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10  Abstract. The Irminger Sea is one of the few places in the North Atlantic where dense water masses are formed through deep
convection. In addition to atmospheric forcing, wintertime convection in the Irminger Sea interior can be impacted by the
extent of restratification in the preceding years. In the Irminger Sea, the cold central basin is contrasted to the Irminger Current
(IC) which carries warm and saline waters of subtropical origin. In this study, we investigate the potentialimpact of the IC on
restratification of the Irminger Sea’s deep convection area (DCA), using a high-resolution regional model combined with

15 Lagrangian particle tracking. We release particles over the upper 1500 meters of the IC in the eastern Irminger Sea and track
them forward-in-time.

Of those particles, 38% follow the boundary current circulation and 61% enter the interior Irminger Sea. One percent leaves
the Irminger Sea through Denmark Strait and across the ridge to the Iceland Basin. Of those entering the interior, about one
half reaches the DCA, steered by mesoscale variability. On their way to the DCA, the IC waters cool and freshen but on

20 averageremain lighter than waters in the DCA and therefore havethe potential to restratify the DCA. This westward spread
of light IC waters constrains the extent of the DCA to the western Irminger Sea by enhancing the stratification in the eastern

part of the basin.

1 Introduction

The subpolarNorth Atlantic is one of the few regions in the world’s oceans where dense water formation occurs through ocean
25 deep convection. Recent observations from the Overturning in the Subpolar North Atlantic Program (OSNAP) have shown
thatdeep convection in the Labrador Sea contributes much less to the strength of subpolaroverturning than previously thought
(Fu etal, 2023; Lietal, 2021; Lozier et al., 2019; Petit et al., 2020). Instead, OSNAP observationshave revealed that water
mass transformation in the Irminger Sea and Iceland Basin dominates the strength of the Atlantic Meridional Overturning
Circulation (AMOC) atsubpolarlatitudes (Fu et al., 2023; Li etal.,, 2017; Lozier etal., 2019; Petit etal.,, 2020). Recent studies
30 havealso identified the Irminger Sea as a key source of subpolar overturning variability on interannualto decadaltimescales
(e.g., Chafik & Holliday, 2022; Megannetal.,, 2021; Sanchez-Franksetal.,, 2024) with important implications forboth natural
and anthropogenic carbon uptake (Frob etal,2016,2018). Given these findings, it is critical that we improve ourunderstanding

of the processes impacting the strength of deep convection in the Irminger Sea and its potential impact on the AMOC.
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Figure 1: Schematic overview of the circulation in the Irminger Sea. Yearly mean average sea surface temperature from the MITgem
model simulation used in this study (shading) and model bathymetry (contours) with a 500 m interval. Lime green line marks the
particle release line. Depicted currents are the East Reykjanes Ridge Current (ERRC, dark green), the Irminger Current (IC, dark
purple) and the East Greenland Current (EGC, blue). The Irminger Gyre (IG) is depicted in light purple. Grey circles mark the

40 OSNAP East mooring locations; black numbers indicate the IC mooring array. Thelight blue hatched area schematically represents
the deep convection area (DCA) in the Irminger Sea.

The hydrography in the Irminger Sea is characterized by cold and relatively fresh water in the center of the Irminger Sea,
compared to the warm and saline Irminger Current (IC) in the eastern part of the basin along the Reykjanes Ridge (Fig. 1,
Vageetal, 2011). Some IC waters branch off into the northern part of the basin and exit through Denmark Strait as the North

45 Icelandic Irminger Current (e.g., Jonsson & Valdimarsson, 2012). Most of the IC waters follow a cyclonic path towards the
east Greenland coast and then flow southward side-by-side to the East Greenland Current (EGC, Fig. 1). Some waters flowing
southward along the eastern side of Greenland recirculate back northward with a cyclonic circulation, also known as the
Irminger Gyre (Vage et al.,,2011). Here, we focus on the IC on the western flank of the Reykjanes Ridge to investigate whether
warm and saline IC waters enter the Irminger Sea interior, and if so, how they affect restratification in the interior basin.

50 The IC has been observed with hydrographic moorings as part of OSNAP East since 2014 (Lozier et al., 2017,2019). On
average,the ICis a surface-intensified two-core current with a weak southward flow in between the two cores at intermediate
depth (De Jong et al, 2020; Fried et al,, 2024; Fried & De Jong, 2022; Vage et al, 2011). The same studies show that its
western core is relatively cold and fresh compared to the warm and saline eastern core. In Fried et al. (2024), this difference
in hydrographic properties was attributed to the source regions (Irminger Sea and Iceland Basin) of the waters they carry. The

55 IC exhibits a strong interannualtransport variability thatis related to the basin wide density gradient as shown by Fried & de
Jong (2022) using reanalysis data. So both, the water mass composition and the variable strength of the IC might impact its
effect on convection in the Irminger Sea. In this study, we will focus on the impact of the different water mass properties

carried by the IC on the convection area rather than on the potential impact of the IC’s interannual variability.
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60 Ingeneral, convection can occurin basins with a cyclonic gyre circulation with doming isopycnals that brings weakly stratified
waters to the surface. During deep convection, strong buoyancy loss creates a gradually deepening mixed layer. Using a set of
high-resolution model simulations combined with Argo data,Riihset al. (2021) recently described the main convection sites
in the subpolar gyre as being the Labrador Sea, the Irminger Sea and an additional region south of Cape Farewell. Here, we
focus on the convection region in the Irminger Sea. Convection in the Irminger Sea was first described by Nansen (1912). It

65 occurs as open ocean convection in its interior (De Jong et al,, 2012,2018, 2025; De Jong & De Steur, 2016; Vage et al,,
2011), and as slantwise convection at the boundary of the interior Irminger Sea east of Greenland (Le Bras et al., 2022).

In the Irminger Sea, convection can reach maximum depths of around 1400 m (De Jong & De Steur, 2016) but displays a
strong year-to-year variability from 280 — 1400 m (De Jong et al.,, 2025). The most recent and well-described period of deep
convection was the winter 2014 — 2015, when strong atmospheric forcing resulted in mixed layers down to 1400 m (De Jong

70 etal, 2018;De Jong & De Steur, 2016). This intense deep convection persisted in consecutive winters until 2018 (Fox et al.,
2022; Zunino et al., 2020). Since then, convection in the Irminger Sea has been weaker mainly due to reduced atmospheric
forcing (De Jong et al., 2025).

