
1. Introduction
The Denmark Strait Overflow Water (DSOW) is the largest dense water plume from the Nordic Seas that 
feeds the lower limb of the Atlantic Meridional Overturning Circulation. The transport of the DSOW has 
been estimated to be around 3–3.5 Sv (1 Sv =  6 310 m /s) (Harden et al., 2016; Jochumsen et al., 2015, 2017; 
Våge et  al.,  2013). Its upstream sources, however, are still a topic of study (Huang et  al.,  2019; Pickart 
et al., 2017; Våge et al., 2011, 2013, 2015). Its primary source was commonly thought to be the East Green-
land Current (EGC) (Figure 1). However, the North Icelandic Jet (NIJ) (Figure 1), a recently discovered 
current (Jonsson & Valdimarsson, 2004) that flows along the continental slope of Iceland toward Denmark 
Strait, has been argued to be the source for the densest component of the DSOW (Mastropole et al., 2017). 
The NIJ transport has been estimated to be between 1 (Harden et al., 2016) and 1.4 Sv (Våge et al., 2013), 
approximately half of the total DSOW transport (Våge et al., 2011).

Initially, it was suggested that the NIJ was not an independent current, but rather a branch of the EGC that 
bifurcates upstream of Denmark Strait (Köhl et al., 2007). Käse et al. (2009) argued that, at times, the NIJ 

Abstract The North Icelandic Jet (NIJ) is the densest component of the Denmark Strait Overflow 
Water, feeding the abyssal limb of the Atlantic Meridional Overturning Circulation. Here, by using 
observational and numerical model data, we explore the formation of overflow water on the Icelandic 
shelf, the mechanisms involved, and its potential contribution to the NIJ. The sparse observational data on 
the western Icelandic shelf for the month of February shows top-to-bottom mixing on the shelf, distinct 
and well separated from the dense water offshore, with densities larger than 27.8 kg/m3 in some years. 
Using a 1-D mixing model and winter heat flux reanalysis, we suggest that waters with densities exceeding 
27.8 kg/m3 are likely to be formed on the shelf in most years by the end of winter. High-resolution 
numerical model data shows that the transformation of the Atlantic inflow along the northwest Icelandic 
shelf generates a dense plume whose waters feed into the NIJ. The bulk of the plume cascades down-
slope north of Iceland, funneled through deep cross-shelf troughs, with some cascading occurring west 
of Iceland as well. During years of strong cascading events (2008, 2013, and 2016), the modeled dense 
plume potentially feeds up to 21% of the NIJ transport at the Siglunes and Kögur sections. Back-tracked 
Lagrangian particle trajectories confirm that the western Icelandic shelf is a source of the NIJ. The dense 
plume transport and variability are found to be dependent on the total oceanic heat loss west of Iceland 
and along Denmark Strait.

Plain Language Summary Ocean currents distribute heat, nutrients, and gases. In the North 
Atlantic Ocean, through atmosphere-ocean interaction, northward-flowing surface warm waters lose heat 
as they approach sub-polar latitudes. Consequently, they get heavier and sink to greater depths. During 
this sinking process, known as deep convection, the ocean's intermediate and deep waters are ventilated, 
providing them with nutrients and gases. Simultaneously, the heat released into the atmosphere directly 
moderates the local climate. Deep convection, which plays a crucial role in the Earth's climate, is known 
to occur in the Nordic Seas, where southward-flowing currents carrying dense bottom waters are formed. 
The North Icelandic Jet (NIJ), suggested to be formed through deep convection, carries the heaviest waters 
formed in the Nordic Seas. In our study, by using model and observational data, we found that during 
the winters of 2008, 2013, and 2016 up to 21% of the lightest component of the NIJ comes from shelf 
convection occurring northwest of Iceland, where the continental shelf is not deeper than 250 m. These 
findings contribute to improving our understanding of the source waters of the NIJ.
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originates from a southward dense current flowing along the Jan Mayen Ridge. Köhl (2010), on the other 
hand, proposed that the source of the NIJ is linked to the magnitude of the cyclonic wind stress curl in the 
region. They claimed that when the curl is strong, the NIJ has its origin in the EGC. On the contrary, when 
the curl is weak the source of the NIJ is in the northern Iceland Sea, fed by an “offshoot of the weakening 
cyclonic circulation in the Iceland Sea.”

Våge et al. (2011) proposed that waters from the North Icelandic Irminger Current (NIIC) (Figure 1) are ex-
changed laterally (via eddies) with dense water transformed by means of deep convection in the interior of 
the Iceland Sea. Subsequently, the dense water sinks near the boundary to form the NIJ (Våge et al., 2011). 
However, Våge et al. (2015) pointed out that only a minor fraction (2%) of late-winter profiles (since 1980) 
from the north-central Iceland Sea, recorded a mixed layer dense enough to provide the waters that could 
feed the NIJ. They mentioned this could be due to an ongoing weakening of the convection in the Iceland 
Sea. However, a weakening of the NIJ transport strength has not been documented. In fact, it has already 
been suggested (Pickart et al., 2017; Våge et al., 2015) that the dense waters that feed the NIJ may not have 
been formed in the interior of the Iceland Sea.

Pickart et al. (2017) examined the relationship between the NIJ and the NIIC. They suggested that although 
interannual variability in salinity of the NIIC is in phase with that of the NIJ, the NIIC signal does not dic-
tate that of the NIJ. Instead they propose that the salinity of the NIJ is in phase with the changes in evapora-
tion minus precipitation over a region in the northwest of the Iceland Sea. Even though Pickart et al. (2017) 
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Figure 1. Schematic circulation in the vicinities of Iceland. The main currents shown and their acronyms are: 
shelfbreak East Greenland Current (EGC), separated East Greenland Current (SEGC), North Icelandic Irminger 
Current (NIIC) and the North Icelandic Jet (NIJ). The region northwest of Iceland known as the Westfjords is identified 
as WF. The Kolbeinsey Ridge is represented as K. R. in the map.
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offer a different explanation, their findings makes one think that transformed waters from the NIIC could 
be feeding into the NIJ, even if such transformation does not occur within the Iceland Sea interior as previ-
ously proposed (Våge et al., 2011).

There are a series of recent modeling studies that looked at the potential link between NIIC and NIJ. Using 
a numerical model with a horizontal resolution of 1 / 20 (VIKING20), a vertical grid of 46 z-levels and an 
off-line Lagrangian tool, Behrens et al. (2017) investigated the upstream sources of the DSOW. They back-
tracked the sources for the NIJ, suggesting that it originated mainly from the NIIC and from water mass 
transformation north of Iceland.

