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A B S T R A C T

Dense waters formed in the Nordic Seas spill across gaps in the Greenland-Scotland Ridge into the abyss of
the North Atlantic to feed the lower limb of the Atlantic Meridional Overturning Circulation. The overflow
water transport is well known, but open questions remain regarding where and how the dense overflow
waters are formed and transported to the ridge. Here we develop a regional high-resolution version of an
inverse method called Total Matrix Intercomparison, which combines hydrographic and geochemical tracer
observations between 2000 and 2019 to resolve the pathways that connect the overflows to their origins.
Consistent with previous studies we find two main pathways feeding the Denmark Strait Overflow Water
(DSOW): the East Greenland Current and the North Icelandic Jet. Most of the water supplied by the North
Icelandic Jet originates in the Greenland Sea (82 ± 2%) and flows southward along an outer core of the East
Greenland Current, as well as along a previously unknown pathway crossing the Jan Mayen Ridge into the
Iceland Sea. In total, 39 ± 2% of the DSOW originates in the Greenland Sea, while the Iceland Sea and the
Atlantic Domain of the Nordic Seas account for 20 ± 3% and 19 ± 2%, respectively. The majority of the Faroe
Bank Channel Overflow Water originates in the Greenland Sea (46 ± 8%) and the Arctic Ocean (25 ± 9%).
These dense waters approach the sill in the Iceland-Faroe Slope Jet and along the eastern side of the Jan Mayen
Ridge. The inversion reveals unprecedented details on the upstream sources and pathways of the overflows,
which have not previously been obtained using observations.
1. Introduction

The overflows from the Nordic Seas are a main source of dense
water to the lower limb of the Atlantic Meridional Overturning Circu-
lation (AMOC, Lozier et al., 2019; Chafik and Rossby, 2019; Tsubouchi
et al., 2021). Warm and saline Atlantic Water flows northwards into
the Nordic Seas (Fig. 1), where intense heat loss in winter transforms
the water into colder and denser water masses that return south-
wards through gaps in the Greenland-Scotland Ridge (GSR) as overflow
plumes. The largest overflow plume passes through Denmark Strait
between Greenland and Iceland (3.2 Sv, 1 Sv ≡ 106 m3 s−1), while most
of the overflow east of Iceland (2.0 Sv) flows southwards through the
Faroe Bank Channel (Østerhus et al., 2019). The overflow through these
two passages combine to approximately 90% of the total overflow wa-
ter, generally defined as water denser than 𝜎𝛩 = 27.8 kg m−3 (Dickson
and Brown, 1994). The sources and upstream pathways of the dense

∗ Corresponding author at: Geophysical Institute, University of Bergen, Norway.
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water masses feeding these two overflows are not as well known as
the transports across the ridge, although both are of key importance
for better understanding the sensitivity of the AMOC to a warming
climate.

Dense waters are formed in the Nordic Seas by several mechanisms.
One is the gradual cooling of the Atlantic Water (AW) along the bound-
ary current system around the Nordic Seas and Arctic Ocean (Mau-
ritzen, 1996; Eldevik et al., 2009). Most of the cooling takes place
in the Norwegian Sea (Fig. 1, Isachsen et al., 2007), known as the
Atlantic Domain of the Nordic Seas because it is characterized by warm
and saline AW at the surface (Swift and Aagaard, 1981). The AW
branches that flow northwards through the Barents Sea and Fram Strait
encircle the Arctic Ocean, and are further cooled and modified during
transit (Rudels et al., 1999, 2005). In Fram Strait the branches trans-
porting densified AW, now referred to as Atlantic-origin water (Våge
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Fig. 1. Schematic circulation in the Nordic Seas. The inflow of warm Atlantic Water is indicated by red arrows, pathways of dense waters are illustrated by dark purple arrows,
and southward transport of fresh Polar Surface Water with the East Greenland Current is shown in light blue arrows. The acronyms are: NIIC=North Icelandic Irminger Current;
NIJ=North Icelandic Jet; IFSJ=Iceland-Faroe Slope Jet; EIC=East Icelandic Current; JMC=Jan Mayen Current; WSC=West Spitsbergen Current; FBC=Faroe Bank Channel. The

background color is the bathymetry from ETOPO1 (Amante and Eakins, 2009).
et al., 2011) merge and return southwards with the East Greenland
Current as an intermediate water mass with overflow-water density
and a temperature between 0 and 3 ◦C (Rudels et al., 2005; Håvik
et al., 2019). Above the Atlantic-origin water is the cold and fresh
Polar Surface Water (PSW), which dominates the entire Greenland shelf
along the western Nordic Seas (referred to as the Polar Domain, Swift
and Aagaard, 1981). The PSW is too light to contribute directly to the
overflows, but gradual mixing with the underlying Atlantic-origin water
modifies the upper part of the Denmark Strait overflow plume (e.g.,
Tanhua et al., 2005; Jeansson et al., 2008; Mastropole et al., 2017).

Another mechanism of dense-water formation is open-ocean con-
vection in the interior Iceland and Greenland Seas (Fig. 1, Swift et al.,
1980; Swift and Aagaard, 1981; Marshall and Schott, 1999). These
interior seas constitute the Arctic Domain of the Nordic Seas and are
separated from the Atlantic and Polar domains by pronounced hydro-
graphic fronts (Helland-Hansen and Nansen, 1909; Swift and Aagaard,
1981). The surface waters in the Arctic Domain are colder and fresher
than the AW to the east, but warmer and more saline than the PSW
to the west. The region is characterized by weak stratification and
substantial heat loss during winter, which results in deep convection
and the formation of dense Arctic Intermediate Waters (Swift et al.,
1980; Swift and Aagaard, 1981). While these Arctic-origin waters are
typically defined as water colder than 0 ◦C (e.g., Rudels et al., 2005;
Jeansson et al., 2008; Våge et al., 2011; Mastropole et al., 2017),
intermediate water masses warmer than 0 ◦C currently form in the
central Iceland Sea (Våge et al., 2022).

The densest Arctic-origin water is formed in the Greenland Sea,
where wintertime convection at present reaches depths of approxi-
mately 500–1500 m (Latarius and Quadfasel, 2010; Lauvset et al.,
2018; Brakstad et al., 2019). However, both the depth of convection
and the resulting water-mass product have changed substantially over
the last 50 years (e.g., Schlosser et al., 1991; Meincke et al., 1992;
2

Karstensen et al., 2005; Brakstad et al., 2019). Prior to the late 1970s
convection occasionally extended to the bottom and produced very cold
and dense Greenland Sea Deep Water (GSDW), which was considered
the main source of deep water to the entire Nordic Seas (along with
deep water from the Arctic Ocean, Helland-Hansen and Nansen, 1909;
Malmberg, 1983; Aagaard et al., 1985; Schlosser et al., 1991). There
is no evidence of significant renewal of GSDW after 1980, and the
main product of convection since the mid-1990s has been the lighter
Greenland Sea Arctic Intermediate Water (Karstensen et al., 2005;
Ronski and Budéus, 2005; Latarius and Quadfasel, 2010; Brakstad et al.,
2019). As a result, a two-layer structure has developed in the Greenland
Sea, with a pronounced stratification maximum preventing renewal of
GSDW. The distinction between deep and intermediate water masses
is typically defined by the potential density anomaly referred to 500 m
depth of 𝜎0.5 = 30.444 kg m−3 (e.g., Rudels et al., 2005; Jeansson et al.,
2008). In the Greenland Sea the depth of this isopycnal coincides with
the stratification maximum, which has been located between 1500 and
2000 m depth since the early 2000s (Brakstad et al., 2019).