The intensity of convection depends on the stratification of the water column at the end of the summer but to a larger extent
on the surface buoyancy forcingin winter (De Jongetal., 2012,2018,2025; Gelderloos et al., 2012; Marshall & Schott, 1999).

75 Deep convection can be divided into three phases: the preconditioning, the actualdeep convection and the restratification phase
(De Jong et al, 2018; Gelderloos et al, 2011; Jones & Marshall, 1997; Marshall & Schott, 1999). The annualcycle of
convection consists of deep convection in winter, that together with the circulation and Ekman pumping preconditions the
water column for convection the following winter (Marshall & Schott, 1999). In addition, the restratification of the water
column after convection happens in spring and summer and works against the preconditioning (De Jong & De Steur, 2016;

80 Nelson et al.,, 2024; Sterl & De Jong, 2022). The convection area is restratified through surface buoyancy gain from solar
radiation and precipitation (De Jonget al, 2018; De Jong & De Steur, 2016), and lateraladvection of buoyant waters, mostly
originating from the boundary currents (Gelderloos et al., 2011; Georgiou et al., 2019; Jones & Marshall, 1997; Sterl & De
Jong, 2022). So, as part of the restratification process boundary-interior exchanges can influence the intensity of deep
convection in the Irminger Sea.

85 This yearly cycle of stratification in the Irminger Sea also exhibits a strong interannualvariability as shown by Ster]l & de Jong
(2022) using reanalysis data. While the upper 100 m experience a strong seasonalcycle, the layerbetween 100 — 600 m exhibits
a strong interannualvariability mainly related to variability in convection. They furtherstate that the interannualvariability in
restratification has some correlation to the variability in eddy kinetic energy (EKE) in the area where warm and saline
mesoscale eddies are shed offthe IC. Like the Labrador Sea, where the lateralbuoyancy flux carried by these mesoscale eddies

90 contributes to restratification after winter convection (Boning et al., 2016; Gelderloos et al., 2011; Georgiou et al.,, 2019), the
Irminger Sea might be restratified by eddies. In the Labrador Sea, this impact of eddies on restratification has been studied in
more detail. There, the warming of the interior waters afterconvection is a combination of surface warming by the atmosphere
after the winter and the lateral heat exchange through eddies (Lilly et al, 1999). Multiple studies find that these warm and
saline eddies are an important contributorto the restratification of the interior Labrador Sea by compensatingthe annualmean

95 heatloss (Cuny etal, 2002; De Jong et al.,, 2014; Gelderloos et al., 2011; Georgiou et al., 2019; Hatinetal,, 2007; Katsman
etal, 2004; Kawasaki & Hasumi, 2014; Lilly et al., 1999).

As multiple studies point atthe potential of the boundary current to shed off eddies and with thatinfluence restratification in
the Irminger Sea’s convectionarea (Fanet al, 2013; Sterl & De Jong, 2022), we here investigate how much of the buoyant IC
water reaches the convection area in the Irminger Sea with the potential to impact restratification. We use forward-in-time
100 trajectories of Lagrangian particles released in the upper 1500 m at the OSNAP IC moorings fora maximum tracking time

period of one year in a high-resolution regional ocean model.
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This paper is structured as follows: Section 2 describes the details of the high-resolution model simulation, the model’s
representation of the circulation and the hydrography at OSNAP East, and the chosen Lagrangian particle tracking procedure.
Section 3 investigates the downstream pathways of the IC from the OSNAP IC moorings, considers the sensitivity of the

105 particle selection process and explores whether entering the convection area depends on where along the release line particles
where released. Based on an analysis of only the particles entering the interior Irminger Sea, Section 4 explores the IC’s
connection with the deep convection area and its potentialimpact on restratification. Finally, section 5 summarizes the results
and limitations of this study, discusses the role of mesoscale eddies in bringing waters towards the DCA and considers the
relevance of the IC waters for the extent of the deep convection area in the Irminger Sea.

110

2 Data and Methods
2.1 MITgem model simulation

To explore the contribution of the IC to the stratification in the interior Irminger Sea, we use output from a high-resolution
regional ocean simulation performed with the Massachusetts Institute of Technology General circulation Model (MITgem;
115 Marshallet al, 1997). This regional setup (described in full in Almansiet al.,2017)covers the eastern subpolarNorth Atlantic
including the Irminger Sea, the Iceland Basin and most of the Nordic Seas (47°W -1°E and 57°-76°N). The horizontal
resolution varies from 2 km in the center of the modeldomain to 4 km at the edges. Thus, the central Irminger Sea and the IC
area are represented at a resolution of around 2 km. In the Irminger Sea and the Iceland Basin, the resolution required to resolve
the baroclinic Rossby deformation radius is typically 1/8°-1/16° (Hallberg et al. (2013), their Fig. 1). This corresponds to at
120 least 3 km in the Irminger Sea. With a horizonal grid spacing of 2 km, this model configuration can thus be considered eddy-
resolving in the area of interest. In the vertical, this MITgem simulation has216 levels. The resolution increases linearly from
1 to 15 meters in the first 120 m and is 15 m at deeper levels. At the surface, the model is forced with the Arctic System
Reanalysis forcing (ASR-2; Bromwich et al.,, 2018), which hasa 15 km horizontal resolution. As performing a simulation at
such high resolution requires substantialcomputingcapacity and data storage, its length was limited to a one-yearperiod from
125 Istof September2007 until 315t of August 2008. All modeloutput wassaved at 6-hourly intervals and is publicly available via
SciServer (Medvedev etal.,2016; Taghizadeh-Popp et al.,,2020). In this study, we use the data for velocity in three dimensions,
temperature and salinity data. The model output was analysed usingthe OceanSpy v0.1 python package (Almansiet al., 2019).

2.2 Model validation in the Irminger Sea

The model simulation is first validated atthe location of the OSNAP Eastmooring array,to verify thatthe model reproduces

130 the IC’s two-core structure with a realistic east/west gradient in salinity and temperature (the western core being colder and
fresher than the IC’s eastern core, e.g. De Jong et al., 2020; Fried et al., 2024; Fried & De Jong, 2022; Vage et al., 2011). Slight
differences between this simulation and the observations can be expected due to the much higher spatial resolution in this
model simulation. Also, the IC’s structure could have been different during the chosen model year (2007-2008 model
simulation versus 2014-2022 observations).

