the regions of the vortices (background state). The color code and
labeling convention of the DSO stations are the same as used in Figure 3.5. Fields
have been extracted along the σ-level at a depth of 5H/8.
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at the bottom. As a result, the mid-level layer is stretched the most, and the rel-

ative vorticity peaks near the σ-level along which we extracted the properties

of the cyclones. Downstream of station #07, the background relative vorticity

decreases as the DSO descends into the Irminger Basin, while the height of

the water column continually increases from stations #00 to #17. Therefore,

PV conservation is not the dominant mechanism in the region beyond 150 km

downstream of the Denmark Strait sill (past station #07).

The composites of relative vorticity show the growth and decay phases of

the DSO cyclones (black line in Figure 3.10a). The growth phase of the DSO

cyclones occurs within the first 150 km downstream of Denmark Strait. The

decay phase takes place between station #08 and the southernmost station.

Near the latter, the relative vorticity of the cyclones is similar to f−1ζ of the cy-

clones detected near the northernmost station. The DSO cyclones growth and

decay phases are also evident in the vertical component of the velocity field

(w; Figure 3.10b). There is a clear signal in the vertical velocities immediately

before and after the detection of the cyclones (blue and red lines, respectively).

Six hours before the detection of DSO cyclones, the regions occupied by the

vortices are characterized by downwelling (w < 0). Conversely, upwelling

occurs six hours after the detection. This characteristic behaviour has been

also found in the the spilling events analyzed by Magaldi et al., 2011.

The Ertel PV can be approximated as follows (Klinger and Haine, 2019):

PV ≈ ( f + ζ)
N2

g
, (3.3)

where N is the Brunt-Väisälä frequency, and g is the gravitational acceleration.
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Figure 3.11: Composites of area-weighted mean Ertel Potential Vorticity (green, left
vertical axis) and Brunt-Väisälä frequency (orange, right axis) along the DSO path.
Error bars represent the area-weighted standard deviation. Fields have been extracted
along the σ-level at a depth of 5H/8.

The variability of the PV is controlled by the changes in N2 and ζ along the

DSO path. The Brunt-Väisälä frequency, which is defined by N2 = − g
ρ0

∂σθ
∂z ,

decreases as the cyclones move downstream (orange curve in Figure 3.11).

Therefore, the water in the mid-level layer becomes less stratified as the

cyclones descend into the Irminger Basin. The PV of the DSO cyclones (green

curve in Figure 3.11) is strongly affected by the decrease of N2. However,

during the growth stage of the DSO cyclones (between stations #03 and #07),

the high relative vorticity of the eddies counterbalances the low stratification

due to the stretching of the water column. In particular, the PV only changes

by 0.12 × 10−10 m−1 s−1 in this region. It follows that, downstream of the

DSS station (#02), the PV associated with the DSS cyclones is only conserved
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during the growth phase.

3.4 Summary and discussion

This chapter focuses on mesoscale anomalies characteristic of the dense over-

flow descending from Denmark Strait into the Irminger Basin. We use a

high-resolution realistic general circulation model to investigate dynamically

relevant quantities associated with these anomalies, including the Ertel PV,

the Brunt-Väisälä frequency, the relative vorticity, and the strain rate.

The two dominant mesoscale features at the Denmark Strait sill – boluses

and pulses – are detected using the objective method outlined in Chapter 2.

DSO cyclones, the mesoscale features controlling the variability downstream

of Denmark Strait, are identified along terrain-following levels using a vortex

detection algorithm based on the OW parameter. The statistics of boluses and

pulses in the model are in good agreement with their description provided

by von Appen et al., 2017. We find that boluses are coupled with positive

relative vorticity events, whereas pulses are coupled with anticyclonic relative

vorticity events. Specifically, more than 70% of the cyclones (anticyclones) near

the sill occur within 48 hours of a bolus (pulse), and the seasonal distribution

of boluses (pulses) across the year matches the frequency of occurrence of the

cyclones (anticyclones). Furthermore, composite vertical sections of cyclones

and anticyclones at the sill are consistent with the properties of boluses and

pulses, respectively. Regardless of their initial sense of rotation, both boluses

and pulses trigger the formation of DSO cyclones downstream of Denmark

Strait. These findings are consistent with the one-to-one relationship between
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high-transport events and DSO cyclones hypothesized by von Appen et al.,

2017.

The cyclonic relative vorticity associated with boluses initially increases as

these features move downstream. In agreement with Spall and Price, 1998 and

von Appen et al., 2014b, the additional positive relative vorticity gained by

these mesoscale features can be explained using conservation of PV arguments.

