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ABSTRACT

The North Icelandic Jet (NIJ) is an important source of dense water to the overflow plume passing through

Denmark Strait. The properties, structure, and transport of the NIJ are investigated for the first time along its

entire pathway following the continental slope north of Iceland, using 13 hydrographic/velocity surveys of

high spatial resolution conducted between 2004 and 2018. The comprehensive dataset reveals that the current

originates northeast of Iceland and increases in volume transport by roughly 0.4 Sv (1 Sv [ 106m3 s21) per

100 km until 300 km upstream of Denmark Strait, at which point the highest transport is reached. The bulk of

the NIJ transport is confined to a small area in Q–S space centered near 20.298 6 0.168C in Conservative

Temperature and 35.075 6 0.006 g kg21 in Absolute Salinity. While the hydrographic properties of this

transport mode are not significantly modified along the NIJ’s pathway, the transport estimates vary consid-

erably between and within the surveys. Neither a clear seasonal signal nor a consistent link to atmospheric

forcing was found, but barotropic and/or baroclinic instability is likely active in the current. TheNIJ displays a

double-core structure in roughly 50% of the occupations, with the two cores centered at the 600- and 800-m

isobaths, respectively. The transport of overflowwater 300 kmupstream ofDenmark Strait exceeds 1.86 0.3 Sv,

which is substantially larger than estimates from a year-long mooring array and hydrographic/velocity surveys

closer to the strait, where the NIJ merges with the separated East Greenland Current. This implies a more

substantial contribution of the NIJ to the Denmark Strait overflow plume than previously envisaged.

1. Introduction

Plumes of cold, dense overflow water spill across

gaps in the Greenland–Scotland Ridge from the Nordic

Seas to the North Atlantic. They form the lower limb

of the Atlantic Meridional Overturning Circulation

(AMOC), which is of key importance for the poleward

transport of heat in the Atlantic Ocean. Approximately

half of the overflow crossing the Greenland–Scotland

Ridge passes through Denmark Strait and supplies the

densest water to the Deep Western Boundary Current
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(Jochumsen et al. 2017; Østerhus et al. 2019). As such,

determining the formation processes and pathways of

the Denmark Strait Overflow Water (DSOW) is nec-

essary to further our understanding of the overturning

in the Nordic Seas, and hence the AMOC.

Cooper (1955) was the first to recognize the climatic

importance of the dense overflow through Denmark

Strait. Subsequent studies suggested that DSOW can

be formed in the interior basins of the Iceland and

Greenland Seas, where winter cooling leads to open-

ocean convection to intermediate depths (Swift et al.

1980; Swift and Aagaard 1981; Strass et al. 1993).

The idea of open-ocean convection forming overflow

water in the interior basin of the Iceland Sea was later

dismissed in part since there was no known direct

pathway from the basin to Denmark Strait. Mauritzen

(1996) proposed instead that warm, saline Atlantic

Water was gradually transformed into DSOW within

the boundary current system of the Nordic Seas and

the Arctic Ocean. This scheme implies that the East

Greenland Current (EGC) advects most of the DSOW

into Denmark Strait, whereas the interior basins of the

Greenland and Iceland Seas contribute only to a lim-

ited extent. Studies based on quasi-synoptic measure-

ments (Rudels et al. 2002), historical data (Eldevik

et al. 2009), chemical tracers (Tanhua et al. 2005),

and high-resolution numerical simulations (Köhl et al.
2007) corroborated the notion that the EGC is themain

source of overflow water to Denmark Strait.

The transport of DSOW through the 650-m-deep

passage in Denmark Strait is estimated to be 3.2–

3.5 Sv (1 Sv[ 106m3 s21; Harden et al. 2016; Jochumsen

et al. 2017). It is relatively constant on decadal time

scales and does not exhibit a dominant seasonal cycle

(Jochumsen et al. 2017). By contrast, the overflow

varies substantially on short time scales (e.g., Harden

et al. 2016; Almansi et al. 2017). In particular, different

mesoscale processes have been identified using in

situ data and numerical models. Large lenses of weakly

stratified water called boluses pass through the deepest

part of the sill every few days (Mastropole et al. 2017;

Almansi et al. 2017). Interspersed with these are

intermittent periods of enhanced flow characterized

by a very thin overflow layer, referred to as pulses (von

Appen et al. 2017). Occasionally the current at the sill

reverses and warm water flows northward through the

strait. Spall et al. (2019) argued that all of these

high-frequency processes are associated with baroclinic

instability of the hydrographic front in the strait.

There are two primary water masses comprising

the DSOW. The water noted above, transported by

the rim current in the Nordic Seas, is referred to as

Atlantic-origin water. This is because there is a direct

advective link between this relatively warm and saline

water and the subpolar North Atlantic south of the

Greenland–Scotland Ridge. The second type of over-

flow water mass is referred to as Arctic-origin water.

This water has been transformed in the interior basins

of the Nordic Seas via convective overturning, and,

as such, it is colder and fresher than Atlantic-origin

water. While other water masses are contained within

the overflow water mix (e.g., Jeansson et al. 2008),

the relative percentages of these constituents appear

to be small (Mastropole et al. 2017). Based on previ-

ous studies (e.g., Swift and Aagaard 1981; Våge et al.

2013), overflow water colder than 08C is referred to

as Arctic-origin water, while that warmer than 08C is

considered Atlantic-origin water.

These two water masses are transported into Denmark

Strait by a system of currents (Fig. 1). The EGC is

the main source of Atlantic-origin water. It accounts

for approximately two-thirds of the total volume trans-

port (Harden et al. 2016). The current bifurcates north

of Blosseville Basin and continues toward Denmark

Strait as the shelfbreak and separated branches of the

EGC (Våge et al. 2013). The former flows along the

Greenland shelf break, whereas the latter is located

farther offshore, near the base of the Iceland slope

(Håvik et al. 2017a).

The other current advecting overflow water into

Denmark Strait is the North Icelandic Jet (NIJ). The

NIJ transports the coldest and densest portion of

DSOW along the continental slope north of Iceland

(Våge et al. 2011; Harden et al. 2016). The narrow

(15–20km) current is centered near the 650-m isobath

and has a velocity maximum at middepth (Jónsson
and Valdimarsson 2004; Våge et al. 2011). The final

current in Denmark Strait is the North Icelandic

Irminger Current (NIIC), which transports warm and

saline Atlantic water northward into the Iceland Sea

(Fig. 1). North of Iceland this surface-intensified cur-

rent shares a common front with the NIJ when the

bathymetry brings the currents into close proximity

(Pickart et al. 2017).

The discovery of the NIJ by Jónsson (1999) and

Jónsson and Valdimarsson (2004) has led to a renewed

focus on the Iceland Sea as source for DSOW. Since

then, observational, theoretical, and modeling studies

have been carried out to enhance our understanding

of the NIJ and its role in the Iceland Sea circulation.

Using data from multiple shipboard surveys, Våge
et al. (2011, 2013) demonstrated that the current is a

distinct source of dense water to the Denmark Strait

overflow plume. This was further verified by Harden

et al. (2016) using measurements from a year-long

mooring array approximately 200 km north of the sill.
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They estimated that the NIJ contributes roughly one-

third of the total DSOW volume transport, and that

it merges with the separated EGC north of Denmark

Strait. Various modeling studies also show the exis-

tence of the NIJ, both in simplified configurations (e.g.,

Våge et al. 2011; Yang and Pratt 2014), and in more

complex general circulationmodels (e.g., Behrens et al.

2017; Ypma et al. 2019).

The seasonal variability in the NIJ appears to be small.

No seasonal cycle is apparent in the velocity time se-

ries from three years of moored current meters on the

Iceland slope upstream of Denmark Strait (Jónsson 1999).

Harden et al. (2016) noted only a slight reduction in

transport of the NIJ during winter and spring from

their year-long moored records at the same location.

Behrens et al. (2017) also found little variability in

the volume transport of the current on seasonal to

interannual time scales in their model study, while

Huang et al. (2019) determined that month-to-month

variation of the NIJ strength is significantly corre-

lated with air–sea buoyancy forcing north of Iceland.