135 Figure 2 shows sections of one-year average across-section velocity, potential temperature and practical salinity from the
simulation at OSNAP East. For easierreference to observations, we added the location of the hydrographic moorings observing
the IC within the OSNAP program as vertical lines (IC0-IC4 from west to east). In the model, we find a strong northward flow
with surface-intensified velocities between IC2 and 1C4 that can be identified as the eastern IC core (Fig. 2a). Between IC1
and IC2 the modelproduces southward velocities in line with observations,butover a slightly wider area (De Jong etal., 2020

140 their Fig. 2). Inthe modeldata,the western IC core is visible between mooring locations ICO and IC1. The fact that its position

is slightly shifted compared to its location reported based on observations is not unexpected, as we know from observations

4
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that the western IC core displays strong spatial and temporal variability (De Jong et al., 2020; Fried & De Jong, 2022).
Therefore, moorings cannot always capture a westward shift of the IC and therefore its strength and location could be
underestimated by mooring observations.

145  Further west, the northward flow in the center of the Irminger Sea between 40°W - 37.5°W (Fig. 2a)is known as the mamn
northward branch of the Irminger Gyre from observations (Fig. 1). The strong southward flow at the western side of the basin
is the EGC/IC. The currents along the OSNAP Eastsection arein the correct position compared with observations and show
a realistic strength (Daniault et al, 2016; Duyck & De Jong, 2021; Le Bras et al.,2018; Vage etal.,,2011).

The simulated hydrography of the Irminger Sea along OSNAP East (potentialtemperature and salinity) is shown in Figure 2b-

150 c,respectively. Warmer and more saline waters dominate the eastern part of the basin (>7 °C, 35.1 PSU). The central Irminger
Sea is characterized by relatively colder and fresher water with seasonally outcropping isopycnals in the convection area
between 40-39 °W. The strong salinity minimum (34.9 PSU) in the central Irminger Sea reaching down to 1000 m depth marks
convectively formed waters. The simulated hydrography along OSNAP East and the lateral gradient compare well to long-
term averages from observations (Fried et al,, 2024; Fried et al., 2024; Fu et al,, 2023; Vage et al, 2011).

E
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155 Figure 2: Simulated IC properties at the OSNAP East section. (a) One-year average velocity section across OSNAP East (shading)
with one-year average isopycnals (contours). The OSNAP array is marked by grey dots in Figure 1. IC-mooring locations are marked
with black vertical lines and mean locations of western (W) and eastern (E) IC core with black horizontal lines; (b) as (a) but for
potential temperature with isotherms (white contours); (c) as (a) but for practical salinity with isohalines (white contours). Dashed
black line in (a) marks the particle release area.
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160 For a broader basin-wide validation of this simulation than the OSNAP East section, we evaluated the model’s surface
circulation and eddy kinetic energy in the Irminger Sea (Fig. 3). The model’s mean circulation is averaged overthe upper 1500
m and displayed together with the one-yearaveraged sea surface height (SSH, Fig. 3a). All surface currents, the EGC, the IC
and the Irminger Gyre, are well represented in this model simulation as also shown by earlier studies (Almansi et al.,, 2017,
2020; Foukalet al., 2020; Gelderloos et al., 2017,2021; Haine,2010; Havik etal, 2019; Koszalka etal, 2013; Magaldiet al.,
165 2011;Saberietal., 2020; Von Appenetal, 2014b). Overall, the mean circulation follows the lines of constant SSH. As already
shown, the model simulation reproduces a two-core IC in the eastern Irminger Sea with a strong northward branch of the
Irminger Gyre in the center (Fig. 2, 3a). On the western side along the east Greenland shelf, the mean flow averaged overone
year follows the bathymetry as the IC, with the EGC on the shelf (Fig. 3a). The mean circulation does not exhibit a direct
pathway from the release location in the IC towards the DCA. Instead, the mean flow in between the DCA and the IC is
170 directed northward. In the following sections, we will investigate how waters still enter the DCA. In addition this simulation
shows two times higher eddy kinetic energy along the western side of the Reykjanes Ridge compared to the central Irminger
Sea (Fig. 3b), which agrees with observations (Fan et al., 2013; Volkov, 2005), and hints to strong mesoscale activity in the
eastern Irminger Sea.
In summary, we conclude that this simulation is suitable for the purpose of our study as it reproduces the northward flowing
175 two-core IC, as well as the gradient in the temperature and salinity field across the Irminger Sea. In addition, this simulation

offers the high spatial and temporal resolution to resolve mesoscale activity which is required for this study.

SSH [m]

40°w : 2 o

Figure 3: Circulation and eddy Kkinetic energy in the Irminger Sea from the MITgecm model simulation. (a) One-year mean sea
surface height (SSH, shading) with overlaid one year-averaged circulation over the upper 1500 m (arrows) from the model
simulation. Velocities smaller than 0.1 m s*! are indicated by black arrows, larger velocities by white arrows; we only plot every 8"

180 latitude grid point and every 4" longitude grid point. (b) One-year mean eddy kinetic energy computed from the daily fields
compared to the 10-day running mean (shading) with bottom topography (white contours). In all subpanels the green line marks the
release line along the OSNAP IC mooring array for reference.
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2.3 Lagrangian particle seeding strategy

185 To find out whether waters from the IC enter the interior Irminger Sea and potentially the convection area, we evaluated
numericalparticle trajectories in the MITgem simulation calculated usingthe particle trackingalgorithm presented in Koszalka
et al. (2013) and Gelderloos et al. (2016). We released particles in the first 10 months of the simulation, between 15! of
September 2007 and 13 of June 2008. In each month, we released a five-member ensemble of particles with three days in
between individual ensemble members. This choice to release every three daysaccounts for intra-seasonal variability whilst

190 remaining below typical storm frequency. Accordingly, we released on every 15, 4th, 7th '10th and 13t day of the month. To
beableto link our results to available observations of the IC, we released the particles along the OSNAP 1C mooring line every
2 km between 35°W and 31°W. Particles were released with a 50 m depth intervalin the vertical, to resolve the vertical structure
in velocity and hydrography (Fig. 2). The focus is on the upper 1500 m, in order to capture the main velocity structure of the
IC and the part of the water column that is affected by convection and restratification (dashed rectangle in Fig. 2a).