Dense intermediate and deep waters colder than 0 ◦C are also
supplied to the Nordic Seas from the Arctic Ocean via the East Green-
land Current (Rudels et al., 2005; Jeansson et al., 2008, 2017). These
water masses are located below the warmer Atlantic-origin water and
are mainly a product of AW that has been substantially modified by
wintertime convection in the Barents Sea, dense plumes formed on the
Arctic shelves, and dense water originally formed in the Nordic Seas
that entered the Arctic Ocean in the West Spitsbergen Current (Aagaard
et al., 1985; Rudels et al., 1999; Langehaug and Falck, 2012). The frac-
tion of water originally sourced from the Nordic Seas is not well known,
but by the time these Arctic Ocean water masses flow southwards
through Fram Strait their geochemical properties are distinct from the
water occupying the same density range in the Nordic Seas (Jeansson
et al., 2008, 2017). The Arctic Ocean deep waters are also warmer and
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Table 1
List of data sources, time periods, and parameters included in our analysis, including references. T = temperature, S = salinity, O = oxygen, N = nitrate, and P
= phosphate.
Data source Year(s) Parameters Reference

Unified Database for Arctic and
Subarctic Hydrography (UDASH)

1980–2015 T and S Behrendt et al. (2018), https://doi.
pangaea.de/10.1594/PANGAEA.872931

International Council for the Exploration
of the Seas (ICES)

1950–2019 T, S, O, N, and P http://ocean.ices.dk/HydChem/
HydChem.aspx

Marine Freshwater and Research
Institute of Iceland

1950–2018 T, S, O, N, and P https://sjora.hafro.is

World Ocean Database (WOD) 1966–2018 T, S, O, N, and P www.noaa.gov/cgi-
bin/OS5/SELECT/builder.pl

Global Ocean Data Analysis Project
version 2 (GLODAPv2) - 2019

1972–2017 T, S, O, N, and P Olsen et al. (2016, 2019),
https://doi.org/10.25921/xnme-wr20

Argo program 2001–2019 T and S https://doi.org/10.17882/42182

Norwegian Iceland Seas Experiment
database (NISE)

1950–2009 T and S Nilsen et al. (2008)

Institute of Marine Research
(Norwegian Marine Data Centre)

1967–2018 T, S, O, N, and P https://www.hi.no/en/hi/forskning/
research-data-1

Shipboard measurements along the
continental slope north of Iceland

2004–2018 T and S Semper et al. (2019), https://doi.
pangaea.de/10.1594/PANGAEA.903535
Iceland-Greenland Seas Project 2018 T, S, O, N, and P Renfrew et al. (2019)
more saline than the GSDW. After the GSDW formation ceased, the
inflow of Arctic Ocean deep waters to the Nordic Seas has thus resulted
in a general warming at depth (Meincke and Rudels, 1996; Østerhus
and Gammelsrød, 1999; Somavilla et al., 2013).

The deep water in the Nordic Seas is located well below the Den-
mark Strait sill depth (650 m), while intermediate water masses can
contribute more directly to the overflow plume. About 2/3 of the Den-
mark Strait Overflow Water (DSOW) is supplied by the East Greenland
Current (Harden et al., 2016). This current mainly transports overflow
water of Atlantic origin (Håvik et al., 2019), but also a substantial
portion of dense water from the interior basins (Strass et al., 1993;
Rudels et al., 2002; Jeansson et al., 2008). The remaining 1/3 of the
DSOW, or perhaps closer to 1/2 according to recent work by Semper
et al. (2019), is supplied by the North Icelandic Jet (NIJ) that flows
along the slope north of Iceland. The NIJ supplies the densest portion
of the DSOW (Våge et al., 2011; Mastropole et al., 2017). While (Våge
et al., 2011) hypothesized that the NIJ is part of a local overturning
loop in the Iceland Sea, later studies suggest that convection in the
interior Iceland Sea may not produce sufficiently dense water (Våge
et al., 2015, 2022). Based on several shipboard surveys, Semper et al.
(2019) found that the bulk of the NIJ transport is associated with a
narrow potential density range centered around 𝜎𝛩 = 28.05 kg m−3

(referred to as the NIJ transport mode). Such dense water is presently
not formed in the central Iceland Sea, but it is regularly produced
farther north in the Greenland Sea (Brakstad et al., 2019; Huang et al.,
2020).

The Faroe Bank Channel Overflow Water (FBCOW) is supplied by in-
termediate and deep water masses from the Norwegian Sea (Fogelqvist
et al., 2003; McKenna et al., 2016). However, most of these water
masses are not locally formed. The Norwegian Sea Intermediate Water
is composed of Arctic-origin water formed in the Iceland and Greenland
Seas, Atlantic-origin water, and intermediate waters from the Arctic
Ocean (Eldevik et al., 2009; Jeansson et al., 2017). The Norwegian
Sea Deep Water is a mixture of deep water from the Greenland Sea
and the Arctic Ocean that enters the Norwegian Basin through deep
gaps in the Mohn Ridge north of Jan Mayen (Swift and Koltermann,
1988; Hansen and Østerhus, 2000; Somavilla, 2019; Shao et al., 2019;
Wang et al., 2021). Olsson et al. (2005) suggested that intermediate
Arctic-origin water from the Greenland Sea also enters the Norwegian
Basin north of Jan Mayen, and then follows the eastern side of the Jan
Mayen Ridge southwards. This southward-flowing current is supported
by other observational and numerical studies (e.g., Voet et al., 2010;
Serra et al., 2010; Köhl, 2010; Huang et al., 2020; Hátún et al., 2021),
3

but questions remain regarding the contribution from the current to the
FBCOW. The existence of another current flowing from north of Iceland
to the Faroe Islands was recently documented by Semper et al. (2020).
This current, named the Iceland-Faroe Slope Jet (IFSJ), may account
for approximately half of the FBCOW. The water masses transported
by the IFSJ have similar hydrographic properties as the NIJ transport
mode, which suggests that they have a common source (Semper et al.,
2020). Huang et al. (2020) argued that the primary source region for
both the NIJ and the IFSJ is the central Greenland Sea. They also
found evidence of several southward pathways along the submarine
ridge system surrounding the central Iceland Sea. Where and how the
dense water exits the Greenland Sea and to what extent these potential
pathways feed the NIJ and IFSJ remain unclear. Chafik et al. (2020)
suggested that some overflow water may approach the Faroe-Shetland
Channel (upstream of the Faroe Bank Channel, Fig. 1) from the eastern
margin along the Norwegian slope, but the upstream sources of this
water mass are not known.

The relative contributions of the water masses constituting the
Denmark Strait and Faroe Bank Channel overflow plumes are also un-
certain. The main reason is that traditional decomposition methods are
very sensitive to the number of end-members included in the analysis
and their specified properties, which can vary substantially in time and
space. Here a regional version of the inverse water-mass decomposition
method called Total Matrix Intercomparison (TMI, Gebbie and Huybers,
2010; Gebbie, 2014) was developed to investigate the upstream sources
of the Nordic Seas dense water. Our focus is particularly on the origin,
pathways, and final composition of the overflow water that passes over
the GSR in Denmark Strait and the Faroe Bank Channel. The TMI
method is not dependent on a few pre-defined source water masses.
Instead, every surface location is considered a potential source of
overflow water. By combining hydrographic and geochemical tracer
observations between 2000 and 2019, the TMI method geometrically
connects the water masses constituting the overflow plumes to their
origins, which is a major advantage compared to traditional decompo-
sition methods. With the regional high-resolution inversion we could
identify the upstream pathways of the overflows and how water from
various source regions contributed and mixed along the pathways.

2. Hydrographic and geochemical observations

2.1. Data sources and quality control

Vertical profiles of temperature (T), salinity (S), oxygen (O), nitrate
(N), and phosphate (P) were collected from a range of archives (listed in

◦
Table 1) over the period 1950–2019 within the domain 58.5–84 N and

https://doi.pangaea.de/10.1594/PANGAEA.872931
https://doi.pangaea.de/10.1594/PANGAEA.872931
http://ocean.ices.dk/HydChem/HydChem.aspx
http://ocean.ices.dk/HydChem/HydChem.aspx
https://sjora.hafro.is
https://www.noaa.gov/cgi-bin/OS5/SELECT/builder.pl
https://www.noaa.gov/cgi-bin/OS5/SELECT/builder.pl
https://doi.org/10.25921/xnme-wr20
https://doi.org/10.17882/42182
https://www.hi.no/en/hi/forskning/research-data-1
https://www.hi.no/en/hi/forskning/research-data-1
https://doi.pangaea.de/10.1594/PANGAEA.903535
https://doi.pangaea.de/10.1594/PANGAEA.903535
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Fig. 2. Distribution of temperature/salinity profiles (a and c) and oxygen/nutrient profiles (b and d). The upper panels show the total number of profiles per 2/3◦ longitude 𝑥
1/4◦ latitude bin since 1950. The bin size is twice the size of the TMI grid cells. The lower panels indicate the number of profiles per year, color coded by season. Note the
different color schemes (a and b) and vertical axes (c and d) for the hydrographic and geochemical data distributions.
45◦W–45◦E. All observations were combined into a single data set and
quality controlled. The quality control involves removing duplicates,
erroneous profiles, density inversions, and outliers (details are provided
in Appendix A). We followed the TEOS-10 standard (IOC et al., 2010)
and used Conservative Temperature and Absolute Salinity, hereafter
referred to as temperature and salinity, throughout the analysis. The
spatial and temporal data distributions of the final quality-controlled
data set are shown in Fig. 2. While the spatial variability in water-mass
properties is accounted for in the TMI, it is based on the assump-
tion that the observations represent a steady ocean state. Hence, we
restricted our analysis to the period 2000–2019. This time period is
considered sufficiently stable in terms of dense-water formation and
water column structure (i.e. Brakstad et al., 2019; Somavilla, 2019)
and is characterized by a generally warmer and more saline water
column than the 1980s and 1990s (Skagseth and Mork, 2012; Mork
et al., 2014b; Lauvset et al., 2018). The period also contains a sufficient
number of observations to adequately constrain the inversion (Fig. 2).