They explained this connection via the mechanism pre-

sented by Spall et al. (2017), in which convection on the

continental slope of an island leads to cyclonic flow

around the island. On shorter time scales (days to a

week), the flow on the Iceland slope north of the sill

is very energetic. Harden and Pickart (2018) argued

that this is the signature of topographic Rossby waves

forced by themeandering of the separated EGC farther

offshore. Huang et al. (2019) showed that there is a

strong conversion from mean potential energy to eddy

energy at the same location, implying that the NIJ is

baroclinically unstable as well.

Recently, de Jong et al. (2018) questioned the existence

of the NIJ east of the Kolbeinsey Ridge, an extension

of the mid-Atlantic Ridge north of Iceland (Fig. 1). They

used RAFOS floats to investigate the subsurface circu-

lation in the Iceland Sea, but did not find a connection

between the flow east and west of the ridge. However,

many of the floats deployed by de Jong et al. (2018)

grounded on the continental slope north of Iceland.

Substantial vertical velocities indicate the presence of

a bottom Ekman layer, presumably caused by the NIJ,

which has also been related to the rising of isopycnals

due to cold, dense water banking up on the slope

(Jónsson and Valdimarsson 2004). This was possibly the

reason for the grounding of the floats.

It has been hypothesized that the NIJ is the lower

limb of a local overturning loop north of Iceland that

involves water mass transformation in the Iceland

Sea. According to the idealized simulation of Våge
et al. (2011), Atlantic Water in the NIIC is fluxed

into the Iceland Sea by eddies, and the water is sub-

sequently transformed due to air–sea heat loss. The

resulting dense water progresses back toward the

boundary and sinks, feeding the NIJ. Lagrangian tra-

jectories from a high-resolution numerical model cor-

roborate the importance of water mass transformation

FIG. 1. Schematic circulation in the vicinity of Denmark Strait. The acronyms are: NIIC5North

Icelandic Irminger Current, NIJ 5 North Icelandic Jet, sb EGC 5 shelfbreak East Greenland

Current, sep EGC 5 separated East Greenland Current. The colored shading is the bathymetry

from ETOPO1 (Amante and Eakins 2009).
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in the Iceland Sea and the boundary current system

north of Iceland for the formation of the NIJ (Behrens

et al. 2017). However, this hypothesized local over-

turning loop has not been verified by observations, and

details regarding the origin and underlying dynamics of

the NIJ remain unclear.

One open question regards the supply of dense

water to the NIJ. Water transformed in the Iceland

Sea regularly exceeds the minimum potential density

of DSOW (Våge et al. 2015), which is su5 27.8 kgm23

(Dickson and Brown 1994). The deepest and densest

mixed layers have been found in the northwestern

Iceland Sea, where enhanced heat loss offshore of the

ice edge can intensify convection (Våge et al. 2015,

2018). However, Våge et al. (2015) and Pickart et al.

(2017) argued that water mass transformation in the

Iceland Sea may not be sufficient to account for the

densest portion of the NIJ (su . 28.03 kgm23). They

suggested instead that this portion may originate from

the Greenland Sea, where sufficiently dense waters

are regularly formed (e.g., Strass et al. 1993; Brakstad

et al. 2019). While a tracer release study indicated

export of dense water from the Greenland Sea to the

Iceland Sea within 1.5 years (Messias et al. 2008), the

exact time scales and pathways of this possible source

for water in the NIJ remain unknown.

In this study we use an extensive collection of ship-

board data, obtained during multiple cruises over mul-

tiple years, to advance our understanding of the NIJ.

We compile hydrographic/velocity sections of high spa-

tial resolution of the NIJ at seven different transects

across the continental slope north of Iceland. In doing

so, we determine the origin of the current and confirm

its existence as an independent, major source of dense

water to the Denmark Strait overflow. We provide ro-

bust estimates of the volume transport, and characterize

the current’s properties, thus quantifying the spatial

evolution of the hydrography and velocity of the NIJ

for the first time along its entire pathway.

2. Data and methods

a. Shipboard measurements

The high-resolution hydrographic and velocity mea-

surements analyzed in this study were collected during

13 shipboard surveys between 2004 and 2018, four of

them during winter (Table 1). The surveys included

seven transects across the northern slope of Iceland

(Fig. 2). Six of the transects are repeated monitoring

sections maintained by the Marine and Freshwater

Research Institute of Iceland (MFRI), with extra sta-

tions added to better resolve the narrowNIJ. The typical

station spacing of approximately 5 km over the slope

is comparable to the Rossby radius of deformation

in the Iceland Sea (4–5 km; Nurser and Bacon 2014).

In the paper we refer to the individual transects by

theirMFRI section names (Table 1 and Fig. 2). For three

of the surveys an alternative transect situated between

the Kolbeinsey Ridge and the Slétta transect was sam-

pled instead. We projected these stations onto the origi-

nal bathymetry of the Slétta transect when constructing

mean sections, but retained the bathymetry at the sam-

pled location for transport calculations.

Some of the sections in our collection have been

used in previous studies. Eight of the occupations at

the Kögur transect were used by Pickart et al. (2017)

to investigate the relationship between the NIIC and

the NIJ. The mean properties at the Hornbanki tran-

sect provided the basis for the model validation in

the study of Zhao et al. (2018). In addition, Våge et al.
(2011), Våge et al. (2013), and Pickart et al. (2017)

TABLE 1. The scientific cruises, survey times, and occupied transects analyzed in this study. The transects are listed from west to east

(Fig. 2). The acronyms are: KG 5 Kögur, HB 5 Hornbanki, SI 5 Siglunes, KR 5 Kolbeinsey Ridge, SL 5 Slétta, LN 5 Langanes

Northeast, and LE 5 Langanes East.

Ship Month Year KG HB SI KR SL LN LE

RRS James Clark Ross August 2004 x

R/V Knorr October 2008 x x x

R/V Bjarni Sæmundsson August 2009 x x x x x

R/V Bjarni Sæmundsson February 2011 x x x x x x

R/V Knorr September 2011 x x x x x

R/V Bjarni Sæmundsson February 2012 x x x x x x

RRS James Clark Ross August 2012 x x

R/V Bjarni Sæmundsson February 2013 x x x x x x

R/V Bjarni Sæmundsson August 2015 x x x x x x

R/V Håkon Mosby August 2016 x x

R/V Bjarni Sæmundsson August 2017 x x x x x x

NRV Alliance February 2018 x

R/V Kristine Bonnevie June 2018 x x x
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included individual occupations from various transects

in their studies.

The hydrographic data on all of the cruises were ob-

tained using a Sea-Bird 9111 conductivity–temperature–

depth (CTD) instrument. The CTD was mounted on

a rosette with Niskin bottles to collect water samples,

which were used to calibrate the conductivity sensor.

The resulting accuracy of the CTD measurements is

0.3 dbar for pressure, 0.0018C for temperature, and

0.002 g kg21 for salinity (Våge et al. 2011). Velocities

were measured using acoustic Doppler current profiler

(ADCP) instruments. On three of the cruises (RRS

James Clark Ross 2004, R/V Knorr 2008, NRV Alliance

2018), a vessel-mounted ADCP (VMADCP) was used,

while an upward- and downward-facing lowered ADCP

(LADCP) system mounted on the rosette was utilized

on the remaining surveys. The VMADCP data on the

R/V Knorr 2008 and NRV Alliance 2018 cruises were

acquired using the University of Hawaii Data Acqui-

sition System (UHDAS) and the VMDAS collection

software (Teledyne RDInstruments), respectively. Sub-

sequently, these data were processed using the Com-

mon Ocean Data Access System (CODAS; Firing and

Hummon 2010). On the RRS James Clark Ross 2004

cruise, VMADCP data were collected and processed

using a custom data acquisition system unique to the

ship (Pstar system). The LADCP data were processed

using the LADCP Processing Software Package from

the Lamont–Doherty Earth Observatory (Thurnherr

2010, 2018). Following the processing, the barotropic

tides were removed from all of the velocity datasets

by applying an updated version of the regional tidal

model of Egbert and Erofeeva (2002), which has a

resolution of 1/608.
Using Laplacian-spline interpolation (Pickart and

Smethie 1998), we constructed 2 km 3 10m gridded

fields of Conservative Temperature and potential density

anomaly referenced to the sea surface, as well as Abso-

lute Salinity (hereafter referred to as temperature, density,

and salinity, respectively). We followed the TEOS-10

standard (IOC et al. 2010), which differs by on aver-

age 0.167 for Absolute Salinity compared to practi-

cal salinity for the hydrographic properties of the NIJ.