More recently, while exploring the pathways and water mass transformation of the NIIC in the Nordic Seas 
using two ocean circulation models, Ypma et al. (2019) showed that 0.2 Sv of the inflowing NIIC exits as 
DSOW after getting transformed north of Iceland. Similarly, Saberi et al. (2020) in their detailed Lagran-
gian analysis of upstream sources of the DSOW revealed a previously unknown pathway from south of 
Denmark Strait (for more details see Figure 14a from Saberi et al., 2020). A subset of the particles following 
the southern pathway were found to be shallower than 300 m and were present only during winter (Saberi 
et al., 2020). They hypothesized that this southern pathway could indicate a shortcut for NIIC waters that 
densify west of Iceland and turn around as they cascade over the Denmark Strait. They, however, did not 
explore the potential mechanism for the NIIC transformation.

Recently, by using mooring data from September 2011 to July 2013, on the Iceland slope (part of the Kögur 
section; see section position in Figure 1), Huang et al. (2019) determined three different scenarios of the 
NIJ. In order to establish a link between the timing of the dominant regime and the atmospheric forcing 
upstream of Denmark Strait, they looked into lagged correlations between the dominant NIJ regime with 
monthly heat fluxes and wind speed. For turbulent heat fluxes, two regions showed statistically significant 
correlations with the NIJ strength for a 2-month (positive) lag: one region located on the north slope of 
Iceland around the 1,000 m isobath (south side of the Spar Fracture zone; Figure 1), and a second region on 
the west/northwest corner of the Icelandic shelf (see Figures 12c, 13a and 13b of Huang et al., 2019). Strong 
turbulent heat flux in winter potentially causes the waters of the NIIC to densify west of Iceland, explaining 
the southern pathway of the DSO found by Saberi et al. (2020).

Observations do show evidence for the existence of dense water on the Iceland shelf (Figure 5 from Våge 
et al., 2015). It is currently believed that the dense (denser than 27.8 kg/m3) bottom waters found on the 
Icelandic shelf have their origin in the dense (denser than 27.8 kg/m3) layer that banks up along the north 
Icelandic slope (Jonsson & Valdimarsson, 2004; Pickart et al., 2017). According to De Jong et al.  (2018), 
upslope motion of dense waters onto the shelf occurs along the northern Icelandic slope. While Jonsson 
and Valdimarsson (2004) suggested that the presence of dense waters on the Icelandic slope may be the 
result of a bottom Ekman layer generated by the NIJ, Pickart et al. (2017) suggested that it could rather be 
a compensating mechanism for offshore flow resulting from the interaction between the inshore front and 
the offshore front of the NIJ and the NIIC, respectively.

Our hypothesis, which derives from the connection among these findings (De Jong et  al.,  2018; Huang 
et al., 2019; Saberi et al., 2020; Våge et al., 2015; Ypma et al., 2019), is that the overflow waters observed 
on the Icelandic shelf are actually formed there through shelf convection. Formation of dense waters 
by cooling over continental shelf regions has been extensively studied (Canals et al., 2006, 2009; Ivanov 
et al., 2004; Killworth, 1983; Luneva et al., 2020; Palanques et al., 2006; Puig, 2017; Pusceddu et al., 2010; 
Vidal et al., 2009). Ivanov et al. (2004), for example, show a lengthy inventory of observed cases of water cas-
cades around the World Ocean. Numerous regional modeling studies have also explored cascading events in 
the Arctic Ocean (Ivanov & Golovin, 2007; Ivanov et al., 2015; Luneva et al., 2020; Magaldi & Haine, 2015; 
Marson et al., 2017; Wobus et al., 2013).

There are four different stages to dense water cascading: (a) the pre-conditioning stage when dense water 
accumulates on the shelf and a density front is formed (convection reaches the bottom, forming a well-
mixed water mass denser than the ambient waters); (b) the active stage, corresponding to the period when 
the leading edge of the dense water accelerates down-slope; (c) the main stage, which relates to a qua-
si-steady flow with a noticeable down-slope component; and the (d) final stage, when the descended water 
spreads isopycnically off the slope (Ivanov et al., 2004). Once formed, the dense water propagates mainly 
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along-slope due to Coriolis forcing and downslope as a bottom boundary current while mixing with the 
ambient waters en route.

The sea-floor topography is known to play an essential role in the path the dense waters follow (Chapman & 
Gawarkiewicz, 1995; Kämpf, 2005; Puig, 2017; Pusceddu et al., 2010). Numerous linear to curvilinear cross-
shelf depressions (glacially eroded) incise the Icelandic continental shelf (Clark & Spagnolo,  2016). On 
the northern shelf, these troughs are known to be “deep, long, sinuous and distributive” (Clark & Spagno-
lo, 2016). These troughs along the northern continental Icelandic shelf have the potential to act as down-
slope channels for dense waters.

Here, by using a high-resolution numerical model, we aim to explore the transformation of the Atlantic 
inflow along the Icelandic shelf and its link to the NIJ. In this study, we demonstrate that waters from 
the NIIC transform northwest (NW) of Iceland through winter-time shelf convection, generating a dense 
plume that feeds into the NIJ. After introducing the observational data set and the numerical model used 
in this manuscript in Section 2, we explore the existence of overflow waters on the Icelandic shelf from ob-
servations in Section 3. In Section 4, we investigate, from the model perspective, the evolution of the dense 
plume that results from the densification of NIIC waters west of Iceland. The pathways of the plume and 
its potential contribution to the NIJ are analyzed in Section 4. Section 5 offers the discussion of the main 
findings as well as the manuscript's conclusions.

2. Methods
2.1. Observations

Temperature and salinity profiles from 1929 to 2018, between 28 to 17W and 64 to 67N, used to explore 
the presence of overflow water on the continental Icelandic shelf (shallower than 250 m depth) were ac-
quired through the International Council for the Exploration of the Sea database. However, the bulk of our 
study was made by analyzing the years from 2000 to 2018 as the numerical simulation used here covers the 
years from 2002-2018.