2.2. 2000–2019 climatology of late-winter conditions

To account for seasonal variability in the observations we modified
all profiles to represent late-winter (February–April) conditions, when
the surface mixed layer is deepest and densest. Late-winter mixed-layer
depths determined by Våge et al. (2015) and Brakstad et al. (2019)
were used for the Iceland and Greenland Seas, respectively, while a
density-difference criterion was employed to estimate the base of the
mixed layer for the rest of the domain (Appendix B). The mean 2000–
2019 mixed-layer distribution, with a 1/3◦ longitude 𝑥 1/8◦ latitude
resolution, is shown in Fig. B.1. The corresponding distributions of
late-winter hydrographic and geochemical mixed-layer properties were
then used to homogenize each profile from the mean local winter
mixed-layer depth to the surface.
4

The final data set was interpolated onto a three-dimensional grid
with a regular horizontal resolution of 1/3◦ longitude (which ranges
from 19 km at 58.5◦N to 4 km at 84◦N, Fig. 2) and 1/8◦ latitude
(approximately 14 km), and 46 vertical levels with intervals ranging
from 10 m near the surface to 250 m at depth (Fig. C.1f). This equals the
TMI resolution, which was chosen to resolve the complex bathymetry
of the Nordic Seas and the overflow plumes through the deep gaps
of the GSR (e.g., Figs. 5 and 13). The resolution is also sufficient to
capture the upsloping isopycnals and water-mass properties associated
with the narrow NIJ and IFSJ upstream of the sills (Semper et al.,
2019, 2020). Since the inversion is observationally constrained and
quantifies the net effect of advection and diffusion on the distribution
of water masses, it is less prone to errors associated with the resolution
compared to numerical simulations that need to parameterize subgrid-
scale processes (Gebbie and Huybers, 2010). Details of the gridding
procedure are provided in Appendix C. Grid cells without any mea-
surements were kept empty, which implies that they were not used to
constrain the inversion. The final gridded product represents the late-
winter climatological conditions for the 2000–2019 period. Temporal
variability in the observations was accounted for by allowing the TMI
inversion to deviate from the climatology within the uncertainty limits
of the observations. The uncertainty was estimated based on the num-
ber of observations included in each grid cell and their variance, which
typically decreases with depth (Appendix C, Fig. C.1). Uncertainties
related to the precision of the measurements are small compared to
the temporal variability and were not included in our estimates.

3. Total Matrix Intercomparison

3.1. Description of the method

A regional version of the TMI method was developed for the domain
58.5–84◦N and 45◦W–45◦E with the resolution 1/3◦ longitude, 1/8◦
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latitude, and 46 vertical levels (Section 2.2, Fig. 2). Apart from the
higher resolution, the main difference between this and earlier global
versions (Gebbie and Huybers, 2010; Gebbie, 2014) is that it considers
both the surface and lateral boundary locations potential sources for the
interior water masses in the Nordic Seas. For temperature and salinity
we assume that all interior values can be described as some combi-
nation of the surface and lateral boundary properties, while oxygen,
nitrate, and phosphate are in addition affected by remineralization. The
value of any water-mass property 𝑐𝑖 at location 𝑖 in the ocean interior
an, in general, be expressed as a linear combination of the properties
n the neighboring grid cells plus any local sources or sinks (Gebbie and
uybers, 2010). That is:

𝑖 =
𝑁
∑

𝑗=1
𝑚𝑖𝑗𝑐𝑗 + 𝑟𝑞𝑖, (1)

where 𝑁 = 6 is the number of neighboring grid cells, 𝑚𝑖𝑗 is the fraction
f water that originates from cell 𝑗 with property 𝑐𝑗 , and ∑𝑁

𝑗=1 𝑚𝑖𝑗 = 1
to assure conservation of mass. Local sources and sinks for oxygen,
nitrate, and phosphate are expressed as a product between the interior
source term 𝑞𝑖 and the stoichiometric ratio 𝑟 (𝛥𝑃 ∶ 15.5𝛥𝑁 ∶ −170𝛥𝑂,
Anderson and Sarmiento, 1994; Gebbie and Huybers, 2010).

Following Gebbie and Huybers (2010) and Gebbie (2014), the con-
servation equation (Eq. (1)) is used to formulate an explicit model for
each parameter 𝒄 as:

𝑨𝒄 = 𝒅, (2)

where 𝒄 is a vector made from the three-dimensional property field in
the Nordic Seas and 𝒅 is a vector filled with the surface and lateral
oundary properties, as well as 𝑟𝑞𝑖 for the interior sources and sinks.
he matrix 𝑨 quantifies the strengths of the connections between each

ocation 𝑖 and its neighbors (the mass fractions 𝑚𝑖𝑗). If the pathway
atrix 𝑨, the boundary properties, and the interior source term 𝒒
ere known, it would be possible to predict the distribution of each
arameter 𝒄 by calculating the inverse of Eq. (2). The goal is to find
he solution of 𝑨, 𝒒, and boundary properties that minimizes the
ifference between the predicted and observed distributions 𝒄. The
nitial boundary properties and the first guess of 𝑨 and 𝒒 are defined
n Section 3.2, while Section 3.3 outlines how to solve the inverse
roblem. The resulting matrix 𝑨 can be used to diagnose water-mass
omposition and pathways (Section 3.4), where the pathways represent
he steady-state circulation that best fits the observations (i.e., the
ate-winter hydrographic and geochemical properties in the period
000–2019). An evaluation of the inversion-to-observational misfits is
iven in Section 3.5.

.2. Initial boundary conditions and first guess of pathway matrix 𝑨

The initial properties along the surface and lateral boundaries were
btained from the winter-mean gridded climatology described in Sec-
ion 2.2. Potential modifications to these properties were constrained
y the corresponding uncertainty estimated from the observational
emporal variability. Measurements of the interior source term 𝒒 and
ater-mass pathways 𝑨 are not available. The interior source term

s assumed and enforced to be positive (as a first guess 𝒒 equals
0−3 𝜇mol kg−1 everywhere, Gebbie, 2014). The magnitude of 𝒒 rel-
tive to the first guess is also constrained such that larger values only
ccur if the observations demand it.

The first guess of the pathway matrix 𝑨 used in previous global TMI
nversions (e.g., Gebbie and Huybers, 2010; Gebbie, 2014) represents
n isotropic exchange between all grid cells. This means that 𝑚𝑖𝑗 = 1∕6
or all grid cells with 6 neighbors. In our regional inversion this first
uess resulted in a circulation characterized by excessive diffusivity.
nstead we constructed a first guess of 𝑨 based on the assumption
hat water tends to flow and mix along geostrophic streamlines and
5

sopycnals (Nøst and Isachsen, 2003). Potential density and geostrophic
elocity fields relative to the surface were derived from the late-
inter gridded climatology. Absolute geostrophic velocities were then
stimated using annual-mean (2000–2019) surface geostrophic velocity
rom satellite as reference (gridded altimeter data were obtained from
opernicus Marine Environmental Monitoring Service, http://marine.
opernicus.eu). Half of the fraction of water from neighboring grid
ells were determined by gradients in density, while the remaining
alf was determined by gradients in the geostrophic stream function
see Appendix D for details). This first guess substantially improved the
olution, in particular the representation of the East Greenland Current.

The sensitivity of the solution to the first guess of 𝑨 was investigated
y altering the weights of the contributions (by ±10 %) determined

by gradients in density versus gradients in the geostrophic stream
function. We consider the resulting changes in water-mass composition
and pathways, which were relatively minor, an approximate estimate
of uncertainty (e.g., Figs. 4, 6, and 14). That is, the error bars of our
estimates only represent the uncertainties related to the first guess
of 𝑨. Uncertainties related to temporal variability in the observations

ere included as constraints in the inversion to obtain the optimal
000–2019 winter mean solution.

.3. Solving the inverse problem

The unknowns that we seek a solution for are the property distri-
utions 𝒄 (temperature, salinity, oxygen, nitrate, and phosphate), the
ass fractions 𝒎 (which form the pathway matrix 𝑨), and the interior

source term 𝒒. The solution is required to follow the conservation
equation (Eq. (1)) for each predicted parameter 𝒄 and to conserve mass.
The solution is then obtained by minimizing the sum of the squared
inversion-to-observational misfits, using the method of Lagrange multi-
pliers (Schlitzer, 2007; Gebbie, 2014). The Lagrange multiplier method
is specifically designed to handle complex, nonlinear problems such
as this, although there is no guarantee that the solution arrives at the
overall minimum of the cost function (Köhl and Willebrand, 2002).