195 In this way, we released 3601 particles per ensemble member, which yields a totalnumberof 180050 released particles. We
tracked the particles forward-in-time and recorded their positions every 6 hours. In addition, we recorded their temperature
and salinity along the track based on the property fields of the model simulation. From their release date particles are always
tracked until the end of the simulation (315 of August 2008). As the model simulation only runs for one year, but we released
particles throughout the year, their records differ in length.

200
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3. Pathways of the Irminger Current downstream from the OSNAP IC moorings

To explore the fate of the IC waters downstream from the OSNAP IC moorings, we categorize the particles according to their
differing pathwaysand end locations. Focussingon the interior Irminger Sea pathways, we then study the IC’s potential impact

on restratification processes in the Irminger Sea’s convection area.

205 3.1 Particle classification

Based on where the numerical particles exit the domain and whetherthey stay in the boundary current or enter the interior, we
first split the particles into fourcategories: Denmark Strait (DS), Iceland Basin (IB), Irminger Current (boundary current, BC)
and interior Irminger Sea (i[S). As we are interested in restratification processes in the Irminger Sea, we do not focus on the
small number of particles leaving the Irminger Sea through DS (defined asparticles that cross 22°W north of 66°N, black line

210 in Fig. 4a; 523 particles=0.3 %), and across the Reykjanes Ridge to the IB (defined as particles that cross the Reykjanes Ridge
towards the east, dashed green line Fig. 4b; 1489 particles = 0.8 %). Particles leaving through Denmark Strait did not re-enter
the Irminger Sea. Since the exchange across the Reykjanes Ridge is very variable (Fried et al.,, 2024), to be counted as IB
particles, they need to remain on the eastern side of the ridge for at least 40 consecutive days.

The remaining particles (178 038 particles = 99 %) are classified as either interior Irminger Sea (iIS) or boundary current (BC)

215 particles, based on whether they cross a closed contour defined using the model bathymetry. The western boundary of the
interior Irminger Sea region (dashed line in Fig. 4c-d) is defined using the smoothed 2000-m isobath off the east coast of
Greenland, with its northernmost point at 64.5°N. Preliminary tests using different isobaths showed that this choice for the
interior-region best separates the particle trajectories in the boundary current flow from those reaching the interior by visual
inspection (see Section 3.2 for additionalinformation on the sensitivity of the particle classification to this choice). The eastern

220 boundary of the region is defined as a straight line thatrunsparallel to the Reykjanes Ridge from the above northernmost point
to the western end of the particle release line. The OSNAP East line is taken asthe southern boundary of the interior region.
Particles are considered as ilS when they pass this closed contour, irrespective of the time they spend in the interior. Particles
classified asilS enter the interior region atleast once butcan leave the interior region again afterthey entered (example track
Fig. 4c). Particles classified as BC never reach the interior region.

225 Based onthese selections we show particle density maps foreach category in Figure 4. Particle locations were binned to boxes
spanning 0.25° in longitude and 0.125° in latitude and were counted forevery occurrence within a certain box. As mentioned
earlier, less than 1% of particles released at OSNAP IC moorings leave the Irminger Sea through Denmark Strait. Most of
these DS particles closely follow the western flank of the Reykjanes Ridge, following the eastern IC core as a main pathway
(Fig. 4a). The example particle track (pink line) follows the strong northward flow of the eastern IC core until it leaves the

230 Irminger Sea through Denmark Strait.

For particles categorized asIB particles, we also find the highest particle density along the Reykjanes Ridge (Fig. 4b). These
particles spread into the interior Iceland Basin, but the majority stay nearthe ridge north of the release location and partly also
south of the release line. Some particles re-enter the Irminger Sea afterspending 40 days in the Iceland Basin, which highlights

the exchange between the two basins across the Reykjanes Ridge north of the release location.
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235  Figure 4: Particle density maps of particles released atthe OSNAP IC moorings. Particle density distribution for (a) Denmark Strait
particles and (b) Iceland Basin particles. The pink line marks an example particle track and the orange line the release line. Dashed
black line in (a) and green dashed line in (b) geographically mark the selection criterion for DS and IB respectively. Particle density
distribution for (¢) interior and (d) boundary current with example particle tracks (green) and interior Irminger Sea definition
(dashed line); release line is marked in greyish blue. Solid black line in (d) is used for BC particles to determine whether and when

240 they reach Cape Farewell. Note the different colorbar limits are used for (a-b) compared to (c-d) because of the large difference in
particle amount per grid box.

As we are interested in boundary-current-to-interior transport in the Irminger Sea, we focus our analysis on particles that either
belong to the BC (38%, Fig. 4c) or the ilS category (61%, Fig. 4d). From the release location, particles spread west towards
the interior Irminger Sea (Fig. 4c). The example track first follows the boundary circulation northeastward and enters the
245  interior region justnorth of 63°N, where it gets caught in a mesoscale eddy. It then re-enters the boundary current. This example
track illustrates that the strong exchange between the interior Irminger Sea and the boundary current circulation in both
directions.
For the BC particles we find a high particle density close to the top of the Reykjanes Ridge, mostly following the eastern IC
core northward (Fig. 4d). The example particle is released in the eastern IC core and staysin the eastern IC core going north-
250 eastward. Along the east coast of Greenland, it follows the circulation of the IC along the shelf break.
From all particles released atthe OSNAP IC moorings, 6% follow the cyclonic circulation of the boundary current and reach
Cape Farewell (CF, see black line Fig. 4d) before the end of the simulation without entering the interior. Note that most
particles were tracked for less than a full year (for example, the particles released in June were only tracked for 2.5 months
until 315t of August). Those reaching CF before the end of the track were all released within the upper 600 m. The mean travel
255 time to CF is 205 daysbut particles can reach CF within 70 days. Analysis of the particle tracksreveals that those thatare very
fast, seem less affected by mesoscale eddy activity and take the most direct pathway to CF via the fast boundary current. In
contrast, the pathways of particlesthatneed one yearto reach CF typically are strongly eddying, which increases the distance
a particle must travel.
Buoyant IC water contributes to restratification after deep convection if it reaches the DCA and still carries a positive buoyancy