2.2. Ocean-Sea Ice Model

We used the Nucleus for European Modeling of the Ocean (NEMO) numerical framework version 3.4 (Ma-
dec & the NEMO team,  2008). The model uses the Louvain-la-Neuve LIM2 sea ice module (Fichefet & 
Maqueda, 1997). The configuration used is called Arctic and Northern Hemisphere Atlantic and has a 1 / 12 
resolution, hence its acronym ANHA12 (Grivault et al., 2018; Hu et al., 2019). Within the Nordic Seas, the 
horizontal resolution is between 4 and 5 km (Figure 1 in Hu et al., 2018). ANHA12 has open boundaries 
at Bering Strait and at 20 south. The model configuration has 50 vertical z-levels, with the layer thickness 
smoothly increasing from 1.05 m at the surface to 453.13 m in the last level. Partial step is also enabled to 
better resolve the sea floor (Barnier et al., 2006). The simulation is integrated from January 1, 2002 to De-
cember 31, 2018. Initial and open boundary conditions (temperature, salinity, zonal and meridional hori-
zontal velocities, and sea surface height [SSH]) are both obtained from Global Ocean Reanalysis and Simula-
tions (GLORYS2v3) from Mercator Ocean (Masina et al., 2017). GLORYS2v3 is used for the open boundary 
conditions until the end of 2014, and the source is switched to GLORYS2v4 from the beginning of 2015. As 
GLORYS2v3 has been already spun up and ran for several years, this approach helps to reduce the model 
spin-up time allowing for the numerical experiment to have a shorter adjustment period. No temperature 
or salinity restoring is applied. The atmospheric forcing used comes from the Canadian Meteorological Cen-
tre's Global Deterministic Prediction System (GDPS) (Smith et al., 2014). GDPS provides 10 m surface wind, 
2 m air temperature and specific humidity, downward long-wave and short-wave radiation fluxes and total 
precipitation. This data set has a temporal resolution of 1 h and a spatial resolution of 0.45° in longitude 
and 0.3° in latitude.

The Coordinated Ocean-ice Reference Experiments bulk formulae were applied to compute fluxes of heat, 
freshwater and momentum at the surface of the ocean (Large & Yeager, 2009). Sensible (Equation 1) and 
latent (Equation 2) turbulent heat fluxes are determined from the humidity, temperature, and velocity dif-
ference between the surface of the ocean and the overlying atmosphere. Positive values indicate a heat flux 
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from the atmosphere into the ocean, while negative values indicate heat transferred from the ocean into the 
atmosphere (heat loss).

Sensible turbulent heat flux ( )air h a o aoC C T T U  (1)

Latent turbulent heat flux ( )air e v a o aoC L q q U  (2)

The variables in Equations 1 and 2 are as follows: C is the specific heat of air at 1000.5 J 1 1kg K  , air  is the 

air density of 1.22 kg 3m , To is the ocean surface temperature in Kelvin, Ta is the potential air temperature 
in Kelvin, Lv is the latent heat of vaporization ( 62.5 10  J 1kg ), qo is the saturated specific humidity (kg 

1kg ) at To, qa is the specific humidity (kg 1kg ) of the air at 10 m height, Uao is the relative wind speed (m/s) 
with respect to the surface ocean current, while Ch and Ce are sensible and latent transfer drag coefficients, 
respectively (for more details see Large & Yeager, 2009).

3. Observed Dense Water Formation on the NW Icelandic Shelf
A total of 1,202 winter profiles sampled along the sections within the region of interest (Faxaflói, Látrabjarg, 
Kögur, and Siglunes), between 1980 and 2018, were analyzed. Figures 2a and 2b show the averaged density 
for the month of February along the sections Látrabjarg and Kögur, respectively, averaged over the years 
when the densities are greater than 27.8 kg/m3 (upper limit of overflow water). According to the observa-
tional data used here, this occurred in the case of Látrabjarg in 1983, 1984, 1988, 1997, and 2011, and in 
the case of the Kögur section in 1984, 1988, 2004, and 2016. In both cases, top-to-bottom mixing of dense 
waters on the shelf in about 100 m of water can be observed, specifically around the inshore stations in both 
sections. We compared the observed (Figures 2a and 2b) and modeled (Figures 2c and 2d) mean February 
density at Látrabjarg and Kögur sections. The comparison shows that even when the model is denser (most 
likely due to salinity bias), it simulates nicely the overall structure of the water column along both sections 
with dense water on the shelf in winter. Therefore we can use the model to examine mechanisms and path-
ways by which this dense water is transported off the shelf.

Note that the observational profiles shown in Figure  2 correspond to the month of February, and thus 
more heat loss through February and the rest of winter is still expected. What is more, the position of both 
sections (inset map in Figure 2) coincides with a region of intense turbulent heat flux which is the strong-
est along a band that extends through Denmark Strait to the northern Irminger Sea (Huang et al., 2019). 
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Figure 2. Observed and model density along the Látrabjarg (observations in (a), model in (c)) and the Kögur (observations in (b), model in (d)) sections during 
the month of February. In the case of the observations, the average considers the years when the density on the shelf was ≥27.8 kg/m3: for the Látrabjarg 
section, the years 1983, 1984, 1988, 1997 were considered, and 2011, and for the Kögur section, the years 1984, 1988, 2004, and 2016. In the case of the model, 
we considered the period from 2004 to 2018. The exact position of the sections can be seen in the inset map on panel (a) (Látrabjarg) and (b) (Kögur).
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Figure 3 shows monthly average (2002–2018) net surface air-sea oceanic heat loss (indicated by negative 
values). We selected the months from January (Figure 5a) to April (Figure 3d) as during those months the 
heat loss is the strongest. The largest heat loss occurs along the west/northwest portion of the Icelandic 
shelf, which coincides with Huang et al. (2019). We examined other reanalysis products as well (not shown) 
and all show strong winter heat loss in this region.

Given the fact that observed data along the Látrabjarg and Kögur sections for the month of March is scarce, 
we estimate the mean density field for that month by using a simple 1-D mixing model. To do so, we consid-
er only the years when dense water is seen on the NW Iceland shelf in February, but yet not dense enough 
(between 27.74 and 27.8 kg/m3) to contribute to the Denmark Strait overflow (Figures 4a and 4b). Consid-
ering these observations and assuming an idealized water column of 1 m2 of area (A) we compute its heat 
content (HC):

0
* * ( ) *

z

z refHC Cp T T dz A  (3)

where z is the depth,  = 1,000 kg/m3, T  is the temperature from the observations (profiles which density on 
the shelf is between 27.74 and 27.8 kg/m3), refT  = 0 °C for simplicity and Cp = 4000 J/kg/K. We then examine 
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Figure 3. Mean net surface oceanic heat loss for (a) January, (b) February, (c) March, and (d) April taken from the model output, computed based on the CGRF 
reforecast fields and the bulk formula of Large and Yeager (2004), the averaging was done over the period 2002–2018. Negative values mean that the heat flux is 
from the ocean to the atmosphere (heat loss).
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through the simple 1-D mixing model if the heat loss during the month of March (Figure 2c) is sufficient 
to increase the density of the shelf waters over 27.8 kg/m3 during the remaining parts of winter (month of 
March) when observations are lacking.