The Lagrangian cost function to be minimized is constrained by the
conservation equations, the inversion-to-observational misfits weighted
by the observational uncertainty, as well as other non-observational
constraints on the predicted distributions 𝒄, such as a stably stratified
water column, temperatures above freezing, and non-negative values
for salinity and the geochemical parameters (see supplementary ma-
terial in Gebbie, 2014, for details). The minimum of the Lagrangian
function is found by setting the partial derivatives with respect to 𝒄,
𝒎, and 𝒒 equal to zero. This results in a set of adjoint equations that
yield information about how the Lagrangian function will change given
a change in the pathway matrix 𝑨, the initial boundary conditions, and
the interior source term 𝒒. This information is then used to iteratively
improve the Lagrangian function by a quasi-Newton gradient descent
method (Nocedal, 1980; Gilbert and Lemaréchal, 1989; Gebbie, 2014).

3.4. Diagnosing water-mass composition and pathways

The optimized pathway matrix 𝑨 was used to diagnose the com-
position and upstream pathways of the overflow water at the GSR.
Information about the fraction of water (𝒈) sourced from a particular
surface or lateral boundary location (𝑏𝑖) can be obtained by releasing
a passive dye at that boundary location. The three-dimensional distri-
bution of dye concentrations equals 𝒈 and is found directly from the
inverse of Eq. (2) (𝒈 = 𝑨−1𝒃, Gebbie and Huybers, 2010), where 𝒃
equals one at location 𝑖 and zero elsewhere. The volume of overflow
water originating from location 𝑖 (𝑽 ) can then be estimated as the sum
of the volume in each overflow water grid cell 𝒗 multiplied by the
fraction 𝒈:

𝑽 = 𝒗𝑇 𝒈. (3)

Our ultimate goal is to determine the amount of overflow water
originating from each boundary location, but it would be very ineffi-

cient to compute the distribution of 𝒈 for every single boundary point.

http://marine.copernicus.eu
http://marine.copernicus.eu
http://marine.copernicus.eu
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Fig. 3. Distribution of TMI temperature (T), salinity (S), and oxygen (O) at 250 m depth (left panels). The corresponding Z-score distribution for each parameter is shown in the
panels to the right. The Z-score is defined as the difference between the inversion and observations divided by the observational uncertainty (𝜀). Positive values indicate that the
TMI property is larger than the observed, while values between ±1 indicate that the difference is smaller than the uncertainty. The 500-, 1000-, 1500-, and 3000-m isobaths are
shown as thin gray contours.
Instead we combine Eqs. (2) and (3) following Gebbie and Huybers
(2011) such that:

𝜕𝑽
𝜕𝒃

= 𝑨−𝑇 𝒗, (4)

which can be solved in one operation by calculating the inverse trans-
pose of 𝑨. The partial derivative on the left side of Eq. (4) is a
6

vector that describes the sensitivity of 𝑽 to changes in the boundary
conditions 𝒃. At the surface and lateral boundaries the sensitivity vector
equals the volume of overflow water originating from each boundary
location, while the interior values of 𝜕𝑽 ∕𝜕𝒃 give information about the
pathways (i.e., the amount of overflow water that has passed through
each interior location).
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Fig. 4. Depths of the 𝜎𝛩 = 27.8 kg m−3 (a) and 𝜎0.5 = 30.444 kg m−3 (b) isopycnals. The lower panels show the fraction of contribution from the surface to the intermediate
(c) and deep (d) water inventories in the Nordic Seas (defined as the region within the black contour marked in a and b). Note that the color scale is logarithmic, with dark red
colors indicating substantial contributions. The blue numbers are the total contribution (in percent) from each surface region outlined in black and the lateral boundaries, and the
uncertainty represents the sensitivity to the first guess of 𝑨 (Section 3.2). The 500-, 1000-, 1500-, and 3000-m isobaths are shown as thin gray contours.
Note that the terms origin and source refer to the surface locations
where the water masses constituting the overflow plumes were last in
contact with the atmosphere (or the lateral boundaries if the water-
masses originate outside of the domain), which is not necessarily where
the largest buoyancy loss occurs (Isachsen et al., 2007).

3.5. Evaluation of the Nordic Seas TMI solution

One way to quantify how well the steady-state pathways fit the
observations is to compare the TMI and observed property distribu-
tions. By construction the fields should compare well, which is evident
from the vertical distribution of the average misfit for each parameter
(Fig. C.1). The magnitudes of the misfits are generally similar to (or
below) the observational uncertainty. The misfits also have the same
vertical shape, with the largest values in the upper 500 m.

The horizontal distributions of TMI temperature, salinity, and oxy-
gen at 250 m depth are shown in Fig. 3 along with the corresponding
misfits divided by the observational uncertainty (called Z-score, e.g.,
Glover et al., 2011). As expected, the differences between the inversion
and observations are low. The Norwegian Sea is dominated by warm
and saline AW with relatively low oxygen concentration, while the
Iceland and Greenland Seas are cold, oxygen-rich, with intermediate
salinity. Also visible are the temperature and salinity local maxima of
the Atlantic-origin water in the East Greenland Current flowing south-
wards along the Greenland shelf break. The TMI fields are generally
smoother than the observations, which results in a patchy structure of
the Z-scores. Apart from these small-scale discrepancies, the majority
7

of the misfits are within the observational uncertainty (i.e., 82% of all
Z-scores are between ±1, which indicates a slight overfit relative to the
expected 67%).

4. Dense-water formation in the Nordic Seas

Before we investigate the origin and pathways of the overflow water
at the GSR, we identified all areas that supply dense water to the Nordic
Seas and their relative contributions. This was done by backtracking all
intermediate and deep water masses within the Nordic Seas (thick black
contour, Figs. 4a and b) to the surface and lateral boundaries (Sec-
tion 3.4). Intermediate waters (IW) have potential densities between
𝜎𝛩 = 27.8 kg m−3 and 𝜎0.5 = 30.444 kg m−3, while deep water (DW) is
denser than 𝜎0.5 = 30.444 kg m−3 (Rudels et al., 2005; Jeansson et al.,
2008).

The upper 1500 m of the Nordic Seas water column are dominated
by IW (Figs. 4a and b), in particular the western and northern areas
where the IW extends to the surface during winter. These areas also
supply most of the Nordic Seas IW inventory (Fig. 4c). The colors
in Fig. 4c show the fraction of IW volume originating from each
surface grid point. All volume fractions (including those from the lateral
boundaries, not shown) add up to 1. The blue numbers on the figures
indicate the total contribution (in percent) from the different source
regions outlined in black and the lateral boundaries. These regions were
defined based on bathymetry and surface hydrography as described
below, and are used throughout the paper for easier interpretation and
comparison with earlier studies.
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Approximately 6 ± 1% and 62 ± 5% of the IW volume originate
in the Iceland and Greenland Seas, respectively. These surface source
regions are separated from the Polar Domain by the Polar Front (de-
fined by the 34.66 g kg−1 surface isohaline, which corresponds to the
practical salinity contour 34.50 used by Swift and Aagaard, 1981) and
from the Atlantic Domain by the Arctic Front (here defined by the
2 ◦C surface isotherm, which closely follows the Jan Mayen, Mohn, and
Knipovich Ridges, Fig. 4a). The West Jan Mayen Ridge separates the
Greenland and Iceland Seas. The North Atlantic is the source region
south of the GSR, including the southern lateral boundary, while the
Barents Sea is the region south of Svalbard and east of 19◦E (which
is the approximate longitude of the Barents Sea Opening transect,
O’Dwyer et al., 2001). Because water modified in the Barents Sea
largely continues into the Arctic Ocean before returning southwards
through Fram Strait, water that was last at the surface in this area
is accounted for in the inversion as a contribution from the northern
lateral boundary along with other water masses flowing southwards
from the Arctic Ocean. Combined, all water masses present at the
northern lateral boundary, hereafter referred to as the Arctic Ocean,
supply 13 ± 4% of the IW in the Nordic Seas. The remaining main
contributor is the Atlantic Domain which accounts for approximately
18 ± 1%.

The majority of the Nordic Seas DW stems from the Arctic Ocean
(79 ± 8%, Fig. 4d). As the only source region where observations show
densities greater than 𝜎0.5 = 30.444 kg m−3 in the 2000–2019 period
this was an expected result. However, the inversion also backtracks a
substantial portion (20 ± 7%) of the DW to the Greenland Sea. The

ordic Seas DW is a mixture of DW formed in the Greenland Sea and
he Arctic Ocean (Swift and Koltermann, 1988), but GSDW was not
ormed during the 2000–2019 period (e.g., Brakstad et al., 2019). To
esolve the properties of the remaining GSDW at depth the inversion
equires a surface contribution from the Greenland Sea. The impact of
his modification on the DSOW (Section 5) is small, as only 6 ± 2%

of the DSOW is supplied by DW (4 ± 1% from the Greenland Sea and
2 ± 1% from the Arctic Ocean). Approximately 28 ± 17% of the FBCOW
is supplied by DW from the Greenland Sea (3 ± 8%) and Arctic Ocean
(25 ± 9%). These contributions will be discussed further in Section 6.