The temperature difference is smaller than the accu-

racy of the measurements, and the potential density in

TEOS-10 is O(0.001) kgm23 greater than in ITS-90.

Typical CTD stations indicating the station spacing in

the mean sections were identified from the mean dis-

tances between the stations. Because the sections were

truncated in order to display the same horizontal scale,

there is not always a marker at the end of the sections;

we have not extrapolated the data for more than two

grid points.

We deviated from the normal interpolation routine

for the two following situations. First, stations that

were separated by more than 11 km (usually located

FIG. 2. Shipboard transects used in the study (red lines). The location of the shelf break at each line is indicated

by the black crosses. The acronyms and numbers denote the transect names (KG 5 Kögur, HB 5 Hornbanki,

SI 5 Siglunes, KR 5 Kolbeinsey Ridge, SL 5 Slétta, LN 5 Langanes Northeast, LE 5 Langanes East) and the

number of occupations for each transect, respectively. The location of the mooring at the Hornbanki section

is indicated by the yellow diamond. The bathymetry is shaded, and the 650-m isobath is highlighted by the

gray contour.
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on the shelf) were interpolated onto a low-resolution

grid of 10 km 3 20m. This grid and the remaining,

closer-spaced station data were then reinterpolated

onto the final, high-resolution grid. Second, we em-

ployed a combined interpolation approach for occu-

pations where very dense water (su $ 28.03 kgm23)

was observed at the shelf break, in order to conserve

the structure of the dense water banked up on the slope.

In those sections, we interpolated the data first with

respect to depth (depth grid, following the standard

interpolation routine) and then with respect to height

above the bottom (bottom grid). The bottom grid was

used up to 100m above the bottom at the steepest part

of the slope where the dense water was present, while

the depth grid was used for the remainder of the sec-

tion. At the boundaries of the two grids, interpolation

was used to ensure a smooth transition. An example in

which both of these additional interpolation routines

were applied is shown in Fig. 3.

Sections of absolute geostrophic velocity, normal

to each transect, were calculated as follows. First, we

constructed 2 km3 10m gridded sections of the cross-

track ADCP velocities. Next, we computed the rela-

tive geostrophic velocity at each section using the

hydrographic fields. At each grid point of the section,

the depth-averaged relative geostrophic velocity was

then matched to the corresponding depth-averaged

ADCP velocity. The top and bottom 50m were excluded

for grid points with bottom depths greater than 200m,

in order to avoid surface and bottom boundary layers.

The along-stream direction x is taken to be positive to-

ward Denmark Strait, where distances between transects

were calculated following the 650-m isobath (Fig. 2).

For each transect the origin (distance y 5 0km) was

placed at the shelf break (except for the Kolbeinsey

Ridge transect where the latitude of the shelf break at the

nearby Siglunes transect was chosen as zero distance).

Positive velocities are directed toward Denmark Strait.

The absolutely referenced geostrophic velocity sec-

tions were used to estimate the volume transports of the

NIJ. The error associated with the volume transport is

proportional to the area of the NIJ and estimated from a

combination of instrument error and inaccuracies in the

tidal model. Våge et al. (2011) estimated the combined

uncertainty associated with the LADCP/VMADCP

systems and the processing routine to be 3 cm s21, while

they assessed the uncertainty of the tidal model to be

2 cm s21 northwest of Iceland because of inaccuracies in

bathymetry and relatively strong tidal currents. Al-

though the tidal model performs slightly better northeast

of Iceland, we conservatively assume the same error as

for the western transects. An additional source of er-

ror arises from the transport calculation at the Kögur
section (Fig. 2), where the NIJ at times is difficult

to distinguish from the separated EGC (Harden et al.

2016). For each of these occupations, we distinguish

the currents based on the differently sloping isopycnals

and the subsurface salinity maximum of the separated

EGC, which is not present in the NIJ (Harden et al.

2016). The differences between this ‘‘best-estimate’’

boundary, and a maximum and a minimum limit, are

included in the total error for these occupations. Fi-

nally, we also increase the uncertainty of the trans-

port for occupations where the current is not fully

FIG. 3. Example of an occupation (Hornbanki, February 2013) with dense water residing at the shelf break. The

CTD stations are indicated by black triangles. The stations on the shelf are separated by more than 11 km, so there

the low-resolution grid was applied first (resulting in the blue data points). On the slope, the bottom grid was used

(red dots). The low-resolution grid and bottom grid data were then combined with the remaining high-resolution

CTD data (black dots), resulting in the final gridded temperature (color) and density (contours) sections. The cold,

dense bottom layer of water along the slope is maintained using this multistep gridding routine.
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covered by the observations. We then estimate the

missing transport and include both this additional

transport and its uncertainty estimated from the in-

strument and tidal errors to the uncertainty of the

transport of the entire occupation.

b. Moored measurements

We use data from a current meter mooring deployed

from 23 August 2005 to 10 August 2006, situated 19 km

north of the shelf break at the Hornbanki transect

(67830.45160Nand 21832.14100W, Fig. 2). The instrument

was an Aanderaa RCM-7, sampling hourly, which was

placed at 360-m depth on the 620-m isobath. It thus

provided a year-long time series of temperature, pres-

sure, and velocity in the center of the NIJ. The velocity

data were de-tided using the T_TIDE package (Pawlowicz

et al. 2002) and rotated into the along- and across-stream

directions associated with the Hornbanki transect. Fol-

lowing our convention above, positive along-stream

velocities u are directed toward Denmark Strait.

c. Atmospheric data

To assess the wind field during the period of the

mooring deployment, and its possible influence on the

NIJ, we use the ERA-Interim reanalysis data from

the European Centre for Medium-Range Weather

Forecast (ECMWF; Dee et al. 2011). This weather

prediction model, with an effective horizontal resolu-

tion of 80km, assimilates meteorological data to approxi-

mate the atmospheric state every six hours. ERA-Interim

reanalysis data have been shown to be accurate in our

study region (Harden et al. 2011). Here we use the

6-hourly mean sea level pressure and 10-m wind field

in the region across 08–458Wand 558–758N for the period

of the mooring deployment. We also consider the data

from the grid point closest to the mooring as well as one

grid point directly north of Denmark Strait (at the same

latitude farther west).

3. Mean hydrography and velocity

The mean absolute geostrophic velocity sections for

each transect (Fig. 4) offer the first robust view of

the NIJ along the entire continental slope north of

Iceland. Using data from two of the 13 surveys con-

sidered here, Våge et al. (2011) noted that the NIJ was

weak at their northeasternmost transect (the Langanes

Northeast section). This was consistent with the

weakened NIJ in their idealized model in this part

of the domain. The emergence and strengthening of

the NIJ toward Denmark Strait occurring simulta-

neously with the disintegration of the NIIC toward

northeast Iceland was representative of the model’s

Iceland Sea overturning loop. Our data allow us to

quantify the presence of the NIJ between Denmark

Strait and northeast Iceland.

Starting at the easternmost section, Langanes East,

a weak flow directed toward Denmark Strait is present

near the shelf break in two of the five occupations. In

themean, however, the NIJ is not present at this transect

(Fig. 4a). At the Langanes Northeast transect, 94 km

farther downstream, velocities toward Denmark Strait

were observed in each of the occupations (Fig. 4b). At

times two cores of the current were present, although

the flow was generally quite weak (,5 cm s21 in the

mean). Our data thus corroborate the notion by Våge
et al. (2011) that the NIJ emerges somewhere between

these two transects on the northeast slope of Iceland.

At the Slétta transect, 94 km farther downstream, the

existence of several cores becomes evident in the mean,

and the current velocities are greater (Fig. 4c). The flow

becomes even stronger and broadens where it crosses

the Kolbeinsey Ridge (Fig. 4d). At the Siglunes transect,

immediately downstream of the Kolbeinsey Ridge, the

typical structure of the NIJ is more pronounced. In

particular, the deep isopycnals slope upward and the

shallow isopycnals slope downward toward the shelf

break, leading to the characteristic middepth intensi-

fication of the current (Fig. 4e). Here only one core of

the NIJ was observed in each occupation. Farther

downstream at the Hornbanki transect, the NIJ ex-

hibits again two cores in the mean (Fig. 4f). The core

near the shelf break is strongest, with velocities ap-

proaching 15 cm s21. Between the two cores, the flow is

in the opposite direction.