Note that although a simple 1-D mixing model does not consider advection, it is likely that water parcels re-
main on the shelf for at least a month, and thus continue to densify. For example, considering that a typical 
velocity of the NIIC along the NW Iceland shelf during the winter months is of the order of 0.1 m/s (Pickart 
et al., 2017; Semper et al., 2019), over the course of a month water parcels in the region would thus travel 
only about 250 km along the Icelandic shelf.

The average net surface March winter heat loss in the region (NW Iceland shelf) is around 200 W/m2 as 
shown in Figure 3c. This is a total heat loss of ∼5.184 ×  810  J/ 2m  over the month of March. Removing such 
heat loss from the February heat content estimated from the observed sections data (Figures 5a and 5b, in 
orange), and using Equation 3, we can roughly estimate the March heat content (Figures 5a and 5b, in blue). 
Using the estimated March heat content and reversing Equation 3 we compute the estimate March tem-
perature (Figures 5c and 5d, in blue), and assuming that the salinity stays the same, compute an estimated 
March density (Figures 5e and 5f, in blue). We thus expect an underestimation of density as salinity tends 
to increase due to wind-induced evaporation from strong winds in winter. Thus, given typical winter air-sea 
fluxes, when the dense water observed on the NW Iceland shelf in February is in the range of 27.74–27.8 kg/
m3, continued winter cooling is likely to increase the density to be greater than 27.8 kg/m3 by the end of 
March (Figures 4e and 4f), and thus be able to contribute to the DSOW.

Figures 4a and 4b show the average February density profiles considering the years between 2000 and 2018 
when the density on the shelf, in both sections, reached 27.74–27.8 kg/m3 (2001, 2005, 2007, 2009, 2010, and 
2012 to 2015). Here, again top-to-bottom mixing in the inshore stations (on the shelf) can be observed even 
when the densities are below 27.8 kg/m3. However, if a heat loss equivalent to that shown by the model for 
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Figure 4. Observed (a and b) and 1D-mixing-model (c and d) density along the Látrabjarg and the Kögur sections. In the case of the observations (a and b), 
the average February is shown, considering the years between 2000 and 2018 when the density on the shelf for both sections was between 27.74 and 27.8 kg/
m3. In the case of the 1D-mixing-model, (c and d) show the density field resulting from applying the February heat loss on the observations (shown in (a and 
b)). Average (2004–2018) modeled March, density is shown in panels (e and f). The exact position of the sections can be seen in the inset map on panel (a) 
(Látrabjarg) and (b) (Kögur).
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the month of March occurs (Figure 3c), we can see that the density along the shelf increases (Figures 4c 
and 4d), and just like in Figures 2a and 2b, appears to be distinct and well separated from the dense waters 
offshore.

Modeled March average density (Figures 4e and 4f) shows that densities larger than 27.8 kg/m3 can still be 
found on the shelf during that month, indicating a persistent oceanic heat loss (Figure 3c). As such, with 
strong cooling even those years when the mean February density field does not show waters denser than 
27.8 kg/m3 on the shelf, they are likely to reach this density by the end of the winter. Thus, in most years it 
is likely that dense waters able to contribute to the DSOW could be formed on the Iceland shelf.

We then use the high-resolution numerical model configuration ANHA12 to explore the formation mech-
anisms and fate of the dense water once it is formed on the NW Icelandic shelf. Figure S1 suggests that the 
model is more saline on the Iceland shelf than the observations, which is reflected in the February density 
field, in particular near the base of the shelf (Figures S1a and S1b). However, even when the Atlantic inflow 
in the model is saltier (∼0.25) than the observations this does not seem to have an impact on the deeper wa-
ters and the overflow, and thus the dynamics. As an example, Figures 6a–6c display a volume transport T-S 
diagram, which shows the mean volume transport (2002–2018) of the sections Kögur (Figure 6a), Húnaflói 
(Figure 6b), and Siglunes (Figure 6c), as a function of temperature and salinity (for each section its location 
is shown in the inset map in Figure 6). Consistent with Semper et al. (2019), see Figure 9 for reference, in the 
model the NIJ carries Arctic-origin water (temperature 0 C). Different from Semper et al. (2019), however, 
in the model the NIJ also carries dense (denser than 27.8 kg/m3) waters with a temperature between 1 and 
3C and a salinity larger than 34.9. This water mass is potentially the dense water formed from the NIIC 
densification on the Icelandic shelf, which would explain its slightly larger salinity and higher temperature, 
compared to the denser waters carried by the main core of the NIJ.

Figures 6d–6f show the mean velocity (2002–2018) across the sections Kögur (Figure 6d), Húnaflói (Fig-
ure  6e), and Siglunes (Figure  6f). It shows that the model is properly simulating the positioning of the 
NIJ along the northern Icelandic shelfbreak and the magnitude of its velocity, consistent with Semper 
et al. (2019) (For comparison refer to Figure 4 in Semper et al., 2019). The overall agreement of the model 
with the observations means that we can examine the relevant dynamics in the model, consistent with the 
behavior in a high shelf density year, such as those listed above.
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Figure 5. Observed February (orange) and 1D-mixing-model March (blue) temperature (a and b), heat content (c and d), and density (e and f) along the 
Látrabjarg (panels on the left) and the Kögur (panels on the right) sections. The sample data (temperature and salinity) points (x-axis) were selected from the 
years when the density on the shelf for both sections was lower than 27.8 kg/m3.
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4. Modeled Dense Water Formation on the NW Icelandic Shelf
In this section, we explore the processes involved in the formation of dense water on the western Icelan-
dic shelf. To do so in detail, we use the year 2008 as a case study, to properly describe the formation of the 
dense plume, its evolution from the formation region, the large-scale circulation response and its potential 
contribution to the NIJ.

4.1. A Dense Plume Forms on the NW Icelandic Shelf

Once the dense water transformation on the shelf occurs, as discussed in the previous section, a dense 
plume (denser than 27.8 3/kg m ) travels eastward along the Icelandic shelf, cascading downslope at multi-
ple locations. Such events occur almost every winter (January-March), except for the year 2003. Nonetheless 
we have chosen one particular episode, the winter of 2008 that shows the formation and subsequent path of 
the dense plume, so we can explain in detail the processes involved.