Specifically, the generation of cyclonic vorticity results from the pronounced

stretching of the mid-level layer above the DSO interface, where DSO cyclones

are detected. Interestingly, we find that the mechanisms controlling the forma-

tion of DSO cyclones associated with pulses are different. The along-stream

direction of pulses is oriented toward Greenland compared to the orientation

of boluses. As the pulses approach shallower regions, their negative relative

vorticity is sustained by compression of the water column. The pulses slow

down and begin to collapse near the East Greenland shelfbreak. Simulta-

neously, bands of positive relative vorticity surround the anticyclones. As

the anticyclones weaken, the peripheral bands of positive relative vorticity

strengthen and trigger the formation of DSO cyclones to the southwest. Then,

the DSO cyclones associated with pulses move southward following the DSO

path, and gain cyclonic relative vorticity in order to conserve their PV. Regard-

less of their mechanism of formation, the DSO cyclones detected are found to

have similar geometry and strength.

The relative vorticity of the cyclones increases over the first 150 km down-

stream of the sill, then decreases. The eddies are preceded by downwelling

and followed by upwelling, meaning that the leading (trailing) edge of the
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cyclones is directed downslope (upslope). The highest vertical velocities co-

incide with the peak of the cyclones’ vorticity. The mean stratification of the

DSO cyclones decreases during their full life cycle, while their initial increase

in relative vorticity due to stretching is followed by a decrease. As a result,

the growth and decay phases of the cyclones are associated with different

dynamics, and PV is only materially conserved in the first 150 km downstream

of Denmark Strait.

Dense overflows are ubiquitous features in the World Ocean, and our

findings could apply to other regions, including the Strait of Gibraltar, the

Faeroe Bank Channel, and the Strait of Sicily. An open question is why the PV

associated with DSO cyclones is only conserved during their growth phase.

Girton and Sanford, 2003 and Voet and Quadfasel, 2010 described an increase

in DSO entrainment in the region where we find the transition from DSO

cyclone growth to decay. In this same region, Koszalka et al., 2017 found

the largest warming rate of the overflow. The decrease in PV can only be ex-

plained by diabatic and frictional processes. Therefore, these abrupt changes,

combined with the enhanced entrainment and dissipation rates associated

with high-transport events (i.e., boluses and pulses; North et al., 2018), might

dictate which dynamics dominate the DSO cyclones’ evolution at different

stages of their life cycle. Further work using a combined Lagrangian-Eulerian

approach is needed to fully characterize the three-dimensional structure of the

DSO cyclones, and to understand how the processes discussed in this chapter

affect the variability downstream of our study region, between the SJ section

and the southern tip of Greenland.
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Chapter 4

East Greenland Current variability
north of the strait

The along-stream decrease in temperature of the Atlantic-origin Water carried

by the East Greenland Current (EGC) intensifies rapidly south of a breakpoint

located at 69◦N. We find that the enhanced modification is related to the

bifurcation of the EGC and is regulated by the eddy activity downstream

of the breakpoint. The model reveals that large eddy activity corresponds

to an offshore shift of the surface freshwater layer characteristic of the East

Greenland shelf. The strength of the eddy activity regulates the density and

the hydrographic properties of the Denmark Strait Overflow Water (DSOW)

transported by the EGC sytem.

This chapter is published by the Journal of Physical Oceanography (Håvik et

al., 2019). Here we discuss in more detail results based on the high-resolution,

realistic, general circulation model that support and extend the observational

analysis presented in the paper.
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4.1 Introduction

The shelfbreak EGC is the strongest current flowing into Denmark Strait (Våge

et al., 2013; Harden et al., 2016). However, the EGC system exhibits high

temporal and spatial variability. The variability is more pronounced at the

northern end of Blosseville Basin. In this region the shelfbreak EGC period-

ically bifurcates and a second branch, the separated EGC, flows southward

along the base of the Iceland slope (Figure 4.1). Våge et al., 2013 and Harden

et al., 2016 proposed two possible mechanisms controlling the separation of

the EGC. (i) One hypothesis suggests that the separated EGC is the eastern-

most part of an intermittent anticyclonic gyre, which is induced by negative

wind stress curl across Blosseville Basin. (ii) The second hypothesis suggests

that baroclinic instabilities arising at the northern end of Blosseville Basin

generates a train of eddies. These eddies then coalesce along the base of the

Iceland slope forming the separated EGC.

The Atlantic Water transiting northward through the eastern Nordic Seas is

modified by heat and salt fluxes. The modified Atlantic Water, which merges

with the EGC below the fresh Polar Surface Water (PSW), is one of the largest

component of the DSOW (Mauritzen, 1996; Eldevik et al., 2009). In line with

previous studies (e.g., Våge et al., 2011), we use the term Atlantic-origin Water

for all intermediate water masses with a potential temperature warmer than

0◦C. This is mostly recirculated Atlantic Water from Fram Strait, although part

of it is Atlantic Water which has circulated around the Arctic Ocean (Buch

et al., 1996; Mauritzen, 1996; Rudels et al., 2002; Rudels et al., 2005).