The last section presented here is the Kögur transect,
where the NIJ at times merges with the surface-intensified

separated EGC (Harden et al. 2016). Some of the EGC

is visible in the westernmost part of the mean section

(Fig. 4g). Using two years ofmooring data from theKögur
transect, Huang et al. (2019) determined that there were

three basic configurations of the flow on the Iceland slope:

a strong separated EGC on the midslope, distinct from a

weak NIJ farther upslope; a scenario where the two cur-

rents are merged; and a case where a strong NIJ is located

near the 650-m isobath, its mean position in the moored

time series, with a very weak signature of the separated

EGC farther offshore. At times this latter scenario can

persist close to Denmark Strait (R. Pickart 2019, un-

published data). At the sill, however, the separated

EGC and NIJ appear to be fully merged, with the cold

Arctic-origin water of the NIJ occupying the deepest

part of the sill (Mastropole et al. 2017).

In all of the mean sections except the Kolbeinsey

Ridge transect (which is located farther offshore than the

others, Fig. 2), the surface-intensified NIIC is present
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inshore of the NIJ flowing in the opposite direction.

Notably, this is in contrast to the notion put forth by

Våge et al. (2011) in which the NIIC disintegrates in

concert with the NIJ progressing clockwise around the

island. While we are unable to fully assess the NIIC trans-

portwith our data, since someof the sections donot capture

the shoreward end of the current, we note that the mean

transport of the core of theNIIC at theLanganesNortheast

section is 0.85Sv. This is half of the 1.7Sv of NIIC transport

at the Kögur transect estimated by Pickart et al. (2017).

Hence, at the location where the NIJ first emerges on the

northeast Iceland slope, the NIIC is still strong. Recently,

Ypma et al. (2019) also called into question the direct

connection between the NIIC and the NIJ via the local

Iceland Sea overturning loop. Although substantial

water mass transformation took place north of Iceland

in their numerical simulations, the contribution of the

NIIC to the DSOW was small.

The front separating the NIJ and NIIC is evident from

the mean hydrographic sections (Figs. 5 and 6). In partic-

ular, the saline water of the NIIC is present inshore of the

front at each site except for the Kolbeinsey Ridge section

(Fig. 6). We note that at some of the transects, particularly

the Kögur and Hornbanki sections, a layer of warm water

extends well offshore of the shelf break (Fig. 5). Pickart

et al. (2017) discussed this feature and demonstrated that,

at times, the NIJ was located adjacent to the temperature

front at the seaward edge of this layer, instead of the NIIC

front. This is seen to be the case for the offshore NIJ core

at the mean Kögur section. It is also occasionally true for

individual realizations of the offshore core at the different

transects. In Figs. 4–6 we have highlighted the 27.8kgm23

isopycnal, which slopes downward toward the shelf break

and grounds on the outer shelf at most of the transects.

This implies that the bulk of the overflow water is found

seaward of the shelf break.

4. Double-core structure of the NIJ

The double-core structure of the NIJ, evident from

the mean sections of absolute geostrophic velocity pre-

sented above, was previously noted by Pickart et al.

(2017). They identified a second core of the NIJ in all of

their winter occupations at the Kögur transect. When

this offshore core was present, it was larger and stronger

than the inshore core near the shelf break. We find that

the double-core structure is not limited to the Kögur
transect. The core locations identified from the indi-

vidual realizations of the Hornbanki and Slétta sections,
west and east of the Kolbeinsey Ridge, respectively, are

shown in Fig. 7. Any outer cores that were not entirely

bracketed by the observations are not included. In all nine

occupations of the Hornbanki transect, the inner core was

situated near the shelf break at the 600-m isobath at

distance y 5 220km. The outer core was present in six

of the nine occupations. Its position varied slightly more

than that of the inner core, and was found at the 800-m

isobath in five of these occupations (Fig. 7).

At the Slétta transect, east of the Kolbeinsey Ridge,

the inner and outer cores were again centered at the

600- and 800-m isobaths, respectively. However, there

was more cross-stream variation in the positions of

both cores at this site. This could be due to the fact that

the continental slope is steeper east of the Kolbeinsey

Ridge, which results in a narrower NIJ. The distance

between the inner and outer cores is approxima-

tely 17 km here compared to approximately 43 km at

the transect west of the Kolbeinsey Ridge. Farther

downstream, at theKögur transect nearDenmark Strait,

the inner core appeared to be diverted higher onto the

continental slope (near 400m, Fig. 4g). We note, how-

ever, that this is likely not always the case. As discussed

above, using the Kögur mooring array data, Huang et al.

(2019) demonstrated that when the separated EGC is

strong, the NIJ tends to be located on the upper con-

tinental slope. By contrast, when the separated EGC

is weak (or absent), the NIJ is located near the 600-m

isobath. We do not have enough shipboard realizations

to investigate this definitively.

The double-core structure of the NIJ can also be iden-

tified from the mean current vectors computed using

the repeat LADCP/VMADCP data (Fig. 8, where the

currents are averaged between 100m and the bottom).

At both the Hornbanki and the Slétta transects, the vec-

tors were generally directed toward the west following the

bathymetry with cores near the 600- and 800-m isobaths.

Themean current vector at 360-mdepth from the year-long

mooring deployment at the Hornbanki transect west of

the Kolbeinsey Ridge agrees well with the depth-averaged

ADCP current vectors in magnitude and direction. Hence,

the average of our nine synoptic shipboard surveys appears

to be representative of the mean conditions.

The double-core structure of the NIJ appears to be a

frequent feature of the current, with a second core pres-

ent in roughly 50% of all occupations. The depth of the

velocitymaximumof the outer core is generally shallower

in thewater column (ranging from200 to 400m) compared

to that of the inner core (ranging from 200 to 600m). The

temperature and salinity properties of the cores varied

little within each occupation and did not show a system-

atic difference between the inner and outer cores. While

Pickart et al. (2017) observed the second NIJ core only in

the wintertime occupations of the Kögur transect, where
it was stronger than the inner core, we did not identify

any consistent seasonal variability in our more exten-

sive dataset. At present it is unknown why the NIJ is
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filamented in this fashion; we provide some thoughts

concerning this in section 7.

5. Along-stream evolution

a. Hydrographic properties

For each of the six transects where the NIJ was

present in the mean (which excludes Langanes East),

we constructed a volume transport Q–S diagram, which

shows the mean volume transport over all occupations

of the transect as a function of temperature and salinity.

The resulting diagrams for the Slétta and Hornbanki

transects are shown in Fig. 9. This revealed that only a

very small portion of the water transported by the NIJ

is not overflow water. At the Slétta transect, east of the
Kolbeinsey Ridge, water lighter than 27.8 kgm23 was

very warm (up to 48C) and saline (Fig. 9b).While the same

was true at the Hornbanki transect west of the Kolbeinsey

Ridge, there was also cold, fresh water near the surface

(Fig. 9a). The total transport was larger at Hornbanki

than Slétta, but at both transects the bulk of the transport

was limited to a small area in Q–S space.

For each of the volume transport Q–S diagrams,

we defined the locus of the 10 Q–S classes contain-

ing the highest transport as the transport mode of

the given section. (The exact number of Q–S classes

and their extents do not affect the results substan-

tially; we chose divisions of 0.18C in temperature and

0.005 g kg21 in salinity). Considering all six transects,

the transport mode is centered near 20.298 6 0.168C
in temperature and 35.075 6 0.006 g kg21 in salinity,

corresponding to a density of su 5 28.05 kgm23. This

demonstrates that the main source waters of the NIJ

must be very dense. The cold temperature (,08C)
classifies the mode as Arctic-origin water. This agrees

well with the Kögur mooring time series analyzed

by Harden et al. (2016), who found that the NIJ transports

water ofArctic origin at depth. By comparison, the EGC

carries mostly warmer and lighter water of Atlantic

origin (e.g., Håvik et al. 2017a). At Denmark Strait,

Arctic-origin water is found in the deepest part of the

passage, below water of Atlantic origin (Mastropole

et al. 2017).

FIG. 8. Mean current vectors (red) for the nine occupations of

(a) Hornbanki (west of the Kolbeinsey Ridge) and (b) Slétta (east

of the Kolbeinsey Ridge) at the typical stations indicated in Fig. 4.