260 anomaly whenreaching the DCA. We define a DCA based on a mixed layer depth (MLD) criterion. We compute the mixed

9
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layer depth from the monthly fields using a 0.003 kg m- difference in density with respect to a model density ata reference
depth of 17 m. This density difference criterion is much smaller than values typically applied in global analysis (0.03 kg m?
asin de Boyer Montegutet al. (2004)), as these less stringent criteria are notappropriate forthe weakly stratified watersin the
Irminger Sea. A study by Paquet et al. (2016) with a slightly coarser spatial resolution in the Irminger Sea used a density

265  difference criterion of 0.01 kg m=. The factthatwe use an even smaller criterion is related to the higher spatialresolution of
this simulation (2 km in the central Irminger Sea) combined with a high vertical resolution. We chose the reference depth just
below the surface to avoid an imprint of the diurnal surface mixed layer changes that the model simulation resolves due to its
high-temporalresolution, as explained in Riihs et al. (2021). The resulting MLD depth matches observationsin spatial extent
and depth to a large degree. In this simulation, the deepest mixed layers occurin February (Fig. 5a)in the center of the Irminger

270 Gyre (white line in Fig. 5b), so we use the spatialextent of the deep mixed layers in that month to define the DCA. We use the
1500-m MLD contour (blueish line Fig. 5a), which resembles best the area of deepest observed mixed layers (e.g. Riths et al.
(2021) and references therein). Here, we only include the part of the DCA north of OSNAP East (Fig. 5a). We use the defined
DCA contourto furthersubdivide all interior particles (iIS, Fig. 5a)into particles that enterthe convection area (DCA particles)
and those that stay outside of the convection area (nonDCA particles). Similar to the BC particle definition, nonDCA particles

275 never enter the DCA, while DCA particles may leave the DCA again after they entered. From all particles released, 29%
reached the DCA and 32% stayed outside the DCA in the interior Irminger Sea.
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Figure 5: Mixed layer depth in the Irminger Sea; (a) February mixed layer depth (shading), model bathymetry (grey contours),
280 interior region (dashed black line), deep convection area (DCA, turquoise line) and release location (pink line). Arrows mark

pathways identified: Denmark Strait (DS), Iceland Basin (IB), boundary current (BC), interior Irminger Sea (iIS) and the sub

selection into deep convection area (DCA)and outside of the DCA (nonDCA). (b) Potential density section along OSNAP East for

February (shading), corresponding isopycnals (black contours) and mixed layer depth (MLD, white line). IC-mooring locations are

marked with black vertical lines and simulated mean location of the IC cores with black horizontal lines. The mean locations of
285 western and eastern IC core as marked with black vertical lines and W, E respectively.

DCA particles appearin the entire region defined as interior Irminger Sea but show a high particle density in the eastern interior
basin (Fig. 6a). nonDCA particles stay,by definition, in the eastern part of the basin (outside ofthe DCA) and can re-enter the
boundary current afterspending time in the interior (Fig. 6b). Both example particle tracks show strongly eddying pathways.
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Comparing panel (a) and (b), nonDCA particles follow the mean northeastward velocity field of the boundary current while
290 the DCA particles trackshavea clear westward component that cannot be immediately linked to the one-yearaveraged flow

field (see Section 5 fora more detailed discussion on the pathways).
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Figure 6: Particle density maps for two interior Irminger Sea subcategories (a) DCA particles and (b) nonDCA particles with
example particle tracks (green), contours defining the interior Irminger Sea (dashed line) and the DCA (blue); dark blue line marks
295  the particle release line.

3.2 Sensitivity of particle classification to the definitions of the interior region and DCA

The outcomes of categorizing the particles are sensitive to the choices made in defining the interior region and the DCA. Here,
we discuss how robust those numbers are to slight changes in the various criteria applied.
For the two categories of particles thatleave the Irminger Sea through Denmark Strait and into the Iceland Basin, which add
300 up toonly around 1% of all particles released, the categories were defined geographically. The number of DS particles is very
robust to changes in the line chosen (black line Fig. 4a, green dashed line Fig. 4b). Moving the line west or east from the
chosen longitude of 22°W did not significantly change the numberof particles leaving through DS. Likewise, the numberof
particles classified as IBis robustto the chosen 40 daysresidence time in the Iceland Basin and does not significantly change
with small changes (+ 5 days) to the 40 days. This number is based on a previous study on pathways of'the IC showing that
305 particles need a maximum of 50 days to travel the distance between the Irminger Sea and the Iceland Basin across the
Reykjanes Ridge (Fried et al.,, 2024). In this study, the 40 days residence time appears long enough to separate IB particles
from those returning to the Irminger Sea.
The furthersplit of the remaining particles into BC and ilS is more sensitive to the choice of the definition of the interior region
boundaries. As mentioned earlier, particles are considered as ilS when they pass this boundary without considering the time
310 they spend in the interior. This is motivated by the expectation that requiring a minimum residence time in the interior to be
counted as IS particles is largely equivalent to defining a smaller interior region, as the longer particles stay in the interior the
farther they can travel from the chosen boundary. Therefore, instead of testing the sensitivity of the particle classification to
moving the boundary region of the interior inwards, we tested against introducing a minimum residence time using the contour
outlined in Figure 4a. With the requirement of a residence time of 10 consecutive days, the number of particles counted as
315 entering the interior reduces from 61% to 51%. Even though this is a reduction of 10 %, we decided to not use any time
criterion. The reduction when using a time criterion can be seen as like applying a contour line of a smaller region. Without a
time criterion we got a clear (visual) separation into ilS and BC particles that gets less clear when introducing a time criterion.
Nevertheless, the outcome that percentages of interior and boundary current particles are sensitive to the chosen interior

boundaries should be kept in mind when interpreting the results.
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320 The further split of theilS particles into DCA and nonDCA appearsnot very sensitive to the chosen MLD depth to define the
DCA. We tested the outcomesagainst two different depths (1400 m and 1600 m compared to the chosen 1500 m), that based
on Fig. 5b would still characterize the deep mixed layers along the OSNAP East section. Even with a stricter choice, e.g. the
1600-m depth contour, many particles released at the OSNAP 1C moorings reach the DCA (1600 m:26% DCA; 1500 m:29%
DCA 1400 m: 30% DCA).