The Atlantic-origin Water can be recognized in the EGC by the intermediate
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Figure 4.1: Schematic overview of the currents flowing across the Kögur mooring
array marked by the orange line between Greenland and Iceland. The abbreviations
are East Greenland Current (EGC), North Icelandic Jet (NIJ), North Icelandic Irminger
Current (NIIC).
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temperature and salinity maxima. As the hydrographic properties of the water

masses transported by the EGC are modified during the transit from Fram

Strait to Denmark Strait, the local maxima vary with latitude. The intermediate

water masses are modified through (i) isopycnal mixing with the water masses

in the interior of the basin (Strass et al., 1993), and (ii) direct contact with the

atmosphere (Våge et al., 2018). These modifications might affect the density

of the DSOW, and ultimately the large-scale circulation of the North Atlantic

and the strength of the Atlantic Meridional Overturning Circulation (AMOC).

In this chapter, we characterize the variability of the EGC system and in-

vestigate the mechanisms associated with the formation of the separated EGC.

Specifically, we integrate our high-resolution, realistic, general circulation

model forced by the Arctic System Reanalysis version 2 (ASRv2; Bromwich

et al., 2018) with several observational datasets analysed by Håvik et al., 2019

(see Chapter 2 for more details about the model configuration). Our ultimate

goal is to improve the understanding of the connection between the processes

modifying the Atlantic-origin Water and the kinematic structure of the EGC

upstream of Denmark Strait. The chapter is organized as follows: In Sec-

tion 4.2 we compare the model circulation upstream of Denmark Strait with

high-resolution measurements. In addition, we characterize the variability of

the Atlantic-origin Water carried by the EGC throughout the year simulated

by the model, and we compare the properties of the intermediate layer with

historical hydrographic profiles. In Section 4.3 we investigate the variability

of the Atlantic-origin Water, relating it to the kinematic structure of the EGC
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system. Finally, we summarize our findings in Section 4.4, where we also dis-

cuss the mechanisms associated with the bifurcation of the EGC and possible

implications for the large-scale circulation in the North Atlantic.

4.2 Comparison with observations

4.2.1 The Kögur mooring array

To assess the realism of the circulation upstream of Denmark Strait in the

model we compare the simulated velocity field with current speeds measured

by the Kögur mooring array (http://kogur.whoi.edu; Harden et al., 2016).

The array consists of 12 moorings distributed from the outer East Greenland

shelf to the Iceland shelfbreak (Figure 4.1). The moorings were deployed from

September 2011 to August 2012 and captured the vast majority of the water

feeding the Denmark Strait Overflow (DSO).

The yearly-averaged cross-sectional current speeds from the model agree

well with the mooring array data (Figure 4.2). The strength of the simulated

shelfbreak EGC (Figure 4.2b) is consistent with the measurements (Figure 4.2a),

although the model exhibits a wider current. The combination of the separated

EGC and the North Icelandic Jet (NIJ) manifests as a surface-intensified current.

The core of this southward flow is located on the Iceland slope, approximately

above the 600-800 m isobaths. The negative velocities (northwestward) at

the upper Iceland slope corresponds to the North Icelandic Irminger Current

(NIIC).

The model is generally less dense than the observations, which is consistent

with the biases in Denmark Strait discussed in Chapter 2. The characteristic
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Figure 4.2: Comparison of the mean cross-sectional current speed in (a) the mooring
observations and (b) the model at Kögur (see Figure 4.1). Positive current speeds are
toward the southwest and distance is increasing along the x-axis from the eastern-
most mooring near the Iceland shelfbreak. On top of (a) the mooring locations are
numbered (KGA 1-12), and the measurement levels on each mooring are marked by
black dots. A selection of isopycnals is contoured in both panels, and the upper limit
of DSOW, the 27.8 kg m−3 isopycnal, is marked by the thick black contour. The hori-
zontal dashed line indicates the sill depth at Denmark Strait (650 m), and the vertical
dashed lines mark the location where the orientation of the transect changes. The
data from the mooring array are interpolated using a Laplacian-spline interpolator,
and the data from the model are linearly interpolated in the horizontal. The viewer is
looking to the north.
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divergence of the isopycnals associated with the NIJ is also less pronounced

in the model compared to observations (Våge et al., 2011; Harden et al., 2016).

As this chapter focuses on the shelfbreak and separated branches of the EGC,

we conclude that the model represents well the kinematic structure upstream

of Denmark Strait.

4.2.2 Historical hydrographic profiles

The Atlantic-origin Water is the warmest component of the DSO. We identify

the Atlantic-origin Water in the EGC by locating the maximum temperatures

below the overflow interface along the 700 m isobath (for more details, see

Håvik et al., 2019). In line with previous studies, the DSO interface corre-

sponds to σθ = 27.8 kg m−3 (σθ = ρ − 1000 kg m−3; Dickson and Brown,

1994).