5. Origin and pathways of Denmark Strait Overflow Water

The hydrographic and geochemical properties in the inversion, and
the corresponding Z-scores, across Denmark Strait are shown in Fig. 5.
The overall distributions are well reproduced by the inversion, with
the warm and saline North Icelandic Irminger Current on the Icelandic
side of the strait and the cold and fresh PSW in the East Greenland
Current on the Greenland side. The location as well as the properties
of the DSOW plume (defined as water denser than 𝜎𝛩 = 27.8 kg m−3)
are in good agreement with observations, with the exceptions of small
negative biases in salinity and oxygen (Figs. 5d and f). At the interface
between the overflow plume and the North Icelandic Irminger Current
there is also a negative bias in both oxygen and nitrate (Fig. 5f and
h, respectively), which suggests that the stoichiometric ratio may not
be locally correct. This ratio is, however, known to vary spatially (An-
derson and Sarmiento, 1994; Frigstad et al., 2014; Jeansson et al.,
2015). We also note that large variability in DSOW volume transport
and hydrographic properties are observed on short time scales (e.g.,
Jochumsen et al., 2017; Mastropole et al., 2017).

The origin of the DSOW plume was determined by backtracking
all of the overflow water at Denmark Strait to the surface and lat-
eral boundaries (Section 3.4). This reveals that most of the DSOW is
produced in the Nordic Seas, with the largest contributions from the
Greenland Sea (39 ± 2%), the Iceland Sea (20 ± 3%), and the Atlantic
Domain (19 ± 2%, Fig. 6). The contribution from the Atlantic Domain
stems almost entirely from the northern part near Fram Strait, in the
West Spitsbergen Current. This is where the Atlantic-origin water has
cooled sufficiently to leave the surface and flows beneath the fresh
8

PSW (Mauritzen, 1996). Most of the water from the Greenland Sea
originates in the central basin, within the cyclonic gyre where the deep-
est convection is found (Fig. B.1, Brakstad et al., 2019). The deepest
and densest convection in the Iceland Sea occurs in the north-western
part, outside of the gyre (Våge et al., 2015), which also corresponds
well with the elevated contributions to the DSOW (Fig. 6). The Polar
Domain, mainly the region near the Polar Front, supplies 7 ± 0%, while
only 2 ± 1% originates in the Arctic Ocean. We also find a 12 ± 1%
contribution from the North Atlantic, mainly from the region just south
of Denmark Strait, which corroborates the numerical results of Saberi
et al. (2020), although their simulated contribution was slightly higher
(16%).

The hydrographic and geochemical properties at the boundary
locations with significant DSOW contributions (fractions greater than
10−4.5, Fig. 6) vary substantially, even within each source region
(Fig. 7). Hence, direct comparisons with results from earlier end-
member analyses, which are sensitive to the predefined end-members,
are not straightforward. One example is the temperature limit (0 ◦C)
used to separate Atlantic- from Arctic-origin waters (e.g., Rudels et al.,
2005; Jeansson et al., 2008; Våge et al., 2011; Mastropole et al., 2017).
Arctic-origin water masses, interpreted as IW originating in the Iceland
and Greenland Seas, are typically defined as water colder than 0 ◦C.
From Fig. 7a we see that IW warmer than 0 ◦C in the Iceland and
Greenland Seas contribute to the DSOW, at least based on the 2000–
2019 late-winter conditions. Distinguishing Arctic- and Atlantic-origin
waters by the 0 ◦C limit would thus lead to an overestimate of water
originating from the Atlantic Domain and an underestimate of water
from the Iceland (in particular) and Greenland Seas.

In accordance with Våge et al. (2022), we find that most of the
water formed in the Iceland Sea in the 2000–2019 period was warmer
than 0 ◦C. We note that the warmest source water from the Iceland
Sea (>3 ◦C, Fig. 7a) stems from the North Icelandic Irminger Current on
the shelf northwest of Iceland. Garcia-Quintana et al. (2021) suggested,
based on numerical simulations, that dense-water formation on the
north-west Iceland shelf can supply up to 21% of the overflow water
transported by the NIJ to Denmark Strait. This is incongruent with
observations, which indicate that formation of overflow water on the
shelf north of Iceland is rare (Semper et al., 2022). Our inversion
confirms that result, we find that the total contribution from the north
Iceland shelf to the DSOW is less than 1%. Larger contributions are
found from the Iceland shelf south of Denmark Strait (within the North
Atlantic domain, Fig. 6), but this water recirculates in and just north
of Denmark Strait and does not supply the NIJ (Saberi et al., 2020;
Garcia-Quintana et al., 2021).

Another instance where comparisons between end-member analyses
may be challenging is that water originating in the Greenland Sea and
the Arctic Ocean can have the same hydrographic properties, while
their geochemical properties differ (Fig. 7). Dense waters formed in
the Greenland Sea typically have higher oxygen and lower nitrate
and phosphate concentrations, because they were ventilated more re-
cently. Hence, only studies that include geochemical parameters can
distinguish water masses originating in the Arctic Ocean and in the
Greenland Sea. As a result, DSOW end-member analyses solely based
on hydrographic properties typically have a higher contribution from
the Iceland and Greenland Seas (e.g., Mastropole et al., 2017; Lin et al.,
2020), while studies also including geochemical properties often have
substantial contributions from the Arctic Ocean (e.g., Tanhua et al.,
2005; Jeansson et al., 2008). The TMI solution is based on hydrographic
as well as geochemical observations, yet our estimated contribution
from the Arctic Ocean to the DSOW is much lower than suggested
by Tanhua et al. (2005) and Jeansson et al. (2008). Our contribution
from the Arctic Ocean is mainly classified as deep water, while Tanhua
et al. (2005) and Jeansson et al. (2008) also found a large intermediate-
water contribution. The TMI source properties available at the northern
lateral boundary (i.e., the Arctic Ocean, Fig. 7) are slightly more saline

compared to the source properties used by Jeansson et al. (2008).
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Fig. 5. TMI temperature (T), salinity (S), oxygen (O), nitrate (N), and phosphate (P) across Denmark Strait (left panels, the location of the section is indicated in red on the map
inserted in panel i). The black contours show the potential density (𝜎𝛩) field and the thick black line marks the 𝜎𝛩 = 27.8 kg m−3 isopycnal, which is the lower density limit
of the overflow water. The corresponding observed overflow water limit is marked in the right panels along with the Z-score (Fig. 3) for each parameter. The TMI resolution is
indicated by black circles. The x-axes show the distance along the section starting from Greenland.



Progress in Oceanography 212 (2023) 102981A. Brakstad et al.
Fig. 6. Fraction of contribution from the surface to the Denmark Strait Overflow Water. Note that the color scale is logarithmic. The blue numbers indicate the total contribution
(in percent) from each surface region outlined in black and the lateral boundaries, and the uncertainty represents the sensitivity to the first guess of 𝑨 (Section 3.2). The 500-,
1000-, 1500-, and 3000-m isobaths are shown as thin gray contours.
Fig. 7. Temperature and salinity (a), as well as nitrate (b) of the DSOW (black crosses) and the source regions with fractional contributions exceeding 10−4.5 (Fig. 6). The source
properties (circles) are color-coded by region, while the marker sizes are scaled by the magnitude of the contribution. The purple contour outlines all properties denser than 𝜎𝛩
= 27.8 kg m−3 that are present at the northern lateral boundary (i.e., Arctic Ocean), while the yellow diamonds show the source properties of the intermediate water from the
Arctic Ocean as defined by Jeansson et al. (2008). The gray contours in (a) indicate potential density (𝜎𝛩 , kg m−3), and the black dashed lines mark the 𝜎𝛩 = 27.8 kg m−3 and
𝜎0.5 = 30.444 kg m−3 isopycnals.
The Atlantic-origin water (>0 ◦C) that has encircled the Arctic Ocean
also has lower nitrate concentrations (compare the purple contour and
yellow diamonds in Fig. 7). This could be due to temporal variability
in the water masses, which is not properly accounted for in Tanhua
et al. (2005) and Jeansson et al. (2008), as their estimates are based
10
on observations from single cruises, nor in the TMI solution, which is
based on the 2000–2019 winter-mean conditions.