325 In conclusion, when using a time criterion or a smaller region more of the ilS particles could be counted as BC particles as
some only show a short excursion to the interior. As those particles mostly stay in the nonDCA region they will not have a
large impact on restratification in the DCA. Those short excursions are likely related to the strongly meanderingcirculation in
the interior Irminger Sea. The number of DCA particles is less sensitive to the choice of the DCA based on different MLD

contour lines, and therefore interpretations based on that number are more robust.

330 3.3 The importance of the release location within the IC

In the previous section we focused on particle density maps without distinguishing at which location along the release line
particles were released. Inthe horizontal, the IC canbe divided into western and eastern velocity cores thatare both surface-
intensified (Fig. 2a, De Jong et al., 2020; Fried et al.,, 2024; Vage et al.,2011). The IC’s eastern core is more buoyant than the
western core (Fig. 2b-c). If waters from the eastern core enter the DCA, they could potentially contribute more (per volume
335 unit) to restratification than particles from the western IC core. In the vertical, we also find a density gradient in the IC (Fig.
2b-c). Particles released at different depths would therefore carry different hydrographic properties too. Accordingly, it is
relevant to assess whether particles in a particular category (BC, ilS, DCA, nonDCA) originated from a certain depth or a
certain longitude. In the following, we thus investigate these links between the release location/depth and particle category.
Figure 7 shows the results in terms of volume transport, where the volume transport assigned to each particle is given by the
340 productofits initial velocity and the fractionalarea of the modelgrid cell faceat which the particle is released (e.g. Frohle et
al, 2022; Schmidt et al., 2021). In practice, this is achieved by interpolating the Eulerian velocity field atthe time of release
onto a new grid, which consists of one grid cell per particle released in the upper 1500 m. Since each particle is now located
atthe centre of a grid cell, its volume transport (which we assume to be conserved along its entire trajectory) is given by V, =
(vp, dx, dz,) where v, is the initial Eulerian meridional velocity and (dx,, dzy) is the grid cell area associated with a particle
345 p. We find close agreement between the upper 1500 m volume transport calculated using the original and regridded Eulerian
velocity fields (compare Fig. 7a to Fig. 2a),indicating that thisis a feasible method to estimate the volume transports associated
with each circulation pathway.
To understand whether there is a vertical and/orlongitudinal dependency of particles from each category, we now split these
volume transportsup into those that enter the interior and those thatstay in the boundary current (combined with the DS and
350 IB particles, Fig. 7b, ¢). Note that red colors correspond to northward transport and blue colors to southward transport. For
both categories that meansthatparticles can leave the release line in a north- or southward direction and still enter the BC or
the i[S. We do not find significant differences between the release locations of particles in the ilS and BC categories either
vertically of horizontally along the section. However, none of the northward transport across the easternmost portion of the
section reaches the ilS, indicating that there is no connection between the very east of the IC and the basin interior (Fig. 7b).
355 Rather, the particles released in the very east of the section all follow the BC (Fig. 7¢). For particles entering the iIS we find
slightly higher volume transport around 34°W in the western 1C core compared the BC particles (Fig. 7b, c). Again, we split
up the iIS category into DCA (Fig. 7d) and nonDCA (Fig. 7¢). Between those two categories we neither find significant
differences in volume transport in the vertical nor alongthe release line. This implies that the seedinglocation alongthe release
line is more important than the seeding depth to determine whether a particle enters the ilS or follows the BC, a further

360 separation seems independent from both.
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Figure 7: Volume transport of particles along the release line. Binned particles per volume transport along the release line for all
particles (a), interior Irminger Sea particles (ilS, b), boundary current particles (BC, c), deep convection area (DCA, d) and outside

365 of the deep convectio area (nonDCA, e). The volume transport assigned to each particle is given by the product of its initial velocity
and the fractional area of the model grid cell face at which the particle is released. (f) Absolute volume transport [Sv] along the
release line split into BC (green) and iIS (dark blue). The ilS is then also split into DCA (orange) and non-DCA (light blue). The
black dashed line in all panels marks the separation between western and eastern IC core.

Lastly, we show the absolute volume transport as a vertical sum for all categories to clarify any longitudinal dependencies
370 (Fig. 7f). More waters enter the interior Irminger Sea and the DCA from the western IC core than from the eastern IC core.
Particles following the boundary current (green line Fig. 7f) mostly originate from the eastern core (62%, eastof32.7°W, see
dashed line Fig. 7b) and only 38% from the western core (west of 32.7°W). Of those entering the interior (dark blue line Fig.
71), 66 % were released in the western IC core and only 34% in the eastern core. The furtherseparation of the interior particles

into DCA and nonDCA particles only reveals small differences (orange and light blue line Fig. 7f), asalready pointed out for
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375 the vertical sections. For the particles entering the DCA, the majority was seeded in the western IC core (75%). Therefore,
waters from the IC’s western core could potentially have a stronger influence on the restratification in the DCA. Insummary,
we could not find connection between particle release depth and a specific category. Instead, there is a connection between the
longitudinal release location and the particle category.

To explore whether the water mass properties of those particles entering the DCA can restratify the Irminger Sea interior, we

380 will shift the focus to the water mass properties in the Lagrangian framework in Section 4.