In agreement with the historical hydrographic profiles collected from 1980

to 2014 (Våge et al., 2015), the yearly mean maximum temperature of the

Atlantic-origin layer decreased from north to south in the model (black line

in Figure 4.3). The temperature decrease can be explained by the exchanges

with the neighboring water masses, which are of polar and Arctic origin and

therefore colder. However, the model shows a narrower temperature range

and a weaker decrease (0.04◦C per degree of latitude on average compared to

0.1◦C per degree of latitude). We note that the model simulated one year only,

whereas the measurements along the East Greenland shelfbreak are spread

over 35 years but biased toward late summer. The weaker decrease from north

to south of the yearly-mean maximum temperature in the model is due to a
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Figure 4.3: Maximum temperature of the Atlantic-origin Water along the 700-m East
Greenland isobath averaged over 3-month periods. The black solid line corresponds
to the yearly averaged temperatures. The red line is the linear fit of the yearly
averaged temperatures. Larger distances correspond to higher latitudes, as shown by
the vertical lines. The dashed vertical line marks the latitude of the Kögur section. The
3-month acronyms for seasons are: September-October-November (SON); December-
January-February (DJF); March-April-May (MAM); June-July-August (JJA).

pronounced variability characterized by the seasonal time scale (Figure 4.3). In

September-October-November (SON) and December-January-February (DJF)

the intermediate temperature maximum decreases from north to south in the

year simulated by the model. The rate of change in temperature is stronger

in these months compared to the yearly mean trend, and is consistent with

the trend estimated from observations. However, in March-April-May (MAM)

the temperature of the Atlantic-origin Water rapidly decreases only in the

northern region, and the along-stream temperature change is not monotonic

(i.e., the maximum temperature of the intermediate layer first decreases, then

increases). The negative temperature trend from north to south along the EGC

path is almost completely reestablished in June-July-August (JJA), but the

temperatures of the simulated Atlantic-origin Water are lower compared to

the measurements. As the observations are particularly sparse in the seasons
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Figure 4.4: Temperature anomalies from the annual mean in (a) March-April-May
(MAM) and (b) June-July-August (JJA) in the model at Kögur. (c) and (d) show the
cross-sectional current speed in MAM and JJA, respectively. A selection of isopycnals
is contoured in all panels, and the upper limit of the DSOW is marked by the thick
black contour. The vertical dashed lines mark the location where the orientation of
the transect changes (see Figure 4.1). The horizontal dashed lines mark the depth of
the Denmark Strait sill. The viewer is looking to the north.

where the model shows a strong deviation from the yearly average, it is not

possible to establish whether or not this is a realistic representation of the EGC

variability.

In the upstream region, the maximum temperature of the DSOW is par-

ticularly low in MAM and JJA (Figure 4.3). A similar cooling occurs in the

downstream region in JJA only. Therefore, there is a time-lag between the

upstream and downstream modification of the Atlantic-origin Water. In Fig-

ures 4.4a and 4.4b, we show temperature anomalies from the annual mean

in (a) MAM and (b) JJA at Kögur. The surface layer is characterized by cold

(warm) anomalies in MAM (JJA). By contrast, the model reveals subsurface
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warming (cooling) in MAM (JJA). These positive and negative anomalies orig-

inate at different locations and appear to be related to the kinematic structure

of the currents flowing across the vertical section. In MAM, the warmest

anomalies are located on the Iceland shelfbreak and spread west. The core of

the positive temperature anomalies coincides with the core of the NIIC, which

carries subtropical warm water into Blosseville Basin. The NIIC simulated

by the model in MAM is robust and slightly shifted west (Figure 4.4c). In

JJA, the cold anomalies are concentrated at the edge of the Iceland shelf and

in a band extending across the entire basin. The anomalies on the Iceland

side of the section are consistent with the eastward shift of the NIIC, whereas

the anomalies at the interface of the overflow might be associated with the

weakening (strengthening) of the shelfbreak (separated) EGC (Figure 4.4d).

The relation between the temperature of the Atlantic-origin Water and the

kinematic structure of the EGC system is further investigated in Section 4.3.

4.3 Results

4.3.1 Relationship between eddy activity and temperature of
the intermediate layer

In this section we investigate the Eddy Kinetic Energy (EKE) variability as-

sociated with the maximum temperature of the DSOW along the EGC path.

EKE is computed separately at each grid point along the 700-m isobath. The

temporal mean EKE is defined as follows:

EKE =
1
2

[︂
(u − u)2 + (v − v)2

]︂
, (4.1)
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Figure 4.5: (a) Average temperature of the Atlantic-origin Water along the shelfbreak
EGC path computed for water warmer (red) and colder (blue) than a range of local
percentiles (color bar), and (b) corresponding EKE. The black solid line in (a) is the
linear fit of the yearly averaged temperatures. Larger distances correspond to higher
latitudes, as shown by the vertical lines. The dashed vertical lines mark the latitude
of the Kögur section.

where overlines indicate temporal averages, u is the zonal current speed, and

v refers to the meridional current speed.