The vectors are averaged between the bottom and 100-m depth,

which coincides approximately with the depth of the 27.8 kgm23

isopycnal (Fig. 4). The mean current vector from the year-long

mooring record at Hornbanki and its standard error ellipse are

shown in black. Black crosses indicate the location of the shelf

break. Background colors show bathymetry, and the 600- and

800-m isobaths are highlighted.

FIG. 7. Overlay of the locations of fully resolved NIJ cores at (a) Hornbanki (west of the Kolbeinsey Ridge) and

(b) Slétta (east of the Kolbeinsey Ridge). The color indicates the number of realizations.
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To quantify the evolution of temperature and salinity

along the length of the NIJ, we considered the variation

of the 10 highest transport Q–S classes at each site

(Fig. 10). This shows how the hydrographic properties

of the bulk of the overflow water are modified toward

Denmark Strait. There is no significant linear trend of

the median values of the 10 classes (red bars in Fig. 10)

at the 95% confidence level according to the Student’s

t test, for either temperature or salinity. Since any such

trends are based on six values only, we used the boot-

strap method to estimate the reliability of these trends.

The bootstrap method is based on random sampling

with replacement from the dataset and is not con-

strained by assumptions about the underlying prob-

ability distribution (e.g., Emery and Thomson 2014).

From 1000 sample combinations chosen randomly

from the pool of Q–S classes at each transect, there

is no true positive or negative trend in the hydrographic

FIG. 9. Mean volume transport of the NIJ as function of temperature and salinity combined from all occupations

at the (a) Hornbanki and (b) Slétta transects, west and east of the Kolbeinsey Ridge, respectively. The gray con-

tours represent density, and the 27.8 kgm23 isopycnal is highlighted.

FIG. 10. Along-stream evolution of (a) temperature and (b) salinity for the 10 main transport classes of the NIJ

(see text). The 25th and 75th percentiles for each transect are indicated by the blue boxes, and the median value is

marked by the red dash. The black dashed lines show the range of values not considered to be outliers, while the red

crosses indicate the outliers. The y axis is chosen such that the maximum range corresponds to a change in density

of 0.05 kgm23 with constant salinity and temperature for (a) and (b), respectively. The acronyms are: KG5Kögur,
HB 5 Hornbanki, SI 5 Siglunes, KR 5 Kolbeinsey Ridge, SL 5 Slétta, and LN 5 Langanes Northeast.
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properties at the 95% confidence level. We therefore

conclude that the temperature, salinity, and density

of the dominant transport mode of the NIJ are not

significantly modified from northeast Iceland to

Denmark Strait.

Interestingly, the temperature does exhibit a signifi-

cant warming trend of approximately 0.18C per 100 km

toward Denmark Strait when considering the evolu-

tion of the mean temperature for the entire current (not

shown). This implies that some portion of the NIJ warms

along its path, possibly due to entrainment of ambient

waters which are warmer northwest than northeast of

Iceland. However, as demonstrated above, the entrain-

ment does not significantly affect the properties of the

dense transport mode.

b. Volume transport

While the temperature and salinity of the transport

mode do not change significantly toward Denmark

Strait, the mean velocity sections of Fig. 4 presented

earlier indicate that the volume transport does; recall

that the NIJ originates between the Langanes East

and Langanes Northeast transects. We now present

estimates of the overflow water transport at the dif-

ferent transects, computed as the mean of the indi-

vidual occupations.

For each transect we provide two estimates. The first is

based on a conservative approach where we disregarded

all outer cores that were not fully resolved. This estimate

does not include all of the NIJ and provides a lower

transport limit. For the second estimate, we doubled

the transport of any outer core that was not fully re-

solved, with the idea being that the ship sampled

roughly half of the core. This value, which we refer to

as the inclusive estimate, is more realistic because we

know that the full extent of the current was not sam-

pled. In cases when we doubled an outer core that was

not fully resolved, a larger uncertainty was assigned

(section 2a). The two transport estimates are identical

for the three transects where the NIJ was completely

resolved.

The volume transport of overflow water increases by

on average approximately 0.4 Sv per 100 km considering

the six transects fromLanganesEast, northeast of Iceland,

to Hornbanki, roughly 300 km upstream of Denmark

Strait (Fig. 11). This trend is significant at the 95% con-

fidence level according to the Student’s t test. We have

included the easternmost transect in Fig. 11, even though

there is no flow in the mean section (Fig. 4). Our results

emphasize that the NIJ emerges in the region northeast

of Iceland. Furthermore, overflow water is by far the

dominant constituent of the NIJ: the fraction of overflow

water to the total transport is on average 90% for the

collection of transects (Fig. 11).

The contribution to the transport from water deeper

than 650m, the approximate depth of the Denmark

Strait sill, is comparably small. This portion accounts

on average for only 10% of the transport of overflow

FIG. 11. Mean volume transport of overflow water (OFW) in the NIJ at the different tran-

sects, computed as the mean of the individual occupations. For the conservative estimate

(cOFW, blue colors), the outer cores that were not fully resolved are ignored. For the inclusive

estimate (iOFW, orange colors) the partially resolved outer cores were extrapolated (see text).

Also shown is the portion of overflow water denser than su5 28.03 kgm23. The percentage

indicates the fraction of overflow water to total transport at each transect. The acronyms

are: KG 5 Kögur, HB 5 Hornbanki, SI 5 Siglunes, KR 5 Kolbeinsey Ridge, SL 5 Slétta,
LN 5 Langanes Northeast, and LE 5 Langanes East.
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water. To contribute to the overflow, this water needs

to be brought to shallower depths. Harden et al. (2016)

showed that there is significant aspiration in Denmark

Strait, which is why the deepest portion is included in

our transport estimates. However, since the transport

associated with this deepest portion is small, we can

still compare the transport estimates to previous esti-

mates by Våge et al. (2011) and Våge et al. (2013) who
neglected this deep part of the NIJ.

While the transport increases overall toward Denmark

Strait, the value decreases between the last two tran-

sects (Hornbanki to Kögur, Fig. 11). Observations

(Harden et al. 2016) and numerical models (Behrens

et al. 2017) show that the NIJ merges with the separated

EGC between Hornbanki and Denmark Strait. Some

of the water that is transported by the NIJ at Hornbanki

may therefore be entrained into the separated EGC

farther downstream, and thus is not accounted for in

our transport estimates at Kögur. Our estimates for

the Kögur transect are 1.3 6 0.2 Sv, which agrees

well with the 1.4 6 0.3 and 1.23 6 0.32 Sv estimated

by Våge et al. (2013) and Pickart et al. (2017), respec-

tively, both of whom took similar approaches for de-

termining the transport using different subsets of the

data analyzed here.

Notably, the transport estimates using our synoptic

realizations of the Kögur transect are larger than the

transport of the NIJ estimated by Harden et al. (2016)

using data from the mooring array at that location

(1.00 6 0.17 Sv). One possible reason for this discrep-

ancy is that we are presenting only 10 occupations, while

the mooring data provided three realizations per day

over a year-long period. Another possible reason for the

discrepancy is that Harden et al. (2016) calculated net

transport between the separated EGC and the Iceland

shelf break, while we included only equatorward flow in

our transport estimate. As such, these estimates are not

directly comparable, and higher transports are expected

from our approach. Furthermore, it was often difficult

for Harden et al. (2016) to distinguish between the

separated EGC and the NIJ. They developed an ob-

jective technique for determining the boundaries of these

two currents and split the transport in the transition region

evenly between them, but therewas inherent uncertainty in

such a division.

To shed light on this, we examined the gridded ve-

locity sections from the mooring array and assigned a

boundary between the separated EGC and the NIJ

at each time step guided by the automatically de-

termined separation lines from Harden et al. (2016),

but also taking into acccount the differently sloping

isopycnals of the two currents. In approximately 20%

of the sections the separated EGC and the NIJ were

clearly distinct, while in the remaining realizations the

currents were partially or fully merged. The transport

of the NIJ estimated for the entire time series based

on our boundary and considering equatorward flow

only is 1.4 6 0.1 Sv, which is in close agreement with

our transport from the 10 hydrographic/velocity sec-

tions (1.3 6 0.2 Sv). Considering only the subset of

sections where the separated EGC and the NIJ were

clearly distinct, the NIJ is recognizable as a middepth-

intensified current. In approximately 40% of these

sections it exhibited a double-core structure. Further-

more, the bulk of the transport had properties simi-

lar to the previously identified transport mode. This

strongly suggests that our 10 hydrographic/velocity

sections are representative of the mean conditions.