Figures 7a–7d show the evolution of a plume generated in January 2008. By the beginning of January, the 
transformed waters have already reached the bottom of the continental shelf (Figure 7a). By the end of 
January, the dense signature occupies a larger area and it has started to travel eastward along the shelf (Fig-
ure 7b). By February 24th the plume appears to start cascading down the shelf, north of Iceland (Figure 7c). 
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Figure 6. The upper panels show the mean (2002–2018) volume transport of the North Icelandic Jet as a function of temperature and salinity across the 
sections Kögur (a), Húnaflói (b), and Siglunes (c). For each section, the location is indicated in the inset map. In these diagrams, the thin black contours 
represent density. The lower panels show the mean (2002–2018) cross-section velocity for the sections Kögur (d), Húnaflói (e), and Siglunes (f). Positive 
velocities are directed toward Denmark Strait. In both cases (diagrams and sections), the upper limit of overflow water, defined by the 27.8 kg/m3, is highlighted 
by the thick black line. In the case of the sections (d–f), the zero velocity contour is marked by the dashed line.
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By March 31, the plume is connected with the already dense waters below 500 m depth in a more continu-
ous pathway (Figure 7d), north of Iceland. Simultaneously, the initial dense signal located in the northwest-
ern corner of the Icelandic shelf continues to grow in area.

4.2. Dense Waters Cascade Off the Shelf

To confirm the occurrence of a cascading event in the model we use Ivanov et al. (2004)'s density-dependent 
cascading parameter, r. Ivanov et al. (2004) states that “r may be seen as a measure of descending potential 
of a cascade at any given cross slope section.” This parameter has previously been applied to explore dense 
water cascading in hydrostatic models (Luneva et al., 2020; Marson et al., 2017). Luneva et al. (2020) pointed 
out that “hydrostatic models are capable of reproducing the physics of cascading even on a steep slope.”

By strategically placing five points along a cross slope vertical section, Ivanov et al. (2004) defined a set of 
parameters that indicate the development stage of a cascading event. Here, however, we use only the den-
sity-dependent cascading parameter, r. According to Ivanov et al. (2004) the three relevant points (along 
a cross slope vertical section) that are needed to compute r, are: point A (e.g., Figure  8a) placed at the 
maximum density in the cascade (usually over the continental shelf); point B (e.g., Figure 8a) placed at 
the density minimum marking the position of the plume's edge; and point C (e.g., Figure 8a) located in the 
ambient water (undisturbed by the plume) at the same depth as A. As an example, Figure 8a shows the 
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Figure 7. (a–d) Five-day average bottom density from four specific model outputs, from January 2008 to the end of March 2008. The exact date of each output 
is labeled on the bottom of each panel. Black contour lines indicate the 250, 500, and 750 m isobaths.
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positioning of these points along the Látrabjarg section. Following this scheme, Ivanov et al. (2004) defined 
the cascading parameter, r, as:

A B

A C
r  

 



 (4)

where A  is the density in point A, B  is the density at point B, and C  the density of the water at point C.

At the beginning of a cascading event r would be close to 1, since the density of the shelf waters ( A ) is 
significantly higher than both ambient ( C ) and shelfbreak waters ( B ). As the shelf waters progress down 
the slope, the density difference between the waters over the shelf and those at the bottom of the slope de-
creases ( 

A B
 ), so r approaches zero.

Figures 8b–8h show time series of r, from 2002 to 2018, for most of the sections. As only values of r between 
zero and one are indicative of a cascading event occurrence, only values in that interval are shown. Thus, 
gaps in the time series indicate that no cascading event is registered along a given section. Except for Lan-
ganes E (not shown), cascading occurs along all the sections at least once during the study period (this is 
also confirmed in Video S3). It appears that once the dense water is formed on the west/northwest Icelandic 
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Figure 8. Cascading parameter r as a function of time, as defined by Ivanov et al. (2004), for the sections Faxaflói (b), Látrabjarg (c), Kögur (d), Húnaflói (e), 
Siglunes (f), Langanes N (g), and Krossanes (h). Panel a shows, by using the section Látrabjarg as an example, the position of the points A, B, and C needed to 
obtain the cascading parameter r. Colors of the section name on each panel, match the color of the sections shown on the inset map.
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shelf, some of it cascades right away off the shelf (Figures 8b–8d), while the rest of the plume (as shown 
by the bottom density Video S1) travels eastward on the Icelandic shelf, cascading down slope along the 
north-shelf-located sections (Figures 8d–8h). This is consistent with Jungclaus and Backhaus (1994) who 
pointed out that in the long term a cascading event spreads from its source region mostly along isobaths 
and slightly downslope. This explains why we can see dense water cascading as far from the source region 
as along the Krossanes section. Note that Ivanov et al. (2004)'s parameter indicates when cascading occurs 
but not the amount of dense water formed on the shelf. As such, the potential contribution of dense waters 
formed on the shelf is explored in Section 4.4.

4.3. Large-Scale Circulation Response to the Dense Plume Formation and Propagation

Light waters are known to be linked to elevated SSH since low-density water expands and creates great 
steric height (Roughan et al., 2019). The contrary happens when the density of the water column increases 
as high-density water causes the SSH to decrease. The latter can be seen on the western Icelandic shelf. 
Dense water formation and the subsequent eastward propagation of the dense plume along the Icelandic 
shelf (Figure 7), results in the eastward propagation of low SSH from the region of dense water formation 
and along the topographic contours (Figures 9a–9d). In order to understand the evolution of the SSH due 
to the dense plume formation and the circulation response to it, we examined hourly model output, from 
October 2007 to May 2008.

As an example, Figure 9a, corresponding to March 20, 2008, at 00 h, shows a strong anti-cyclonic (eastward) 
circulation along the north Icelandic shelf. Within 24 h, an SSH depression develops on the western portion 
of the Icelandic shelf, and the flow previously anti-cyclonic (eastward) along the northern Icelandic shelf, 
changes to be cyclonic (westward) (Figure  9b). Thirteen hours later the SSH depression has continued 
traveling anti-cyclonically (eastward) while the flow direction appears strongly cyclonic (westward) along 
the north Icelandic shelf (Figure 9c). After another 24 h the SSH along the northern Icelandic shelf has 
risen (compared to Figure 9c) and the anti-cyclonic (eastward) flow has started to predominate (Figure 9d). 
Along the 500 m isobath, however, low SSH values remain (Figure 9d), which is most likely due to the dense 
water plume cascading down slope (Video S2). This particular event was triggered by the formation and 
evolution of the dense plume resulting from dense water formation in the winter of 2008 (Figure 7). The 
cyclonic (westward) flow described results from the propagation of the SSH signal. As the low SSH spreads 
eastward along the Icelandic shelf, it leaves behind a depression which is largest inshore and it decreas-
es offshore. This results in a geostrophically balanced cyclonic (westward) flow along the north Icelandic 
shelf. This phenomenon was previously studied and proposed by Spall et al. (2017), who address the ocean 
response to localized dense water formation over closed topographic contours by applying a linear quasige-
ostrophic theory, a primitive equation model, and rotating-tank experiments.