Although the DSOW source properties vary substantially, they form
separate clusters with nearly distinct hydrographic and geochemical
properties when grouped geographically (Fig. 7). Each source region
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Fig. 8. Contributions from six different source regions to the transect across Denmark Strait (Fig. 5i). The lower density limit of the DSOW is indicated by the 𝜎𝛩 = 27.8 kg m−3

isopycnal (black contour). The x-axes show distance along the section starting from Greenland.
also contributes to distinct parts of the DSOW plume. To investigate
this further, we traced water from each boundary source region to
Denmark Strait using the inverse of Eq. (2) as described in Section 3.4.
The densest portion of the DSOW filling most of the deep trough is
dominated by water formed in the Greenland Sea (Fig. 8a), while the
Iceland Sea and the Atlantic Domain contribute to the slightly less
dense components near and on the Greenland shelf break (Figs. 8c
and d, respectively). This distribution is in good agreement with pre-
vious studies (Mastropole et al., 2017; Lin et al., 2020). The small
contribution from the Arctic Ocean (Fig. 8b) is primarily to the densest
component of the DSOW, coinciding with elevated values of nitrate and
phosphate (Fig. 5g and i). As Mastropole et al. (2017) and Lin et al.
(2020), we find that the Polar Domain and the North Atlantic (via the
North Icelandic Irminger Current) contribute to the lightest components
of the DSOW plume (Figs. 8e and f). Some of the warm water from the
North Atlantic recirculates north of Denmark Strait (Casanova-Masjoan
et al., 2020), but most of this water is too light to supply the overflow
plume (Fig. 8f).

A major advantage of the TMI method is the possibility to identify
interior pathways (Section 3.4). By backtracking overflow water from
the Denmark Strait sill, we can estimate the fraction of DSOW that
passed through each interior grid cell upstream of the sill (Fig. 9).
The most prominent pathway is the East Greenland Current along the
Greenland shelf break, which can be traced back to Fram Strait where
11
most of the Atlantic-origin water transported by the current was last
in contact with the atmosphere (Fig. 6). Another pathway, parallel to
the East Greenland Current, traces DSOW back to the central Greenland
Sea. The core of the pathway is centered at 550 m depth and located
roughly 70 to 120 km offshore of the Greenland shelf break. The depth
and location of this pathway coincide with the deep part of the outer
East Greenland Current branch that Håvik et al. (2017) observed north
of the West Jan Mayen Ridge near 71◦N. As Håvik et al. (2017),
we cannot identify a distinct outer branch south of this ridge, where
the branch appears to have merged with the shelf break branch of
the East Greenland Current. The NIJ flowing along the slope north
of Iceland (e.g., Semper et al., 2019), is visible only to the west of
Kolbeinsey Ridge in Fig. 9. From this figure the origin of the NIJ is
unclear, this will be investigated further in the following sections.

The NIJ was further examined at the Hornbanki transect upstream
of Denmark Strait, corresponding to the location of one of the regu-
lar hydrographic monitoring transects north of Iceland (Jónsson and
Valdimarsson, 2012; Semper et al., 2019), where the overflow water in
the NIJ can be readily separated from the overflow water transported
by the East Greenland Current. The section (indicated in blue in Fig. 9)
was extended northward across Blosseville Basin, for complete coverage
between the Iceland and Greenland shelves. The temperature and frac-
tion of DSOW volume that has passed through the extended Hornbanki
section are shown in Figs. 10a and b, respectively. From the fraction



Progress in Oceanography 212 (2023) 102981A. Brakstad et al.
Fig. 9. Fraction of Denmark Strait Overflow Water that has passed through each horizontal location, integrated over the entire water column. Note that the color scale is
logarithmic. The location of the Denmark Strait section is indicated in black, while the location of the extended Hornbanki section is marked in blue. The 500-, 1000-, 1500-, and
3000-m isobaths are shown as thin gray contours.
of DSOW volume (Fig. 10b), we identified three major local maxima
that correspond to the NIJ and the separated and shelf break branches
of the East Greenland Current (Våge et al., 2013; Harden et al., 2016;
Semper et al., 2019). The NIJ is located between the 550 and 850 m
isobaths, and is associated with a tongue of cold, dense water sloping
up towards Iceland (Semper et al., 2019).

The origin and upstream pathways of the DSOW in the NIJ (black
circles, Fig. 10b) are shown in Fig. 11. In accordance with Huang et al.
(2020), we find that most of the overflow water in the NIJ originates in
the Greenland Sea (82 ± 2%), while the remaining portion is supplied
by the Arctic Ocean (8 ± 2%), the Iceland Sea (5 ± 1%), and the
Atlantic Domain (5 ± 1%). The water originating in the Greenland
Sea follows two main pathways towards Denmark Strait. One is the
outer core of the East Greenland Current (Håvik et al., 2017), which
is supported by RAFOS float tracks (de Jong et al., 2018) and an SF6
tracer release experiment (Messias et al., 2008), but not among the
pathways suggested by Huang et al. (2020). Based on hydrographic
observations and surface geostrophic velocities from satellite, Huang
et al. (2020) found two branches of dense water flowing southward
along the submarine ridges surrounding the central Iceland Sea: one
current east of the Kolbeinsey Ridge and another east of the Jan Mayen
Ridge. Our inversion suggests that the southward flow along the Jan
Mayen Ridge primarily supplies overflow water to the Faroe Bank
Channel (Section 6), while the southward flow along the eastern side of
the Kolbeinsey Ridge could be represented by our other main pathway
from the Greenland Sea (Fig. 11). Following this pathway, dense water
formed in the Greenland Sea flows through the Jan Mayen Channel
in the Mohn Ridge, then enters the Iceland Sea across the sloping Jan
Mayen Ridge just south of Jan Mayen. Across the ridge, the pathway
is centered between the 400 and 600 m isobaths and associated with
upsloping isopycnals similar to the NIJ along the slope north of Iceland
(not shown). Observations on the Jan Mayen Ridge are sparse, but two
years (2007–2009) of moored measurements from the 800 m isobath
indicate a consistent westward flow across the ridge below 300 m
depth (Mork et al., 2014a). The average westward velocity (increasing
with depth to about 1.2 cm s−1 near the bottom) was relatively weak,
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but the location of the mooring was on the outskirts of the pathway
identified by the inversion, where the slope along the crest of the ridge
is substantially reduced. Within the Iceland Sea the water follows the
cyclonic gyre circulation, which leads to a southward flow east of the
Kolbeinsey Ridge. The majority of the water crosses the Kolbeinsey
Ridge near the Spar Fracture Zone at depths of 400–800 m and feeds the
NIJ as it progresses westward along the Iceland slope from northeast of
Iceland to Denmark Strait.

The origin of the shelf break and separated branches of the East
Greenland Current (dark and light blue circles, Fig. 10b) were also
determined similar to the NIJ. Combined, 20 ± 1% of the overflow
water from the EGC system at Hornbanki stems from the Atlantic
Domain, while the Greenland and Iceland Seas account for 50 ± 2%
and 26 ± 6%, respectively (not shown). This indicates that substantial
mixing occurs between the East Greenland Current and the interior
basins (Strass et al., 1993; Rudels et al., 2002; Jeansson et al., 2008;
Håvik et al., 2019) or that the current is directly ventilated along the
pathway (Våge et al., 2018; Moore et al., 2022; Våge et al., 2022).
To investigate where the mixing takes place we applied a dye to the
northern part of the Atlantic Domain and quantified how the dye was
diluted from Fram Strait to Denmark Strait (Fig. 12). At each latitude,
we identified the core of the Atlantic-origin water in the East Greenland
Current by Atlantic Domain contributions ≥25%. Grid cells satisfying
this criterion coincided with the subsurface temperature and salinity
maxima in the current as illustrated at the extended Hornbanki section
(Fig. 10a). The mean contribution from the Atlantic Domain to this
core volume, as well as the contributions from the Greenland and
Iceland Seas were then estimated for each latitude (Fig. 12b). In Fram
Strait, outside the Atlantic Domain, we find that approximately 60%
of the East Greenland Current core volume is Atlantic-origin water.
As the water progresses southwards, it is increasingly influenced by
water from the interior Iceland and Greenland Seas. There are two
latitude bands where substantial mixing with the interior basins and
dilution of the Atlantic-origin water occur. This is in the Greenland Sea
between 76◦N and 75◦N, and in the Iceland Sea between 69.5◦N and

◦
68.5 N, which corroborates the results of Strass et al. (1993) and Håvik
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Fig. 10. Temperature (a) and fraction of DSOW volume that has passed through the extended Hornbanki section (b). The location of the section is shown in Fig. 9. The black
contours show potential density (𝜎𝛩 , kg m−3). The black circles in a) indicate the TMI resolution, while the red circles mark grid cells with a large (≥25%) contribution from the
Atlantic Domain. The colored circles in b) mark grid cells identified as the NIJ (black), and as the shelf break (dark blue) and separated (light blue) East Greenland Current (EGC).