Figure 4.5 shows the (a) average temperature and (b) EKE of the Atlantic-

origin Water along the isobath followed by the shelfbreak EGC. To investigate

the cause/effect relationships between eddy activity and water mass modifi-

cation, we separate the Atlantic-origin Water into warm (red) and cold (blue)

modes. Different modes are defined by local percentiles. North of approxi-

mately 69.5◦N the EKE along the 700-m isobath is low compared to further
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south (Figure 4.5). Although the cold mode is generally associated with en-

hanced eddy activity, the warm and cold modes of the Atlantic-origin Water

exhibit similar EKE values in the upstream region. By contrast, there is a clear

relationship between the core temperature of the Atlantic-origin Water and

the strength of the eddy activity in the southern part of the shelfbreak EGC.

Specifically, the two modes show opposite behaviour south of 68.5◦N: The

strength of the eddy activity associated with the cold (warm) mode increases

(decreases) as the EGC approaches Denmark Strait.

The historical hydrographic measurements analysed by Håvik et al., 2019

show a breakpoint (i.e., a change in EGC characteristics) located near 69◦N.

The breakpoint is located in a region characterized by a sharp bend in bathymetry

and atmospheric forcing, and coincides with the region where the EGC bifur-

cates. South of the breakpoint, the measured Atlantic-origin Water tempera-

ture decreases very rapidly. The model EKE shown in Figure 4.5b confirms the

existence of a breakpoint around 69◦N, and corroborates the hypothesis based

on observations that eddies play a key role in the separation of the EGC.

To further investigate the relationship between the temperature modes and

EKE, we construct model composites at the Kögur transect. The composites

are obtained by separating the Atlantic-origin Water in the shelfbreak EGC

into a warm and cold mode (Figure 4.6). The offshore limit of the shelfbreak

EGC corresponds to the location of the mooring KGA 8 (Figure 4.2a). In step 1,

we calculate the cross-sectional area covered by warm and cold Atlantic-origin

Water in the shelfbreak EGC. The threshold used to distinguish warm and

cold Atlantic-origin Water is set to 1◦C. The same threshold is used by Håvik
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Figure 4.6: Cross-sectional current speed at Kögur during (a) the warm mode and
(b) the cold mode in the model. (c) and (d) show the EKE during the warm and
cold modes, respectively. Note the nonlinear color bar in (c) and (d). A selection of
isopycnals is contoured in all panels, and the upper limit of the DSOW is marked
by the thick black contour. The vertical dashed lines mark the location where the
orientation of the transect changes (see Figure 4.1). The horizontal dashed lines mark
the depth of the Denmark Strait sill. The viewer is looking to the north.
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et al., 2019 to perform a similar composite analysis on the observations. It is

important to note that the threshold is consistent with the median temperature

of the Atlantic-origin Water in the model at Kögur (Figure 4.5a). In step 2,

we construct vertical sections of cross-sectional current speed (Figures 4.6a

and 4.6b) and EKE (Figures 4.6c and 4.6d) of the periods when one mode

dominates the other. The composites show that during warm conditions the

shelfbreak EGC is the most pronounced circulation feature across the section

(Figures 4.6a), while the separated branch is weak. The corresponding EKE

is large in the core of the shelfbreak EGC, and is low further offshore (Fig-

ures 4.6c). On the other hand, the separated EGC emerges in the composite

vertical section corresponding to the cold mode (Figures 4.6b). In contrast

with the warm mode, strong EKE values are present across the entire Blos-

seville Basin (Figures 4.6d) and the largest values coincide with the core of the

separated EGC.

4.3.2 Relationship between eddy activity and salinity of the
surface layer

We show maps of key surface properties averaged over time in Figures 4.7a,

4.7b, and 4.7c. The mean current speed in the upper 100 m indicates a strong

shelfbreak EGC upstream of the Kögur transect (Figure 4.7a). Its average

speed exceeds 0.4 m s−1. The core of the shelfbreak EGC weakens progressing

southward, and a broader region with enhanced current speed emerges on

the East Greenland shelf and near the Denmark Strait sill. The yearly mean

velocities do not show a distinct separated EGC as this current is characterized

by high fluctuation in time and space (Harden et al., 2016).
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Figure 4.7: Mean (a) horizontal current speed
(︂√

u2 + v2
)︂

, (b) salinity, (c) EKE, and
(d) Pearson correlation coefficient between salinity and EKE in the model over the
upper 100 m. The black lines indicate the location of the Kögur transect. The gray
contours are 300-, 700-, 1000-, and 2000-m isobaths from the model. Areas shallower
than 100 m are masked gray. Hatched areas are not significant at the 5% level (p
values < 0.005).
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The average surface salinity field (Figure 4.7b) highlights the front between

different water masses. The fresh PSW is located on the Greenland shelf,

whereas salty water is located offshore. Both the fresh and salty water masses

are located near the shelfbreak in the region north of the breakpoint (∼ 69◦N).