4. On the impact of the IC on the deep convection area

From the temperature and salinity sections across the Irminger Sea (Fig. 2b-c) we know that waters become increasingly more
buoyanteastwards from the DCA and therefore could potentially restratify the convection area. In Section 3 we showed that
29% (7.1 Sv) of the particles released atthe OSNAP IC moorings reach the DCA. However, it is important to understand how
385 their properties evolve along their pathways towards the DCA, and how much of their buoyancy remains upon entering.
To investigate this, we first compare T/S properties of particles atthe release location in the IC (red) to those once they enter
the DCA (blue, Fig. 8a-c). Particles are binned to 0.005 PSU x 0.1 °C boxes and are color-coded by volume transport. We
show theresults for the whole IC (Fig. 8a)and the respective results for eastern and western core (Fig. 8b-c). We find that on
their way towards the convection area particles lose heatand saltto the surrounding waters and the overlying atmosphere and
390 with thatlikely add to the stratification outside of the main convection area (Fig. 8a). The change in temperature and salinity
on their way to the DCA is higher for particles released in the eastern IC core (AS = -0.04 PSU, AT =-0.59°C, Fig. 8b) than
for those released in the western I1C core (AS =-0.01 PSU, AT =-0.23°C, Fig. 8c).
To explore the potentialof IC waters for restratification in the convection area, we show the model’s averaged properties of
the DCA for February (green dot in Fig. 8a), the month with strongest convection in this simulation (Fig. 5). As temperature
395 and salinity within the DCA exhibit little variation (3.59 + 0.02 °C and 34.95 = 0.001 PSU), we show the average over the
whole DCA and from the surface to the MLD. In addition, we show the averaged properties of eastern (yellow) and western
(pink) IC core on entry to the DCA. When entering the DCA, both cores remain more buoyant compared to the average MLD
properties (Fig. 8a)and therefore can potentially contribute to the restratification.
To clarify the contribution from temperature and salinity in terms of buoyancy, we show the probability density distribution
400 for density, salinity and temperature for both the eastern (yellow) and the western (blue) IC core (Fig. 8d-f). When entering
the DCA, both cores havea similar density of 27.63 kg m™ thatis slightly lighter than the model’s average properties of the
DCA (dashed line, Fig. 8d). The higher (lower) salinity in the eastern (western) core is compensated for higher (lower)
temperatures (Fig.8e-f). Particles sourced from both cores share strikingly similar densities on arrival into the DCA. So, from
the density only both cores could have a similar impact on the DCA. But as more particles enter the DCA from the western
405 core (75%), the western core will have a stronger impact on restratification there. Due to the strong changes in properties
towards the DCA, the eastern core (Fig. 8b) is likely to havea stronger impacton the stratification outside of the DCA than
the western core (Fig. 8c).
To summarize, around one third of the particles released at the OSNAP IC moorings reach the DCA, mostly from the western
core. As they are more buoyant than the average DCA properties during convection, the warm and saline IC waters can

410 contribute to the stratification in the eastern Irminger Sea and to restratification in the DCA.
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Figure 8: (a-c) Binned T-S properties of particles at their release location (a: total IC, b: eastern core, c: western core) compared
with those when they subsequently enter the DCA. Net volume transport distribution of DCA-bound particles in discrete potential
415 temperature - salinity coordinates. Red coloured regions show T-S properties of particles upon their release in the IC. Blue coloured
regions show properties on first entering the DCA. Contours mark the corresponding isopycnals. The green dot represents the time-
mean T-S properties of the DCA during February in the model. The yellow and pink dots represent the mean T-S properties of
particles on first entering the DCA for the eastern and western core, respectively. (d-f) Probability density as a function of potential
density (d), salinity (e) and temperature (f) at DCA entry for eastern (yellow) and western (blue) IC core. The dashed line represents

420 the model’s averaged DCA properties in February as a reference value.
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5. Discussion and conclusion

Due to the significant role of deep convection in the Irminger Sea, understandingthe cycle of convection and restratification
is importantin a broader overturning context. In this study, we investigated the IC’s potentialcontribution to restratification
425 in the Irminger Sea. To do so, we evaluated the forward-in-time trajectories of Lagrangian particles released in the upper 1500

m of the IC at the OSNAP IC moorings in a high-resolution (up to 2 km) regional ocean model.

Boundary current (BC):

38 %
Al
released at 10.9+£5.6 Sv
OSNAP East
100 % outside of deep convection
26.6+10.0Sv . area (nonDCA)
Interior: 32%
> 61 % 8.6+3.28v
15.7+6.3 Sv
inside deep convection area
(DCA)
29%
7.1+ 398y

Figure 9: Schematic showing the percentages of the particle classification in various categories; Denmark Strait particles leave the

430 Irminger Sea through Denmark Strait, Iceland Basin particles spend more than 40 days in the Iceland Basin, Boundary Current
particles follow the cyclonic boundary current and never enter the defined interior Irminger Sea region and Interior particles do
enter the interior Irminger Sea. A second selection step further subdivides these interior Irminger Sea particles into those entering
the Deep Convection Area (DCA, compare Fig. 5) and those staying outside of the defined DCA (nonDCA).

As a summary of ourresults, Figure 9 shows the percentagesand summed volume transports of the particles in each category.
435 From the 180 050 (100 %, 26.6 Sv) particles released, a small numberleaves the Irminger Sea through DS (0.3%) and to the
IB (0.8%). During the one-year tracking time period the majority of all particles (99%) circulated within the Irminger Sea
where it could be divided into two main groups based on their circulation pattern. While 38% (10.9 Sv) of all particles released
at the OSNAP IC moorings follow the boundary current circulation, 61% (15.7 Sv) enter the interior Irminger Sea.
Approximately half of these interior particles reach the DCA (29%, 7.1 Sv of all particles released) with a potentialto add to
440 the restratification there, and the other half (32%, 8.6 Sv) reach the interior butremain outside of the DCA (nonDCA), likely
restricting convective potentialthere. Of those entering the DCA, 5.2 Sv originate from the western IC core (75 % of all DCA
particles). As both cores have the same density upon enteringthe DCA, the western IC core has a stronger potentialto restratify
the DCA.
This study further shows that particles released at the OSNAP IC moorings do primarily circulate within the Irminger Sea
445  during the one-yeartime period considered. As we do not find a high number of particles exiting through Denmark Strait in
this simulation (<1%), waters feeding the North Icelandic Irminger Current (e.g., Jonsson & Valdimarsson, 2012) likely
originate from anothersource region. Possibly, these are waters from the Iceland Basin that enterthe Irminger Sea north of the
chosen release location (Koman et al.,, 2020). A study adopting a different seeding strategy, for example releasing particles

along the Reykjanes Ridge or backtracking from the North Icelandic Irminger Current, could further explore this.
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Figure 10: Eddy activity in the Irminger Sea from the MITgem model simulation. Monthly mean sea surface height (SSH, shading)

with overlaid one year-averaged circulation over the upper 1500 m (arrows) from the model simulation for (a) September and (b)

May. Velocities smaller than 0.1 m s are indicated by black arrows, larger velocities by white arrows; we only plot every 8t

latitudinal grid point and every 4" longitudinal grid point for clarity. In all subpanels the green line marks the release line, the
455  dashed line the interior region and the orange line the DCA.