Fig. 11. Upstream pathways of the NIJ, shown as the fraction of NIJ volume that has passed through each horizontal location integrated over the entire water column. Note
that the color scale is logarithmic. The blue numbers indicate the total contribution (in percent) from each surface region outlined in black and the lateral boundaries, and the
uncertainty represents the sensitivity to the first guess of 𝑨 (Section 3.2). The location of the extended Hornbanki section is indicated in blue, while the 500-, 1000-, 1500-, and
3000-m isobaths are shown as thin gray contours. The acronyms are: JMC=Jan Mayen Channel and SFZ=Spar Fracture Zone.
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Fig. 12. Contribution from the northern part of the Atlantic Domain (solid black box) to the water column between 100 and 500 m depth (a) and along-stream contribution from
the Atlantic Domain, Greenland Sea, and Iceland Sea to the East Greenland Current (EGC) core volume (b). The core volume was defined as all grid cells with ≥25% contribution
from the Atlantic Domain, which overlaps with the temperature and salinity maxima in the EGC as illustrated by red circles in Fig. 10a. The colored lines and shading in b)
represent the mean contribution from each source region and ±1 standard deviation. The black dashed lines in both panels mark latitude bands where the EGC experiences
significant mixing with ambient water masses, which dilutes the signal from the Atlantic Domain.
et al. (2019). Associated with these regions of enhanced mixing is a
decline in Atlantic-origin water temperature (approaching −0.5 ◦C, not
shown). Håvik et al. (2019) also found a strong decline in temperature
around 69◦N and attributed this to a local maximum in eddy activity
and the bifurcation of the East Greenland Current into the separated
and shelf break branches.

6. Origin and pathways of Faroe Bank Channel Overflow Water

A similar analysis was performed to determine the origin and path-
ways of the overflow water in the Faroe-Shetland Channel, upstream of
the Faroe Bank Channel (Fig. 1). The Faroe-Shetland Channel section
was chosen because the overflow water across the section is better
represented with the TMI resolution due to the larger channel width.
As the overflow water in the Faroe-Shetland Channel continues down-
stream into the Faroe Bank Channel, we will refer to it as Faroe
Bank Channel Overflow Water (FBCOW). We note that there could be
a slight dense bias in the FBCOW since the Faroe-Shetland Channel
is nearly 200 m deeper than the Faroe Bank sill. The hydrographic
and geochemical properties across the Faroe-Shetland Channel and the
corresponding Z-scores are shown in Fig. 13. Warm, saline, low-oxygen
AW dominates the upper part of the water column, while the deeper
parts are occupied by cold and dense (𝜎𝛩 ≥27.8 kg m−3) overflow
water. Even though there is a positive salinity bias near the 𝜎𝛩 =
27.8 kg m−3 isopycnal (Fig. 13d), the depth of the isopycnal is well
captured. There are substantial biases within the overflow water, at
least relative to the uncertainty associated with temporal variability in
the observations. The plume is slightly warmer than observed and the
oxygen, nitrate, and phosphate concentrations are too large (Fig. 13b, f,
h, j, respectively). It is important to note that the uncertainty related to
temporal variability is low within the overflow plume, and the average
TMI-to-observational differences are only 0.11 ◦C, 7.38 μmol kg−1,
0.42 μmol kg−1, and 0.06 μmol kg−1 for temperature, oxygen, nitrate,
and phosphate, respectively. The positive bias in both oxygen and
nitrate/phosphate suggests that the stoichiometric ratio would need
adjustment locally. As this is a local signal, using another stoichiometric
ratio (𝛥𝑃 ∶ 16𝛥𝑁 ∶ −138𝛥𝑂, Redfield et al., 1963) did not improve the
14
TMI solution. The results were similar both in terms of FBCOW biases
and overflow water source contributions (not shown).

The origins of the FBCOW were determined by backtracking the
overflow water in Faroe-Shetland Channel (Fig. 13) to the source re-
gions. The contributions from the surface and lateral boundaries reveal
that the two most important source regions of the FBCOW are the
Greenland Sea (46 ± 8%) and the Arctic Ocean (25 ± 9%, Fig. 14).
The FBCOW is denser than the DSOW (Figs. 7 and 15), hence a greater
portion of the FBCOW originates in the Greenland Sea and Arctic
Ocean, where the densest boundary conditions are located. Another
difference between the origin of the FBCOW and the DSOW is the
contribution from the Polar Domain. The majority of the fresh PSW is
advected southwards by the East Greenland Current through Denmark
Strait (Fig. 8e). Some of the PSW mixes with denser water and is
entrained into the DSOW. Some PSW is also diverted into the interior
basins of the Nordic Seas (Langehaug et al., 2022), but the amount
is small and does not reach the Faroe-Shetland Channel. The Atlantic
Domain accounts for 11 ± 1% of the FBCOW (Fig. 14), mainly from the
southwestern part of the Norwegian Basin as suggested by Eldevik et al.
(2009), while the Iceland Sea and the North Atlantic supply 10 ± 1%
and 9 ± 0%, respectively.

Based on the properties at the boundary locations with significant
FBCOW contributions (fractions greater than 10−4.5, Fig. 14), we find
that the overflow is composed of 28 ± 1% DW, 55 ± 1% IW, while the
remaining 17 ± 1% was originally less dense than 𝜎𝛩 = 27.8 kg m−3

(Fig. 15). Of the DW, 3 ± 8% originates in the Greenland Sea (i.e,
between 0 and 11%, as the contributions are always ≥0) and 25 ± 9%
in the Arctic Ocean, while the IW contribution from the Greenland Sea
and Arctic Ocean is 43 ± 0% and 0 ± 0%, respectively. Fogelqvist
et al. (2003) and McKenna et al. (2016) decomposed the FBCOW
into Norwegian Sea IW and DW, and found that roughly 50% of
the overflow is Norwegian Sea DW (which, in turn, stems from the
Greenland Sea and the Arctic Ocean, Swift and Koltermann, 1988).
According to Turrell et al. (1999) and Fogelqvist et al. (2003) the DW
supply has decreased due to the cessation of very deep convection in
the Greenland Sea. This could be one explanation for our overall lower
DW and higher IW contributions in 2000–2019, which would imply
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Fig. 13. TMI temperature (T), salinity (S), oxygen (O), nitrate (N), and phosphate (P) across the Faroe-Shetland Channel (left panels, the location of the section is indicated in
red on the map inserted in panel i). The black contours show the potential density (𝜎𝛩) field and the thick black line marks the 𝜎𝛩 = 27.8 kg m−3 isopycnal, which is the lower
density limit of the overflow water. The corresponding observed overflow water limit is marked in the right panels along with the Z-score (Fig. 3) for each parameter. The TMI
resolution is indicated by black circles. The x-axes show the distance along the section starting from the Faroe Islands.
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Fig. 14. Fraction of contribution from the surface to the Faroe Bank Channel Overflow Water. Note that the color scale is logarithmic. The blue numbers indicate the total
contribution (in percent) from each surface region outlined in black and the lateral boundaries, and the uncertainty represents the sensitivity to the first guess of 𝑨 (Section 3.2).
The 500-, 1000-, 1500-, and 3000-m isobaths are shown as thin gray contours.
Fig. 15. Temperature and salinity (a), as well as nitrate (b) of the FBCOW (black crosses) and the source regions with fractional contributions exceeding 10−4.5 (Fig. 14). The
source properties are color-coded by region, while the marker sizes are scaled by the magnitude of the contribution. The gray contours in (a) indicate potential density (𝜎𝛩 ,
kg m−3), and the black dashed lines mark the 𝜎𝛩 = 27.8 kg m−3 and 𝜎0.5 = 30.444 kg m−3 isopycnals.
that the entire FBCOW has become less dense. As for the DSOW, the
contribution from the Arctic Ocean to the FBCOW is mainly classified
as DW. This is incongruent with Jeansson et al. (2017), who determined
a substantial intermediate-water contribution from the Arctic Ocean to
the Norwegian Sea upstream of the Faroe-Shetland Channel.
16
The contribution from each geographical source region to the tran-
sect across the Faroe-Shetland Channel is shown in Fig. 16. The densest
component of the overflow water is dominated by water formed in
the Greenland Sea (above 40%) and the Arctic Ocean (approaching
60% in the deepest part of the trough), while the Iceland Sea and
Atlantic Domain contribute to the less dense components (Fig. 16a, b,
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Fig. 16. Contributions from six different source regions to the transect across the Faroe-Shetland Channel (Fig. 13i). The lower density limit of the FBCOW is indicated by the 𝜎𝛩
= 27.8 kg m−3 isopycnal (black contour). The x-axes show distance along the section starting from the Faroe Islands.
c, and d, respectively). This is in agreement with Jeansson et al. (2017),
who found that the primary sources of the lightest IW upstream in
the Norwegian Sea were Atlantic-origin water and Arctic-origin water
from the Iceland Sea, while the densest component mainly originated
in the Greenland Sea and Arctic Ocean. The North Atlantic (Fig. 16f)
dominates the supply of the AW in the upper part of the water column,
and a small portion of this water is entrained into the overflow water.