The transport of the NIJ for the subset of Kögur
mooring sections where the current was distinct was 1.76
0.2Sv. This is close to our estimate from the Hornbanki

transect where the NIJ has not yet started to merge with

the EGC. There the transport is 1.8 6 0.3 Sv for the

conservative estimate and 2.2 6 0.4 Sv for the inclusive

estimate. All things considered, this suggests that the

value of Harden et al. (2016) may be an underestimate.

In particular, when the NIJ and the EGC are apart, the

NIJ has a larger transport. On the other hand, when the

currents are merged, some of the water transported by

the NIJ may be assigned to the EGC, which would tend

to reduce the estimated contribution of the NIJ at the

Kögur transect. Our results thus imply a potentially

greater role of the NIJ in supplying overflow water to

Denmark Strait.

We also present the portion of overflow water trans-

port denser than su5 28.03 kgm23 in Fig. 11. This value

represents the bounding isopycnal of the NIJ trans-

port mode discussed in the previous section (Fig. 9). As

noted in Våge et al. (2013), water this dense is not found
in either the shelfbreak EGC or the separated EGC

above sill depth. Furthermore, most boluses passing

through Denmark Strait contain water near this density

(Mastropole et al. 2017). Våge et al. (2011) computed

a transport of 0.66 0.2Sv of this dense water inDenmark

Strait, which is comparable to our value of approximately

0.5 6 0.1Sv for the inclusive estimate at the Kögur
transect (Fig. 11).

In general, the transport of water denser than su 5
28.03 kgm23 increases toward Denmark Strait and ac-

counts for on average 50% of the entire overflow

transport (Fig. 11). This implies that the NIJ is supplied

with dense water along its entire pathway. The model

simulation of Våge et al. (2011) suggested that roughly

two-thirds of the NIJ is supplied by sinking of dense

water along the northern boundary of Iceland, while

the remaining third is due to lateral entrainment.
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Alternatively, there could be direct advective sources

feeding theNIJ. One possible such source is a southward

flow of overflow water that emanates north of the Spar

Fracture Zone (Fig. 1) and follows the western side of

the Kolbeinsey Ridge. The existence of such a flow has

been suggested from RAFOS float tracks (de Jong et al.

2018) and numerical simulations (Behrens et al. 2017).

Observations from a year-long mooring deployment

close to the Kolbeinsey Ridge also indicated generally

southward flow in 2007/08 (Jónsson and Valdimarsson

2012a). However, the mooring was situated near the

1000-m isobath south of the Spar Fracture Zone and

hence it may have recorded parts of the NIJ crossing

the ridge from the east and not a distinct flow originat-

ing from north of the Spar Fracture Zone. From our

sections, we can neither confirm nor reject the existence

of a southward flow west of the Kolbeinsey Ridge that

supplies the NIJ. However, if there is such a current,

it would only contribute a minor amount of water to

the NIJ, as there is little change in transport between the

Kolbeinsey Ridge and Hornbanki transects (Fig. 11).

The origin of the water constituting the densest por-

tion of the NIJ is under debate. Using historical CTD

data, Våge et al. (2015) showed that wintertime mixed-

layer densities in the Iceland Sea only occasionally

exceed su 5 28.03 kgm23. This mainly occurs in the

northwestern part of the Iceland Sea. (It is worth noting

that the data coverage in winter is generally sparse.) In

this region, heat loss offshore of the ice edge can in-

tensify convection (Våge et al. 2015), which is facilitated

by the removal of fresh surface waters before the onset

of winter by northerly winds (Våge et al. 2018). Based

on a freshwater budget of the region, Pickart et al. (2017)

argued that convection in the northwestern Iceland Sea

cannot account for more than half of the water in the

NIJ. While water with properties of the densest por-

tion of the NIJ is present throughout the Iceland Sea

at greater depths, significant transformation must occur

elsewhere.

The Greenland Sea has been suggested as a possible

source for the densest portion of the NIJ (Våge et al.

2015; Pickart et al. 2017), where much denser and

deeper mixed layers are common (e.g., Strass et al.

1993; Brakstad et al. 2019). For the Greenland Sea

gyre, Brakstad et al. (2019) estimated the annual

production of waters exceeding su 5 28.05 kgm23 to

be at least 0.6 6 0.5 Sv for recent winters. This is

roughly the same as the amount of water denser than

su 5 28.03 kgm23 transported by the NIJ, and thus

adds credence to the notion that the densest water

in the NIJ stems from the Greenland Sea. A tracer

release study indicates that rapid export of dense

water from the Greenland Sea to the Iceland Sea is

possible (Messias et al. 2008), but the exact pathways

have not yet been identified.

While the RAFOS floats of de Jong et al. (2018) did

not provide any evidence of the NIJ crossing the

Kolbeinsey Ridge, we observed clear westward flow

across the ridge on all of the occupations of this tran-

sect (Fig. 4d). This provides compelling evidence that

the NIJ successfully negotiates the ridge as it flows

westward. We note, however, that the transport of the

current at the Siglunes transect, immediately down-

stream of the Kolbeinsey Ridge, appears to be anom-

alously small (i.e., it does not follow the general trend

of increasing transport, Fig. 11). This motivates us to

investigate the behavior of the NIJ around this sharp

ridge using a scaling analysis.

Marshall and Tansley (2001) derived a condition for

the separation of a boundary current from the conti-

nental slope which has been applied to different cases,

including the middepth-intensified flow of Levantine

Intermediate Water around Sardinia in the Mediter-

ranean Sea (Bosse et al. 2015) and the flow of Canadian

Basin Deep Water around the Morris Jesup Rise in the

Arctic Ocean (Björk et al. 2010). Marshall and Tansley

(2001) integrated the potential vorticity over an area

encompassing the slope and the boundary current and

found that the condition for the separation of the boundary

current is comprised of three terms related to the planetary

b effect, vortex stretching of the boundary current when

crossing isobaths, and the curvature of the coastline or

bathymetry. In our case, the b term is small compared

to the vortex stretching term and can be neglected. The

condition for separation of the current then scales as

r,

�
U

f=H/H

�1/2

, (1)

where r is the radius of curvature, U is the speed of the

boundary current, f is the Coriolis parameter, and H

is the depth. The radius of curvature where the NIJ

crosses the Kolbeinsey Ridge is r ’ 4–8 km, while the

depth isH’ 600–800m.Using the average speed ofU5
4.6 cm s21 as well as the minimum and maximum speeds

(62 cm s21) of the NIJ at the Kolbeinsey Ridge gives a

critical r of 5–9km, which is very similar to themeasured

radius of curvature. This result suggests that the entire

NIJ cannot remain intact when turning south after

crossing the ridge, and that only some part of the

current is able to make the sharp turn to the Siglunes

transect only 36 km downstream where the transport

is lower (Fig. 11). We note that only a single current

core has been observed at this transect (Fig. 4e), while

the ADCP velocities farther offshore exhibit a south-

ward component (not shown). Such a southward flow
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at the offshore end of the Siglunes transect, which

has a north–south orientation, would not be accounted

for since the absolute geostrophic velocity fields that

the transports are calculated from are normal to the

section. As noted above, a southward flow was also

observed at a mooring located at the 1000-m isobath

on the western side of the Kolbeinsey Ridge (Jónsson
and Valdimarsson 2012a). It is possible that this flow

is the separated part of the NIJ forced into deeper

water due to the curvature of the ridge. The importance

of the sharp curvature of the Kolbeinsey Ridge is

also apparent from the flow pattern across the ridge

(Fig. 4d). After following the bathymetry northward

along the slope, the NIJ broadens when crossing the

ridge and the double-core structure becomes less de-

fined, likely due to the curvature effect. The separation

of the current after crossing the ridge might reestablish

the double-core structure of the NIJ and thus could

explain the existence of the offshore core at theHornbanki

section, which was observed in six of the nine occupa-

tions (section 4).