We found enhanced EKE along the entire western side of the Reykjanes Ridge, around the western IC core and the whole
northeastern part of the interior region (Fig. 3b). The particle tracks entering the interior and the DCA also revealed strongly
eddying features, in line with this enhanced EKE (see example tracks Figs. 4, 6). [tappearsthatin this simulation, in contrast
to the mean flow, the instantaneous flow is directed westward regularly. Potentially this flow is caused by mesoscale variability,
460 probably eddies thatare shed offthe IC’s western core, and results in a high number of particles entering the DCA from the
east. To support this, we additionally showtwo example monthly velocity fields (September, Fig. 10a; May, Fig. 10b) together
with the related SSH. Those two maps show increased SSH together with anticyclonic circulations that resemble eddies in
between the IC and the DCA. Those eddies appear throughout the year (not shown) and could be the mechanism to bring
waters from the IC towards the DCA as already proposed by earlier studies (e.g., Sterl & De Jong, 2022). Those anticyclonic
465 eddies could bring warm water in the center of the eddy (elevated SSH in the center, Fig. 10) towards the DCA. So, the
instantaneous flow field thatis impacted by mesoscale variability is the likely mechanism to bring water from the IC towards
the interior Irminger Sea and the DCA. Enhanced EKE in the eastern Irminger Sea hasalready been reported by observational
studies (Fan et al., 2013; Volkov, 2005) and has been proposed as a mechanism to bring buoyant boundary current water to
the deep convection area in the Irminger Sea (Sterl & De Jong, 2022). Especially along the OSNAP East line, a recent study
470 using mooring data from the IC array showed that the intensity and location of the western IC core is influenced by mesoscale
eddies (Fried & De Jong, 2022). Our study strengthens the argument of mesoscale variability being a driver to bring boundary
current waters into the DCA.
We found that the IClikely contributes to restratification in both the eastern interior Irminger Sea and the DCA. This is because,
although particles lose buoyancy on leaving the boundary current, they reach the DCA lighter than the average February
475 properties of the convection area and hence represent a source of buoyancy forthe upperwatercolumn. Usinga high-resolution
ocean ice-model, Paquin et al. (2016) showed that convection in the Irminger Sea is mainly driven by atmospheric forcing
(especially by Greenland tip jets) but to a second order by preconditioning of the water column. In their simulation, this
preconditioning is in turn strongly linked to the restratification afterdeep convection the previous year(s). Paquinet al. (2016)
further find a strong interannual variations in the density structure of the gyre which seems to be wind-driven but also to a
480 large degree impacted by the lateral buoyancy fluxes due to mesoscale activity. This agrees with our results that showed that

likely mesoscale activity brings buoyant IC water into the convectionarea. Our findings are also in line with several studies
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focussing on restratification and convection in the Labrador Sea (Boning et al., 2016; Gelderloos et al., 2011; Georgiou et al.,
2019; Katsmanetal., 2004). Those studies find that buoyancy fluxes by mesoscale eddies limit the area of deep convection in
the Labrador Sea to the southwestern part of the centralbasin and that deep convection is therefore strongest in the area thatis
485 less easily reached by eddies and has the strongest atmospheric forcing. We showed that in the Irminger Sea water from the
OSNAP IC moorings added to the stratification in the eastern part of the basin, which likely limits the size of deep convection
area in the western part of basin like in the Labrador Sea.
The connection between light boundary current waters transported by the IC towards the DCA is especially interesting in the
context of freshwater anomalies that could reach the DCA via the IC. The most recent freshwater anomaly (Holliday et al.,
490 2020)thatarrived in the eastern core of the IC in late 2016 decreased the salinity of the IC by 0.06 g kg'! overa large part of
the water column (Fried et al., 2024). In addition, the IC does not only show a variability related to water mass properties but
also exhibits a strong interannualtransport variability that is related to changes in the basin wide density gradient (Fried & De
Jong, 2022). As about one third of the IC waters reach the DCA, variability in the IC water properties and strength could
therefore impact the restratification in the Irminger Sea.
495 Our results are based on one model year spanning the period from September 2007 to August 2008. The deep mixed layers
thatthe modelsimulated forthe winter 2007-2008 in the Irminger Sea are consistent with observations (De Jonget al,, 2012).
It is very likely thatthe IC’s strong connectivity to the DCA holds when using a different model year or a longer time series,
but it remains to be shown how variable this relationship is and thushow robust the presented numbers are over time (Fig. 9).
But as restratification in the Irminger Sea always occurs in late spring even during years with weaker convection (Nelson et
500 al, 2024; Sterl & De Jong, 2022), the connection between the IC and the DCA will also likely occur every year. Still, the
variability in the IC, in both transport and hydrographic properties (Fried et al, 2024; Fried & De Jong, 2022), will have an
impact on how much the IC impacts the restratification in the DCA.
To conclude, this study has shown that waters from the OSNAP IC moorings mainly follow the eastern IC core cyclonically
around the interior [Irminger Sea, and the western IC core towards the interior Irminger Sea and the DCA. On their way towards
505 the DCA the IC waters stratify the eastern Irminger Sea, thus limiting the area and depth of convection in the Irminger Sea to
the western part of the basin. Therefore, future changes in the water mass properties advected by the IC in a warming climate

have the potential to substantially influence the strength of deep convection in the Irminger Sea.
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Code and data availability

510 The MITgem numerical model simulation used in this study can be accessed via the SciServer (https://sciserver.org/),
developed by the Institute for Data Intensive Engineering and Science at the Johns Hopkins University. Instructions for
accessing the datasets can be found at: https:/oceanspy.readthedocs.io/en/latest/datasets.html. The Lagrangian particles tracks
will be made available upon request.

Part of this analysis used the Lagrangian Trajectories Toolbox Python package created by Oliver J. Tooth thatis available on
515 GitHub (https://github.com/oj-tooth/It toolbox).
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