Figures 9e–9g show cross section velocity for the Húnaflói section (inset map in Figure 9f) corresponding to 
March 16 (Figure 9e), 21 (Figure 9f), and 31 (Figure 9g), 2008. Note that the double-core structure of the NIJ 
is consistent with Pickart et al. (2017) and Semper et al. (2019). As the SSH intensifies and travels anti-cy-
clonically (eastward) on the shelf, the inner-core of the NIJ appears better defined and its velocity increases, 
while the outer-core's velocity decreases. This mismatch strengthening of the inner- and outer-cores was 
visible in most of our time series during the months of December (previous year) through May, coinciding 
with the months when the dense plume was found to form and the SSH depression to develop. Enhanced 
current velocities (like seen in Figure 9g) have been previously documented to be associated with dense 
shelf water formation in the Mediterranean Sea (Puig, 2017). Furthermore, this intensification of the NIJ 
inner-core could be linked to the identified (NIJ) regime during which the current is found to be strong and 
advecting anomalously dense water (Huang et al., 2019). This relationship, however, is not explored here.

4.4. Dense Water Cascading and Its Potential Contribution to the NIJ

Next, we examine the transport of waters denser than 27.8 3/kg m  (upper limit of overflow water) carried by 
the plume along the shelf (clockwise), between the coast and the 250 m isobath. The transport is computed 
across the seven sections located around the northern Icelandic shelf (inset map in Figures 10a–10d). The 
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selected sections are based on the hydrographic sections regularly monitored by the Marine and Freshwater 
Research Institute of Iceland.

Between the coast and the 250 m isobath, the direction of the along-isobath dense water flow is anti-cyclon-
ic across all the sections (Figures 10a–10d). As the dense plume travels clockwise on the Icelandic shelf, its 
transport increases reaching a maximum of over 0.6 Sv along the Húnaflói section. This occurs during the 
months of February through April for the years 2002, 2004, 2005, 2008, 2013–2016, and 2018 (Figure 10b). 
For the years 2006 and 2009, it occurs during the months of December and May, respectively (Figure 10b). 
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Figure 9. (a–d) Hourly mean sea surface height selected between March 20–22, 2008 (the exact time is labeled in each panel). The black arrows indicate the 
direction and magnitude of the flow at the surface. (e–g) Every-5-days mean vertical structure of the flow along the Húnaflói section (inset map), corresponding 
to March 16, 21, and 31, 2008. Positive values indicate eastward flow while negative velocity means westward flow.
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The dense water transport across the next section (Siglunes), however, is lower, being above 0.5 Sv only 
during 2006 (December) and 2015 (February) (Figure 10c). This points out that the dense water cascades 
downslope at some point between the sections Húnaflói and Siglunes, most likely funneled through irreg-
ularities in the bathymetry along the northern Icelandic shelf (Figure 1). The dense water transport then 
increases slightly between the sections Langanes NE and Langanes E, but it mostly remains below 0.5 Sv, 
when at its maximum (Figure 10d). Here again there is evidence that a portion of the dense plume must 
have cascaded downslope between the Siglunes and the Langanes E sections.

To assess the magnitude of this downslope transport, we compute how much of the dense water plume 
cascades in between each section. Figure 11a shows that up to 0.1 Sv of dense water cascades in between the 
sections Faxaflói and Látrabjarg during the years 2005, 2007, 2008, 2010, 2011, 2012, and 2015 (positive val-
ues indicate cascading of waters denser than 27.8 3/kg m ). Considering its position, these cascading events 
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Figure 10. Time series of along-isobath transport of water denser than 27.8 kg/m3 between the coast and 250 m depth, 
crossing the eight predetermined sections (inset map): Faxaflói (a), Látrabjarg (a), Kögur (b), Húnaflói (b), Siglunes (c), 
Langanes NE (c), Langanes E (d) and Krossanes (d).
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potentially feed directly into the DSOW. Between the sections Látrabjarg and Kögur (Figure 11a) there is 
over 0.2 Sv of dense water cascading in 2009 and around 0.1 Sv in 2013, the rest of the years the (down-
slope) dense water transport is very small. The cascading events occurred between the sections Kögur and 
Húnaflói (Figure 11b) in 2009, 2014, and 2016 resulted in around 0.1 Sv of dense water transported down-
slope, being below that value for the rest of the years.

Figure 11b shows that the cross-isobath transport is the highest in between the sections Húnaflói and Si-
glunes. For comparison, we computed the overall dense water formed west of Iceland and it is shown as 
“Rate” (for dense water formation rate) in Figure 11b. It can be seen that, except for the year 2011, most 
of the dense water formed west of Iceland through shelf convection, cascaded downslope between the 
sections Húnaflói and Siglunes. During most years (2002, 2004, 2008, 2009, 2012, 2013, and 2015), these 
cascading events carried between 0.5 and 1 Sv of dense water off the Icelandic shelf. The annual mean for 
dense water formation rate (red diamonds) and for the cross-isobath transport of dense water between the 
sections Kögur and Langanes NE (black diamonds) are also shown in Figure 11b. The small difference in 
their magnitudes confirms that most of the dense water carried by the dense plume along the shelf, cascades 
north of Iceland.
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Figure 11. Time series of cross-isobath (250 m) transport of water denser than 27.8 kg/m3 cascading down-slope (positive values) in between each consecutive 
section, from Faxaflói to Krossanes. The annual mean cross-isobath transport in between the Kögur and Langanes NE sections is shown (black diamonds in 
(c)). The every-5-days and annual means (red diamonds in (c)) cross-isobath (250 m) transport of waters denser than 27.8 kg/m3 cascading down slope (positive 
values) from the formation region west of Iceland, referred to as Rate and Annual Rate respectively, are also shown.



Journal of Geophysical Research: Oceans

Considering that the NIJ is centered near the 650 m isobath along the north Icelandic shelfbreak (Våge 
et al., 2011), we can assume that the dense water cascaded north of Iceland would ultimately join the cur-
rent. In which case and as an example, the cascading events we found to occur in the winters of 2008, 2013, 
and 2016 between the sections Kögur and Langanes NE (black diamonds in Figure 11b), with an annual 
mean of 0.2 Sv of dense water cascaded down-slope, could have fed up to 21% of the NIJ transport at the Si-
glunes (Figure 6c) and Kögur sections (Figure 6a). These values are most likely underestimated considering 
they include periods when there is little or no cascading occurring.