Another aspect of the NIJ negotiating the Kolbeinsey

Ridge pertains to flow observed on the shelf. As men-

tioned in section 2a, there was a transect situated just

east of the ridge (14 km west of the Slétta transect). The
continental shelf at this transect, and at the Siglunes

transect, is deeper than 300m—the only two survey lines

where this is true. Recall that the maximum velocity of

the NIJ is situated vertically in the water column near

this depth. It is thus possible that some portion of the

NIJ takes a direct route along the shelf instead of flowing

around the Kolbeinsey Ridge. Unfortunately, the oc-

cupations of these two transects do not coincide in time,

so we cannot make inferences about the continuity of

this flow. Further work is required to understand pre-

cisely how the NIJ progresses past the Kolbeinsey Ridge,

although our data indicate that the current clearly trans-

ports overflow water from the east side of the ridge to the

west side of the ridge.

6. Variability

The volume transport of the NIJ varies substantially

both within and between the surveys. This is seen by

plotting the individual transport values for all of the

occupations following the inclusive approach (Fig. 12).

The large scatter motivates us to explore possible forcing

mechanisms that could influence the current’s transport

over different time scales.

a. Seasonal variability

While our dataset consists predominantly of summer

occupations (Table 1), there is nonetheless no apparent

difference in NIJ transport between summer and win-

ter (Fig. 12). Both large and small transports occur in

winter relative to the mean at most transects. This lack

of seasonality agrees with transport time series from

moorings as well as numerical simulations. Harden

et al. (2016) reported a slight reduction in the NIJ

transport in winter and spring from the 1-yr mooring

array at Kögur, while Huang et al. (2019) found no

consistent seasonal cycle from a 2-yr mooring deployed

FIG. 12. Volume transport of overflowwater in the NIJ and its uncertainty for all occupations

and transects. Outer cores which were not fully resolved by the observations were doubled

(see text). The survey years are color-coded, and winter occupations are marked by diamonds.

For better legibility, estimates for the same transect are plotted adjacent to each other. The

acronyms are: KG 5 Kögur, HB 5 Hornbanki, SI 5 Siglunes, KR 5 Kolbeinsey Ridge, SL 5
Slétta, LN 5 Langanes Northeast, and LE 5 Langanes East.
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in the NIJ at the same location. This agrees with velocity

time series from three years of moored current meters

on the Iceland slope of the Kögur transect (Jónsson
1999). Similarly, the transport of the NIJ did not have a

seasonal cycle in the high-resolution numerical simula-

tions of Behrens et al. (2017). Seasonal variability ap-

pears to be negligible farther upstream at theHornbanki

transect as well, and farther downstream at Denmark

Strait. Neither the velocity time series in the core of

the NIJ from theHornbanki mooring (Fig. 13), nor long-

term observations of the overflow plume (Jochumsen

et al. 2017), reveal a seasonal cycle.

Regarding the hydrographic properties of the NIJ,

we cannot identify distinct seasonal differences at any

transect when comparing summer and winter subsets

of Figs. 5 and 6 (not shown). The lack of a seasonal cycle

is also reflected in the quantitative analysis of the indi-

vidual cores of the NIJ (section 4). This corroborates

the results of Mastropole et al. (2017) who found neither

a seasonal cycle in the Arctic-origin water at Denmark

Strait nor a seasonality in the occurrence of the boluses

of Arctic-origin water passing through the strait. Our

hydrographic sections reveal a seasonal change only

near the surface, within the NIIC. As previously pointed

out by Pickart et al. (2017), the water on the shelf is

warmer, saltier, and more strongly stratified in summer

than in winter. The NIIC varies seasonally in transport

also, exhibiting a transport maximum in summer and a

minimum in late spring, as other observations (Jónsson
and Valdimarsson 2012b) and numerical simulations

(Zhao et al. 2018) show. The seasonality in the NIIC is a

result of changes in the atmospheric forcing (Logemann

and Harms 2006; Zhao et al. 2018), which leads us

to investigate if atmospheric forcing may play a role

in the variability of the NIJ on other time scales.

b. Atmospheric forcing

1) MESOSCALE VARIABILITY

Harden et al. (2016) found that, while the trans-

ports of the surface-intensified shelfbreak and separated

EGC vary in time, the changes largely compensate each

other. They argued that this variability is controlled by

the across-stream gradient in the local wind through

Denmark Strait. Herewe investigate the possible effect of

the wind on the mesoscale variability in the middepth-

intensified NIJ using the moored record in the center

of the current at the Hornbanki transect (Fig. 13; sec-

tion 2b). The westward speed was on average 13 cm s21,

ranging between a maximum of 41 cm s21 in September

and a minimum of 217 cm s21 in December. The latter

event was unique in that the current reversed its direction

for approximately four days.

Using the ERA-Interim reanalysis data (section 2c),

we investigate the atmospheric conditions before, dur-

ing, and after weakening and strengthening events of

the NIJ at Hornbanki. The events are defined as times

when the velocity from the moored record either ex-

ceeded or fell short of a certain threshold (such as a

defined velocity, a local maximum, or a gradient). The

exact magnitude of this threshold did not affect the re-

sults substantially. While a high pressure system south

of Iceland induced southerly wind through Denmark

Strait against the flow direction of the NIJ during the

strong reversal event noted above, similar wind anom-

alies occurred without weakening the NIJ in a consistent

FIG. 13. Time series of de-tided velocity in the NIJ for the period of the mooring deployment

(August 2005–August 2006) at the Hornbanki transect west of the KolbeinseyRidge (see Fig. 2

for the location of themooring). The hourly and 3-day filtered time series are shown by the thin

gray and thick black line, respectively.
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way. Similarly, we did not detect any relation between

strengthening events of the NIJ and the atmospheric

conditions. We thus conclude that, despite the coinci-

dence of the extended current reversal and the strong

southerly storm, there was no consistent mesoscale

response of the NIJ at Hornbanki to atmospheric forc-

ing southwest of Iceland and in Denmark Strait during

the period of the mooring deployment.

2) LONG-TERM VARIABILITY

While the compensation in volume transport of the

separated and shelfbreak branches of the EGC has

only been observed on short time scales (Harden et al.

2016), numerical simulations suggest that the two

current branches vary out of phase on seasonal to in-

terannual time scales as well. Behrens et al. (2017)

argued that the local wind stress curl pattern sub-

stantially affects the EGC, which results in variability

in the net volume transport of the combined branches

across the Kögur transect on interannual time scales.

They did not, however, find a clear response of the

NIJ or the NIIC to changes in the wind stress curl.

By contrast, in the numerical model used by Zhao et al.

(2018), the wind stress southwest of Iceland impacted

the transport of Atlantic Water in the NIIC. Further-

more, Pickart et al. (2017) argued that interannual

changes in salinity of the NIIC and NIJ are linked

through the wind stress curl in the subpolar gyre.

Changes in wind stress curl have also been tied to

varying sources of dense water advected into Denmark

Strait. In the model study of Köhl (2010), strong pos-

itive wind stress curl around Iceland caused the EGC

to be the main source of overflow water to Denmark

Strait, whereas the Iceland Sea was the dominant

source when the wind stress curl was weakly positive.

De Jong et al. (2018) suggested that the strong wind

stress curl during their RAFOS float deployment pe-

riod may have been the reason why the NIJ appeared

weak or absent in the float trajectories.

To investigate the effect of wind on interannual time

scales, we identified surveys with consistently strong

or weak NIJ transport and assessed the corresponding

wind stress curl fields around Iceland, following the

approach of de Jong et al. (2018, see their Fig. 9). In

particular, we determined the occupations with above-

median and below-median transports for each survey.

(Themedian transport was used at each transect to account

for the general increase in transport toward Denmark

Strait.) Only one survey could be considered to have an

overall weak NIJ (February 2011, where all five tran-

sects had transports below the median). Conversely,

only two surveys had a relatively strong NIJ (February

2013 and August 2009, where four of five transects had

transports above the median). All three surveys were

conducted during periods of wind stress curl near its

climatological mean value according to the atmospheric

time series of de Jong et al. (2018), so we do not see a

difference inwind stress curl between surveyswith aweak

and a strong NIJ, and, most often, there was no overall

weak or strong NIJ. As such, our observations clearly do

not support the hypothesis that the wind stress curl con-

trols the strength of the NIJ on interannual time scales.

c. Internal variability

It has long been known that the overflow at Denmark

Strait is highly variable on periods of a few days

to a week (Aagaard and Malmberg 1978; Ross 1978;

Macrander et al. 2007; Jochumsen et al. 2017;

von Appen et al. 2017). Different configurations of

the overflow have been identified, including the large

boluses mentioned above, as well as another com-

mon scenario where the overflow layer thins and ac-

celerates (referred to as pulses; von Appen et al.