By contrast, south of the breakpoint, the fresh water spreads east of the

shelfbreak and the front is weak.

The EKE field shows an enhanced eddy activity south of 69◦N (Figure 4.7c),

which is consistent with our findings described in Section 4.3.1. Both the

order of magnitude and location of the enhanced EKE are consistent with

estimates from satellite altimetry (Håvik et al., 2017). The eddy activity is also

enhanced south of approximately 68.2◦N. As the EKE is particularly strong at

the eastern end of Blosseville Basin, the model suggests that the eddies erode

the shelfbreak EGC, coalesce along the base of the Iceland slope, and form the

separated EGC.

We compute the correlation between EKE and salinity at each grid point to

investigate the link between the eddy activity, salinity, and kinematic structure

of the EGC system in the upper-ocean (Figure 4.7d). We perform two separate

tests to estimate the significance of the Pearson correlation coefficients. (i) The

first method identifies where the correlation coefficients are not significant at

the 5% level (p values < 0.05). Slashes in Figure 4.7d indicate the grid points

that do not pass this test. (ii) The second method is based on Wilks, 2016

and is more robust to the effects of spatial correlation. Wilks, 2016 has shown

that, when the spatial correlation is moderate or strong, αFDR = 2αglobal is

the control level required to perform a solid False Discovery Rate (FDR) test.
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Therefore, we choose to set αFDR = 0.1. Backslashes in Figure 4.7d indicate

correlation values that do not pass this test.

The correlation coefficients passing the significance tests reveal that en-

hanced eddy activity is associated with low salinities at the eastern end of

Blosseville Basin (Figure 4.7d). This is consistent with the hydrographic mea-

surements at Kögur analyzed by Håvik et al., 2019, which show that the fresh

PSW is shifted eastwards when the cold mode of the Atlantic-origin Water

dominates. On the other hand, lower EKE is associated with the warm mode

of the Atlantic-origin Water and higher salinities. Interestingly, we find a

particular strong anticorrelation (∼-0.7) in an elongated band along the base

of the Iceland slope. This band overlaps the region where the separated EGC

flows.

4.4 Summary and discussion

We use a high-resolution, realistic, general circulation model to investigate

the link between the eddy activity, salinity, and kinematic structure of the

EGC. This study supports and extends the observational analysis performed

by Håvik et al., 2019.

In agreement with observations, the yearly mean temperature of the

Atlantic-origin layer in the shelfbreak EGC decreases from north to south.

The EKE associated with the intermediate Atlantic-origin Water confirms the

existence of a breakpoint around 69◦N, south of which Håvik et al., 2019 found

an enhanced reduction in temperature of the Atlantic-origin layer. The strong

modification south of the breakpoint appears to be the result of enhanced
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mixing, which is associated with the bifurcation of the EGC at the northern

end of Blosseville Basin.

At Kögur, we find that a relatively warm Atlantic-origin Water is trans-

ported by the shelfbreak EGC, whereas the separated EGC transports a more

modified and therefore colder Atlantic-origin Water. The total transport (vol-

ume flux) of the EGC system is similar during the two modes, but the relative

contribution of the separated branch is larger during the cold mode. This

supports the hypothesis based on observations that the separated EGC results

from a bifurcation of the shelfbreak EGC. In addition to the more vigorous

mixing of the intermediate Atlantic-origin Water observed south of 69◦N, the

model shows that enhanced eddy activity downstream of the breakpoint is

associated with fresh PSW offshore of the shelf. Therefore, the eddies are

likely due to instabilities in the shelfbreak EGC and advect surface water

offshore. Although cold water is generally associated with enhanced eddy

activity, south of the breakpoint the EKE associated with the cold mode is

twice as large as the EKE in the warm mode.

The location of the sea ice edge on the eastern side of Greenland is of

critical importance. Because of the recent retreat of the sea ice edge towards

Greenland, part of the Atlantic-origin Water is currently reventilated just off-

shore of the shelfbreak EGC (Våge et al., 2018). If the sea ice edge continues to

retreat towards Greenland, the reventilation of the Atlantic-origin Water might

take place directly within the core of the shelfbreak EGC. Our findings suggest

that the increased modification of the Atlantic-origin Water in the shelfbreak

EGC would alter the relative contribution of the EGC branches, leading to
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enhanced offshore transport of fresh water. In this scenario, the density of

the DSOW might change due to enhanced eddy activity and reventilation,

affecting the contribution from the Nordic Seas to the deep circulation in the

North Atlantic.
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Chapter 5

Conclusions

5.1 Summary

This thesis presents three studies that aim at deepening the understanding of

the variability characterizing the ocean circulation in the vicinity of Denmark

Strait. Our findings are based on a year-long, high-resolution (∼2 km), realistic

general circulation model covering the East Greenland shelf and the Iceland

and Greenland Seas. Overall, the agreement between the model and the

available observations is excellent.