4.4.1. Lagrangian Experiments

To support the dense water formation mechanism proposed here, we used the off-line Lagrangian tool 
known as Ariane (Blanke & Raynaud, 1997; Blanke et al., 1999) to track the upstream sources of the NIJ in 
the model. To do so, the particles were released along the Siglunes section and were set up to track waters 
denser than 27.8 3/kg m  and with velocity to the west along the section. We selected the Siglunes section to 
release the particles for two main reasons: (a) most of the cascading in the model occurs in the region near-
by this section (Figure 11), so we wanted for the particles to get “seeded” within the dense waters cascading 
from the shelf so we could backtrack the dense plume; and (b) the NIJ has not been merged with the EGC 
at the Siglunes section, so it was a way to make sure that we were only tracking dense waters carried by the 
NIJ. The actual number of particles initialized, in , around the i-th grid cell was determined based on:

1

, 1 ,i i
i k

jj

V vn N i k
vV

        
‥ (5)

where k  is the number of grid points which meet the criteria, iv  is the velocity of each identified grid cell, 
v  is the mean velocity of each identified grid cell, iV  is the volume of each identified grid cell, jV  is the total 
volume of identified grid cells, and N  is the total number of particles to be initialized. The initial position 
of the particles at the beginning of each experiment is shown in Figure S6. The particles were tracked back-
ward in time from 2019 to 2004, with around 10,000 particles (N) released every month of 2019, for a total of 
12 experiments. The experiments were started in 2019 to be able to integrate the particles for 15 years while 
avoiding the initial spin-up years.

Figure 12 shows the 1-year evolution for the particles released at the beginning of every month, from Jan-
uary to April, 2019. During these months (January–April), the heat loss west of Iceland is the strongest 
(Figure  3) and the selected experiments capture the consequent transformation of the seeded particles. 
Also, we consider 1-year tracking to be enough to explore this particular process. The Lagrangian particles 
(Figure 12) show that there are two different pathways that feed into the NIJ in the Siglunes section: dense 
waters of Arctic-origin reaching the section with densities already higher that 27.95 3/kg m  and whose 
pathway coincides with that proposed by De Jong et al. (2018); and dense waters from the western Icelandic 
shelf that result from the transformation of the NIIC as it travels on the western Icelandic shelf. This sup-
ports the presence of Arctic-origin water and a warmer and saltier dense water found to contribute to the 
NIJ along the Siglunes section shown in the volume transport T-S diagram (Figure 6c). As suggested before, 
the Atlantic inflow transformation is more prominent during the months of March (Figures 12g–12i) and 
April (Figures 12j–12l), which coincides with the months when the oceanic heat loss is the strongest. The 
transformation occurs on the western Icelandic shelf, within water depths of 250 m, supporting our theory 
of shelf convection occurrence in the region.

5. Discussion and Conclusions
In this paper, we investigated the transformation of the NIIC through shelf convection NW of Iceland and 
its link to the NIJ, using observational data and numerical model simulation results. Analysis of the obser-
vational data shows that overflow waters are present on the western Icelandic shelf, appearing well mixed in 
the water column. The density of these waters can potentially increase as the winter progresses and oceanic 
heat loss continues. We then make use of numerical output to investigate the origin and fate of these waters. 
By using 1 / 12 horizontal resolution model output (2002–2018), we investigated the transformation of the 
inflowing NIIC on the west/northwest portion of the Icelandic shelfbreak (as the source of the dense waters 
found on the shelf in the observations) and the potential contribution of the transformed waters to the NIJ.
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As a summary of our findings, we propose the following circulation scheme (Figure 13): as the NIIC travels 
around the Westfjords, strong winter heat loss allows the surface waters to gain in density and sink down 
to the bottom. This dense water formation process generates a dense plume that travels anti-cyclonically 
on the shelf, with some waters cascading off the shelf near the formation region west of Iceland (up to 
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Figure 12. One-year density evolution for particles released monthly along the Siglunes section, from January to April of 2019, backtracking the upstream 
sources of the North Icelandic Jet. Panels (a–c) show the evolution of the particles released in January 5. Panels (d–f) show the evolution of the particles 
released in February 4. Panels (g–i) show the evolution of the particles released in March 3. Panels (j–l) show the evolution of the particles released in April 5. 
The released date can be seen at the left of the panels (a) (January), (d) (February), (g) (March), and (j) (April). The date found in the upper-left corner of each 
panel corresponds to the time of the model output for each case. The color indicates the density of the particles at that specific place and time (upper-left corner 
of each panel). The dashed black line in panel (a), corresponds to the position of the Siglunes section where the particles were released.
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0.2 Sv in some years; Figure 11a), but with the bulk of the water cascading off the shelf north of Iceland. 
In both cases, deep cross-shelf troughs along Icelandic shelf seem to act as channels for the dense waters 
to flow downslope. The dense waters that cascade along the northern section travel cyclonically along the 
Icelandic shelfbreak within the (cyclonic) flow resultant from the SSH gradient. The overall result is an en-
hanced equatorward flow on the continental slope, which is consistent with the strong NIJ regime (Huang 
et al., 2019). In years of strong cascading events the dense plume was found to contribute, on an annual 
average, up to 21% of the NIJ transport.