2017). It has been argued that the dominant driver of

this high-frequency variability is baroclinic instability

(Smith 1976; Spall et al. 2019). Upstream of the sill,

Håvik et al. (2017b) showed that the EGC is subject

to baroclinic instability in winter, and suggested that

this may be a source of the high-frequency variability in

Denmark Strait. Regarding the NIJ, Harden and Pickart

(2018) demonstrated that energetic topographic Rossby

waves, with a dominant period of 3.6 days, are present at

the Kögur site. They argued that the source of the

waves is the meandering separated EGC seaward of

the NIJ. Huang et al. (2019) calculated a significant

conversion of potential energy from the mean to the

eddies at the same site, indicative of baroclinic in-

stability. Using our shipboard data, we now consider

internal variability of the NIJ.

1) BAROTROPIC INSTABILITY

Barotropic instability is generally caused by strong

horizontal velocity gradients, although it can be sup-

pressed by steep bathymetry (von Appen et al. 2016).

Eddies resulting from these instabilities extract kinetic

energy from the mean flow and transport momentum

down the lateral velocity gradient (Spall et al. 2008). A

necessary criterion for barotropic instability to occur

is that b 2 (›2u/›y2) changes sign somewhere in the

domain (e.g., Cushman-Roisin and Beckers 2011). The

topographic b effect is represented byb52(f/H)(›H/›y),

where f denotes the Coriolis parameter andH depth. The

bathymetric slopes in our study area yield relatively large

values of b5O(1028). We compared this to uyy5 ›2u/›y2

for each current core. For example, at the Hornbanki

transect west of the Kolbeinsey Ridge, the along-stream
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velocity u is on average 16 cm s21 with current widths of

order 16 km. This means that uyy is of the same order of

magnitude as b. The same result holds for the majority

of the transects. Therefore, the necessary—but not suf-

ficient—condition for barotropic instability is fulfilled

for the NIJ.

2) BAROCLINIC INSTABILITY

Baroclinic instability is generally facilitated by strong

vertical shear of the horizontal velocity, whereas it can

be suppressed by a strong stratification (vonAppen et al.

2016). Resulting eddies extract the available potential

energy from the mean field and transport this energy

down themean lateral density gradient (Spall et al. 2008).

A necessary condition for baroclinic instability to occur is

that the horizontal gradient of the total potential vorticity

changes sign with depth (e.g., Spall et al. 2008). The Ertel

potential vorticity is the sum of the planetary stretching

term, the relative vorticity, and the tilting vorticity (e.g.,

Pickart et al. 2005; Spall et al. 2008). We find that the

stretching term is the dominant contribution to the total

potential vorticity. As such, we can simplify the Ertel

potential vorticity (PV) to PV ’ 2(f/r0)(›r/›z), where

r0 is the background potential density. The vertical sec-

tions of PV for the individual occupations of the different

transects yield the consistent result that the horizontal

gradient of PV reverses sign with depth. Therefore,

the necessary criterion for baroclinic instability is also

fulfilled for the NIJ.

These results imply that some of the observed variability

in structure and transport of theNIJmay be due to internal

variability in the form of both barotropic and baroclinic

instability. We note that such high-frequency fluctuations

could make it more difficult to infer responses of the NIJ

to atmospheric forcing; continued measurements of

the current will hopefully make this easier. The internal

variability in the NIJ requires further investigation and

will be the subject of future work.

7. Summary and conclusions

In this study we used high-resolution hydrographic/

velocity measurements from 13 surveys along the slope

north of Iceland to characterize and quantify the prop-

erties and transport of the NIJ for the first time along

its entire path. The current emerges northeast of Iceland

and crosses the Kolbeinsey Ridge, an extension of the

mid-Atlantic Ridge north of Iceland. Near Denmark

Strait the NIJ merges with the separated EGC, and from

that point onward it cannot be distinguished as a distinct

current. Our results demonstrate that the NIJ represents

an important contribution to the Denmark Strait overflow.

The current displays a double-core structure that is

present both east and west of the Kolbeinsey Ridge

at roughly 50% of all occupations. The inner core is

generally found at the 600-m isobath, while the outer

core is located farther downslope at the 800-m isobath.

It is presently unclear whether the outer core is a sepa-

rate component of the current or if it is related to eddies

or wave activity. Harden and Pickart (2018) demon-

strated that topographic Rossby waves on the Iceland

slope cause high-frequency variability in the NIJ signa-

ture at the Kögur site, but whether these or other waves
also exist farther upstream remains to be determined.

Here we considered the outer core to be an integral part

of the current and included it in the transport estimates.

The volume transport of overflow water in the NIJ,

which comprises on average 90% of the total transport

of the current, increased by approximately 0.4 Sv per

100 km along the current’s path until the Hornbanki

transect, roughly 300 km upstream of Denmark Strait.

This gradual increase is consistent with themodel results

of Våge et al. (2011) which suggest that the current is

fed by sinking of dense water along the entire north

slope of Iceland. The water transported by the NIJ is

mainly of Arctic origin, with the coldest and densest

portion banked up against the continental slope. The

bulk of the volume transport is confined to a small area

in Q–S space centered near 20.298 6 0.168C in temper-

ature and 35.0756 0.006gkg21 in salinity, corresponding

to a density of su 5 28.05kgm23. The hydrographic

properties of this transport mode do not change signifi-

cantly along the current’s path, which indicates that the

mode is largely unaffected by entrainment of warmer,

ambient waters. This densest portion of the NIJ most

likely stems from the Greenland Sea, where sufficiently

dense waters are regularly formed (Brakstad et al. 2019).

However, the exact pathways between the Greenland

and Iceland Seas remain unknown.

Comparing the volume transport of the NIJ to the

transport estimated from the year-long mooring array

at the Kögur transect (1.00 6 0.17 Sv; Harden et al.

2016), we found a higher mean transport of 1.3 6 0.2 Sv

for both the conservative and inclusive estimates. Some

of this discrepancy is likely due to the different types

of measurements (multiple realizations per day for a

year versus our 10 occupations over 13 years) and the

different methods of estimating transport (the differ-

ent approach for assigning current boundaries and the

consideration of net flow versus equatorward flow). Ex-

tracting periods from the gridded mooring sections when

the NIJ is clearly distinct from the EGC, we found a

transport of 1.7 6 0.2Sv. This result agrees well with the

transport of the NIJ at the Hornbanki transect farther

upstream, where it is at least 1.86 0.3Sv and more likely
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2.26 0.4 Sv according to the conservative and inclusive

estimates, respectively. This suggests that when the

currents are distinct at the Kögur transect, the contri-

bution from the NIJ is higher than when the currents

have merged and some of the NIJ transport may have

been entrained into the separated EGC, appearing to

lower the NIJ transport. We therefore argue that the

contribution of water from the NIJ to the Denmark

Strait overflow is higher than previously envisaged.

The variability in volume transport between and within

the surveys was substantial. On short time scales, no direct

link between the variability of the NIJ and the local wind

could be identified. While a current reversal observed

in the moored record at the Hornbanki transect coin-

cided with anomalously strong southerly wind through

Denmark Strait, no consistent response to similar atmo-

spheric patterns was found. Similarly, no clear seasonal

variability of the NIJ was detected, in agreement with

previous observational and modeling results (Harden

et al. 2016; Behrens et al. 2017).

On longer time scales, it has been hypothesized that

the wind stress curl around Iceland affects the strength

of the NIJ (Köhl 2010; de Jong et al. 2018). However,

no clear link between the wind stress curl and the

strength of the NIJ could be established from our ob-

servations. The most likely explanation for the vari-

ability in our transport estimates is internal forcing,

as the necessary conditions for both barotropic and

baroclinic instability are fulfilled in the NIJ.

This study, by characterizing and quantifying the along-

stream evolution of the NIJ, provides the basis for future

dynamical investigations addressing the formation and

variability of the current. Our comprehensive dataset has

definitively confirmed that the NIJ emerges northeast of

Iceland, is fed by a continuous supply of dense water

along the current’s entire pathway, and is a main source of

DSOW into Denmark Strait. The NIJ thus constitutes a

fundamental component of the overturning in the Nordic

Seas that needs to be accounted for when considering

the response of the AMOC to varying climate forcing.
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