In Chapter 2, we focus on the high-frequency variability of the Denmark

Strait Overflow (DSO) at the sill. We characterize the hydrography and cir-

culation associated with boluses and pulses, which are the two dominant

mesoscale features in the strait. We estimate that the yearly mean southward

volume flux of the DSO is about 30% greater in the presence of boluses and

pulses. On average, boluses (pulses) are 57.1 (27.5) hour long, occur every

3.2 (5.5) days, and are more frequent during the summer (winter) of the year

simulated. Boluses (pulses) increase (decrease) the overflow cross-sectional
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area, and temperatures around the overflow interface are colder (warmer) by

about 2.6◦C (1.8◦C). The lateral extent of the boluses is much greater than that

of the pulses. In both cases, the along-strait equatorward flow of dense water

is enhanced, but more so for pulses. The Sea Surface Height (SSH) rises by

4-10 cm during boluses and by up to 5 cm during pulses. The SSH anomaly

contours form a bowl (dome) during boluses (pulses), and the two features

cross the strait with a slightly different orientation. We find that the mean

direction of the DSO and the SSH anomalies are consistent with a geostrophic

flow, whereas the lag between SSH anomalies and boluses/pulses is consistent

with baroclinic instability. Our findings indicate that boluses and pulses play

a major role in controlling the properties of the DSO flowing into the Irminger

Sea.

Chapter 3 focuses on the evolution of boluses and pulses as they descend

into the Irminger Basin. These mesoscale features cross Denmark Strait with

the same frequency as the DSO cyclones observed farther downstream. To

investigate the connection between high-transport events and cyclones, we

develop an automated vortex detection algorithm and apply it to the model

solutions. The model shows that both the cyclonic boluses and anti-cyclonic

pulses produce DSO cyclones, but the underlying mechanisms are different.

Cyclones associated with boluses form at the Denmark Strait sill and, because

of potential vorticity conservation and stretching of the water column, grow

as they move south. In contrast, cyclones associated with pulses form down-

stream of the sill, when the slow-moving anticyclones near the East Greenland

shelfbreak start collapsing. Regardless of their formation mechanism, DSO
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cyclones progressively weaken starting roughly 150 km downstream of the

sill. The mean stratification of the cyclones decreases during their life cycle,

while their initial increase in relative vorticity due to stretching is followed by

a decrease. As a result, potential vorticity is only materially conserved during

the growth phase. Lastly, composite averages of the DSO cyclones show that

they are preceded by downwelling and followed by upwelling, and that the

maximum vertical acceleration coincides with the peak of the growth phase.

As the DSO cyclones interact with the dense water masses that descend into

the subpolar North Atlantic, they are of critical importance for the Atlantic

Meridional Overturning Circulation (AMOC).

In Chapter 4, we focus on the variability in the East Greenland Current

(EGC) system upstream of Denmark Strait. In agreement with observations,

the yearly mean temperature of the Atlantic-origin layer in the shelfbreak EGC

decreases from north to south. The Eddy Kinetic Energy (EKE) associated

with the intermediate Atlantic-origin Water confirms the existence of a break-

point around 69◦N, south of which observations show enhanced reduction in

temperature of the Atlantic-origin layer. The strong modification south of the

breakpoint is due to enhanced mixing, which is associated with the bifurcation

of the EGC at the northern end of Blosseville Basin. Large eddy activity is

associated with a more robust separated EGC and an offshore shift of the

surface freshwater layer that characterizes the Greenland shelf. We find that

the intensity of the eddy activity regulates the density and the hydrographic

properties of the Denmark Strait Overflow Water (DSOW) transported by the

EGC system. The shelfbreak EGC transports dense water masses that are
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relatively warm, whereas the separated EGC transports more modified and

therefore colder water masses.

5.2 Future Work

We have shown that the high-resolution, realistic, general circulation model

developed for this thesis is a useful tool to interpret the sparse observations

available near Denmark Strait. Although the numerical domain presented in

Chapter 2 includes the entire Iceland Sea to the north as well as Cape Farewell

to the southwest, the configuration and the horizontal grid of the models

discussed so far are designed to resolve the dynamics associated with the DSO

near the sill.

The densest water masses feeding the DSOW are hypothesized to form

in the Iceland Sea or the southern Greenland Sea as part of an interior over-

turning loop (Våge et al., 2013; Våge et al., 2015). As of today, the source of

these water masses remains unknown. Therefore, we set up a new configura-

tion of the Massachusetts Institute of Technology General Circulation Model

(MITgcm; Marshall et al., 1997) to better understand where, when, and how

the densest components of the DSOW are formed. The model configuration

is similar to the setup presented in Chapter 2: The high-resolution, realistic,

regional model solves the primitive equations of the ocean and is coupled with

a sea ice model (Losch et al., 2010). The numerical domain extends from south

of Cape Farewell to about 79◦N, and from Greenland to the Scandinavian

Peninsula and Svalbard (Figure 5.1). The maximum horizontal resolution is

about 1.7 km in the Greenland Sea and decreases moving toward the edges of

93



Figure 5.1: Plan view of the numerical domain of the model in support of the Iceland
Greenland Seas Project (IGP) superimposed on seafloor bathymetry. Red lines indicate
the square root of the horizontal area of the grid-cells in kilometers.
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Figure 5.2: (left) The hydrographic sections occupied in the Iceland Greenland Seas
Project (IGP). (right) The northwest Iceland Sea and the location of intensive surveys
where triangular patterns or lines were repeated several times in coordination with
the research aircraft. Source: Renfrew et al., 2019.