The dense waters cascaded off the shelf west of Iceland would contribute directly to the DSOW, as previous-
ly suggested by the literature (Saberi et al., 2020). While using Lagrangian backtracking of the DSOW sourc-
es in a realistic numerical ocean simulation, Saberi et al. (2020) found additional pathways from south of 
Iceland. They state that the largest contribution from these pathways to the DSOW (25.8% during the winter 
of 2008) is seen when there is more dense water on the Icelandic shelf. This is also in line with our findings 
as the densification of the NIIC occurs when the heat loss is the strongest (winter months January–March), 
hence more dense water (denser than 27.8 3/kg m ) is found on the Icelandic shelf.
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Figure 13. Updated schematic circulation in the vicinities of Iceland adding the mechanism proposed in the 
manuscript. The main currents shown and their acronyms are: shelfbreak East Greenland Current (EGC), separated 
East Greenland Current (SEGC), North Icelandic Irminger Current (NIIC), and the North Icelandic Jet (NIJ). The 
region northwest of Iceland known as the Wester Fjords is identified as WF. The Kolbeinsey Ridge is represented as K. 
R. in the map. The wiggly red lines around the Wester Fjords region represents the winter heat loss, pointing out that 
this is the region where shelf convection occurs. The pathway followed by the dense water plume (DWP) once is formed 
along the Icelandic shelf is represented by the blue arrow line closer to the northern Icelandic coast. The acronym 
uNIIC (“u” for untransformed) corresponds to the NIIC waters that are not densify and follow their known pathway 
north of Iceland. The cascading locations found (labeled with the letter C in the map) are represented by the short 
arrow lines that separates from the DWP.
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A physical explanation for the dense plume evolution and the large-scale circulation response to it, is pro-
vided by Spall et al. (2017). By using a primitive equation model and rotating-tank experiments, they investi-
gated the circulation response to a localized dense water formation region over a sloping bottom. Their work 
was motivated by “topography around islands or shallow shoals in which convection resulting from brine 
rejection or surface heat loss reaches the bottom” (Spall et al., 2017). Just like we showed here (Figure 9), 
they found that a SSH depression propagates from the formation region anticyclonically, around the island. 
As a response, a cyclonic current is generated around the topography, traveling in the opposite way of the 
dense water plume at a speed in the range of 2–15 cm/s. There are, however, some differences between 
our findings and Spall et al. (2017)'s: (a) in our case, the cascading points are linked to irregularities in the 
bathymetry; and (b) the resultant cyclonic flow is only seen along the northern Icelandic slope and not 
all around the island as in Spall et al. (2017). That being said their idealized model and tank experiments 
consider the bathymetry around the island to be smooth. As such, submarine canyons or features like the 
Denmark Strait sill are not represented in their study.

Our results are also in agreement with Huang et al. (2019) who found that larger heat fluxes over the study 
region lead to an enhanced signature of the NIJ 2 months later along the Kögur section. In fact, enhanced 
current velocities associated to dense shelf waters cascading have been documented (Puig, 2017). Consid-
ering our findings, from a cascading point in the vicinities of the Siglunes section (Figure 7c), at a speed of 
15 cm/s (Figure 9f), it would take the dense waters ∼20 days to reach the Kögur section. This is, similar to 
Huang et al. (2019), ∼2 months after the heat loss is at its maximum around the formation region.

The observed formation of dense waters on the Icelandic shelf, however, does not appear to occur every 
February. The observations show shelf convection occurring in the month of February on the NW Icelandic 
shelf, with dense waters reaching over 27.8 3/kg m  during the years 1983, 1984, 1988, 1997, 2004, 2011, and 
2016 (Figures 2a and 2b and Figure S5). However, based on a simple 1-D mixing model we showed that in 
other years when lower densities are observed during the month of February, continued heat loss during 
the month of March is likely to increase the density to the range associated with the lightest component of 
the DSOW.

Model data indicate that the winter heat loss west of Iceland is enough to densify the waters carried by the 
NIIC. Figure 14 compares heat loss, resistant energy (RE) and maximum density west of Iceland (dark blue 
region inset map—Figure 14). RE is defined as the amount of energy needed to be removed from a given re-
gion, such that the density will become homogenized down to a certain depth (Holdsworth & Myers, 2015). 
The mathematical expression to compute the resistance energy is expressed as:

0
( ) ( ) ( )

h

pot pot
gRE h h h z dz dA
A

 
 
  
  

∬ (6)

where g is the gravitational constant, A is the surface area of each grid cell, ( )pot z  and ( )pot h  are the poten-
tial density at each grid cell and the potential density of the grid cell at the reference depth h, respectively. 
In our case of study h = 250 m.
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Figure 14. Time series of heat loss, maximum density and resistance energy as a function of the time on the western 
Icelandic shelf (blue colored region—inset map).
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Figure 14 shows that when the density reaches its maximum, the heat loss exceeds the resistance energy. 
This means that, the amount of energy removed from the ocean due to heat loss is indeed enough to in-
crease the density of the surface waters, making them sink while homogenizing the entire water column. 
Note that the maximum winter heat loss is over 200 W/ 2m  every year (2002–2018), going over the 300 W/ 2m  
for some years. This shows that the mean heat loss magnitude removed from the observations in February 
(analysis shown in Section 3) is not only sufficient but also an underestimation in some years, in which case 
the heat loss could be stronger and the density of the waters formed on the shelf larger. During some years, 
however, even when waters denser than 27.8 3/kg m  are found in the formation region (Figure 6) and the 
maximum winter heat loss exceeds the 300 W/ 2m , no dense plume is generated. This is the case of the year 
2003 (Figure 11b, Video S1). This means that a strong winter heat loss will not necessarily trigger the dense 
plume formation mechanism and that other factors could be at play, which needs further study.

Nonetheless, our results point out that given the relation between the oceanic heat loss and shelf convec-
tion, the recurrence of the latter is likely to depend on a specific atmospheric pattern, most likely coinciding 
with Saberi et al. (2020), the NAO. Unfortunately, hydrographic data after the year 2000 for the months of 
March and April which is when the model shows the strongest transformation to occur (Figures 12g–12l), 
is scarce. In fact, the database used here only had data collected in the month of March for the year 2004 
and along the Faxaflói section, which is south from the formation region and as such it did not captured the 
shelf convection event that year.

As the modeled NIIC inflow is somewhat saltier compared to the observations (∼0.25), the formation of the 
dense plume might be interpreted as an artificial signal of the model induced by a salinity bias. However, 
the volume transport T-S diagram constructed for the sections Kögur, Húnaflói, and Siglunes (Figures 6a–
6c) shows that this does not seem to impact the transport and properties of the dense waters carried by the 
NIJ, and thus the dynamics. We are able to see the formation of the dense plume right from the beginning 
of the simulation, when the model is started from a reanalysis product that assimilates observed tempera-
ture and salinity data (Ferry et al., 2016). We were also able to find the presence of the dense plume and the 
consequent response of the SSH (Figure S4) in the model reanalysis product Global Ocean 1/12 Physics 
Analysis and Forecast (GLOBAL ANALYSIS FORECAST PHY-001-024), traditionally referred to as PSY4 
(Supporting Information S1). In any case, we are using the model to understand the large-scale processes, 
so understanding the specific details may need to be further refined.

To further understand the mechanisms proposed here and in what way they could be potentially impact-
ed by ongoing climate change, they need to be explored with in situ observations, specifically during the 
month of March and April. Even if the waters formed through the mechanism proposed here contribute to 
the lighter component of the NIJ, these findings are of a great significance given that the Icelandic shelf as 
a source of the NIJ has not been proposed before. What is more, the occurrence of shelf convection west of 
Iceland means that ocean ventilation, which is known to occur only in a few regions of the world's ocean, 
could be taking place.
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