the domain. The vertical grid uses partial bottom cells and the rescaled height

coordinates z∗ (Adcroft et al., 2004). The vertical resolution linearly increases

from 2 to 19 m in the upper ∼200 m and is 19 m thereafter.

In February-March 2018, a 43-day cruise in the northwest Iceland Sea and

southwest Greenland Sea collected data to investigate the location and causes

of dense water formation (the IGP; Renfrew et al., 2019). The spatial coverage

of the measurements is shown in Figure 5.2. As we plan to integrate the model

solutions with the IGP observations, the year-long numerical simulation spans

from September 2017 to August 2018 (after an 8-month spinup). Similarly

to the model validation discussed in Chapter 2, we will perform a “virtual

campaign” resembling the field campaign carried out in winter 2018. This

approach will lead to a robust and detailed characterization of the model

biases. The virtual campaign will be performed using OceanSpy (Almansi
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et al., 2019), the open-source software developed for this thesis. Furthermore,

the software will be used to calculate heat and salt budgets, which will allow

to determine the relative contribution of advection, diffusion, and surface

forcing to the total tendency of the tracers. Finally, we will use OceanSpy to

compute accurate fluxes through vertical sections, and we will combine the

results with the intensive surveys repeated along closed paths (Figure 5.2-

right). This method will allow to characterize the water mass modifications

occurring in the regions bounded by closed surveys.

Haine et al., 2009 found that the spatial resolution of the atmospheric fields

used to force high-resolution models significantly affects the ocean circulation

in Denmark Strait. The model that we will integrate with the IGP measure-

ments is forced with heat, freshwater, and momentum fluxes derived from the

ECMWF Re-Analysis version 5 (ERA5; Copernicus Climate Change Service

(C3S), 2017), whereas the configurations described in Chapter 2 and 3 are

forced with ERA-Interim (Dee et al., 2011) and the Arctic System Reanalysis

version 2 (ASRv2; Bromwich et al., 2018), respectively. The wide-ranging

spatial resolution of the atmospheric reanalyses used to force the ocean com-

ponent (15, 25, and 80 km for ASRv2, ERA5, and ERA-Interim, respectively)

allows to extend the analysis performed by Haine et al., 2009. Specifically,

we will investigate the impact of the atmospheric forcing resolution to the

circulation and ventilation further upstream of Denmark Strait.

During the IGP field campaign, the North Atlantic Oscillation (NAO) tran-

sitioned from positive to negative conditions. The NAO index (Barnston and
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Levezey, 1987) switched sign on February 26, 2018. The transition to nega-

tive NAO resulted in a dramatic drop in air temperature, which explains the

Cold-Air Outbreak (CAO) over the Iceland Sea that characterized the second

half of the IGP campaign (Renfrew et al., 2019). Interestingly, a preliminary

analysis of the model circulation at Kögur (see Figure 4.1) reveals sudden

changes between February and March 2018 (Figure 5.3). In February, when the

monthly mean NAO index is 1.58, both the separated and shelfbreak branches

of the EGC system are robust (Figure 5.3a). By contrast, there is an anomalous

northward flow at the Greenland shelfbreak in March (Figure 5.3b), when the

monthly mean NAO index is -0.93. In this case, northward and southward

currents alternate along the section, the North Icelandic Jet (NIJ) at the edge

of the Iceland shelf is enhanced, and most of the volume flux associated with

the EGC system is concentrated at the center of the transect. We will establish

whether or not this circulation patterns are due to the change in sign of the

NAO index, extending our study focused on the variability upstream of Den-

mark Strait (see Chapter 4). We will also assess the effects of this anomalous

circulation on the properties of the DSOW, comparing our findings with the

Lagrangian analysis performed by Saberi et al., 2020 on the model solutions

shown in Chapter 3 and 4. Specifically, we will further investigate the hypoth-

esis that, when the NAO index is particularly high in winter, the contribution

to the DSOW of pathways from south of Denmark Strait is relatively large.
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Figure 5.3: Monthly mean cross-sectional current speed in (a) February and (b) March
at the Kögur section. The monthly mean NAO is positive in February and negative in
March. Positive current speeds are toward the southwest. The vertical dashed lines
mark the location where the orientation of the transect changes (see Figure 4.1). The
viewer is looking to the north.
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