The upstream pathways of the water masses constituting the FBCOW
are visualized in Fig. 17. In accordance with Chafik et al. (2020)
and Hátún et al. (2021), two main pathways of overflow water ap-
proach the Faroe-Shetland Channel, where they merge and continue to-
ward the sill. One pathway approaches the channel from the northwest
and the other from the northeast following the Norwegian continental
slope. The FBCOW transported with the latter pathway also stems
from the northwest farther upstream, as noted by Chafik et al. (2020).
From Fig. 17 it is difficult to separate the individual pathways farther
upstream. However, we can identify elevated FBCOW fractions along
the GSR from northeast of Iceland toward the Faroe-Shetland Channel.
This pathway corresponds to the recently documented IFSJ (Semper
et al., 2020). Another major upstream pathway is visible all along the
eastern side of the Jan Mayen Ridge. This is not a surprising result as
17
previous studies, both observational and numerical, show evidence of
this southward-flowing current (e.g., Olsson et al., 2005; Voet et al.,
2010; Serra et al., 2010; Köhl, 2010; Huang et al., 2020; Hátún et al.,
2021). However, the contribution from this current to the FBCOW
and how it connects water from the source regions to the Faroe Bank
Channel are not well known.

To investigate the connection between the FBCOW, the various
pathways, and the source regions, we constructed a section upstream
of the Faroe-Shetland Channel (marked in blue in Fig. 17) where the
two main pathways approaching the channel could easily be identified
and distinguished. The fraction of FBCOW that has passed through this
section is shown in Figs. 18a and b for the western and eastern legs of
the section, respectively. In the western part of the section (Fig. 18a),
there is a local maximum along the Faroe slope that we divided into the
Faroe Current and the IFSJ by the 𝜎𝛩 = 27.8 kg m−3 isopycnal (Semper
et al., 2020). The Faroe Current primarily consists of warm and saline
AW from the North Atlantic (39 ± 2%) and the Atlantic Domain of the
Nordic Seas (50 ± 1%), that recirculates around the Faroe Islands (Berx
et al., 2013; Rossby et al., 2018). By the time this recirculating current
reaches the Faroe-Shetland Channel, part of it is sufficiently dense to
contribute to the lightest component of the FBCOW (Fig. 16d).
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Fig. 17. Fraction of Faroe Bank Channel Overflow Water that has passed through each horizontal location, integrated over the entire water column. Note that the color scale is
logarithmic. The location of the Faroe-Shetland Channel section is indicated in black, while the location of the section upstream of the Faroe-Shetland Channel is marked in blue.
The 500-, 1000-, 1500-, and 3000-m isobaths are shown as thin gray contours.
The IFSJ was identified as water denser than 𝜎𝛩 = 27.8 kg m−3

(Fig. 18a). The maximum associated with this FBCOW core extends
down to a density of 𝜎𝛩 = 28.04 kg m−3, which is lighter than the max-
imum density found by Semper et al. (2020) of 𝜎𝛩 = 28.06 kg m−3. De-
spite the light density bias, the upstream pathway of the core (Fig. 18c)
closely resembles the IFSJ. Almost half of the IFSJ volume stems from
the Greenland Sea (48 ± 3%), while 11 ± 6% originates in the Arctic
Ocean. Water from both of these source regions exits the Greenland
Sea through gaps in the Mohn Ridge (e.g., Shao et al., 2019; Wang
et al., 2021). Then the majority of the water follows a similar route as
that which supplies the NIJ (i.e., across the sloping Jan Mayen Ridge
between the 400 and 600 m isobaths just south of Jan Mayen, then
anticlockwise around the Iceland Sea, Fig. 11). Some of the water that
exits the Greenland Sea deeper in the water column continues farther
south along the Jan Mayen Ridge below 1000 m depth before entering
the Iceland Sea through a deep gap in the ridge (Fig. 18c). The two
pathways merge along the northeast Iceland slope approximately where
the NIJ emerges (Semper et al., 2019). According to Semper et al.
(2022), this is a region of enhanced eddy kinetic energy, which could be
linked to the emergence of the NIJ as suggested by Våge et al. (2011),
as well as the separation of the NIJ and IFSJ. Downstream from the
region northeast of Iceland we observe several branches exiting the
Iceland Sea. Semper et al. (2020) identified two cores of the IFSJ on the
slope along the GSR, but the inversion suggests that several branches
also exist farther offshore in line with Argo-float trajectories (Hátún
et al., 2021). Mixing with ambient water along the pathways results in
a 16 ± 3% and 18 ± 1% contribution from the Iceland Sea and Atlantic
Domain, respectively, while the North Atlantic contributes 7 ± 1% to
the IFSJ core.

Another pronounced FBCOW core was identified on the eastern side
of the section upstream of the Faroe-Shetland Channel (Fig. 18b). This
core is situated deep in the water column, between 1000 and 1300 m
depth, and supplies the densest component of the FBCOW (corrobo-
rating the results of Chafik et al., 2020). Nearly all of the overflow
18
water following this pathway originates in the Arctic Ocean (62 ± 23%)
and Greenland Sea (36 ± 23%). Dense water from the Arctic Ocean
flows southward through Fram Strait and into the central Greenland
Sea, where it continues southward across the Mohn Ridge along with
water formed locally in the Greenland Sea (Fig. 18d). After exiting the
Greenland Sea, the water follows the eastern side of the Jan Mayen
Ridge towards the Faroe Islands, before turning eastwards with the
cyclonic circulation in the Norwegian Basin (e.g., Hátún et al., 2021).
When approaching the Norwegian slope and the Vøring Plateau, the
overflow water is deflected south towards the Faroe-Shetland Channel.
The total contribution from this deep pathway to the FBCOW was
estimated to 24 ± 3%, while the IFSJ and Faroe Current account for
58 ± 3% and 18 ± 1%, respectively.

We note that several of these deep pathways appear very straight,
with sharp edges (Fig. 18c). The TMI pathways are solely based on
hydrographic and geochemical water-mass properties, and thus, they
are not directly dynamically constrained. Weak or no gradients in
water-mass properties, as typically observed at depth, may therefore
result in non-physical straight pathways that sometimes cross isobaths
to minimize distance. The contributions from the Greenland Sea and
Arctic Ocean to the deep FBCOW pathway also have relatively high
uncertainties (Fig. 18c). This is probably due to some GSDW, which
was formed before the 2000–2019 period considered here, remaining
at depth. As the inversion is not guided by strong data constraints to
resolve this portion, the solution is more sensitive to the first guess of
the pathway matrix 𝑨 (Section 3.2).

7. Summary and conclusions

In this study we developed a regional version of the TMI inverse
method to determine the origin, pathways, and final composition of
the overflow water in Denmark Strait and the Faroe Bank Channel,
the two main passages of dense water from the Nordic Seas to the
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Fig. 18. Fraction of FBCOW volume that has passed through the section upstream of the Faroe-Shetland Channel (a and b). The location of the section is shown in Fig. 17. The
black contours show potential density (𝜎𝛩 , kg m−3). The colored circles in a) mark grid cells identified as the Faroe Current (light blue) and IFSJ (dark blue), while the dark blue
circles in b) identify a deep FBCOW core. The upstream pathways of the identified IFSJ (c) and deep core (d) are shown as the fraction of volume that has passed through each
horizontal location integrated over the entire water column. Note that the scale is logarithmic. The blue numbers in c) and d) indicate the total contribution (in percent) from
each surface region outlined in black and the lateral boundaries, and the uncertainty represents the sensitivity to the first guess of 𝑨 (Section 3.2).
,

deep North Atlantic (Østerhus et al., 2019). The TMI method in-
cludes both hydrographic and geochemical observations, as well as
their geographical distributions, which is a major advantage compared
to traditional decomposition methods (e.g., Mastropole et al., 2017;
Tanhua et al., 2005; Jeansson et al., 2008) as it resolves also the
pathways connecting the overflow plumes to their origins. The resulting
overflow water compositions are not dependent on a few pre-defined
end-members, but consider all surface and lateral boundary locations
as potential sources. This is crucial to determine the importance of
different source regions, as water-mass properties vary spatially, also
within each source region (Figs. 7 and 15). Compared to earlier global
TMI versions (Gebbie and Huybers, 2010; Gebbie, 2014), the regional
high-resolution inversion was able to resolve the narrow overflow water
pathways and complex bathymetry of the Nordic Seas, which gave
a more realistic representation of the dense-water circulation. The
pathways were also improved by implementing a more realistic first
guess based on density and absolute geostrophic velocity estimated
from hydrographic observations and satellite altimetry.

The majority of the DSOW originates in the Greenland Sea (39 ± 2%)
the Iceland Sea (20 ± 3%), and the Atlantic Domain (19 ± 2%) of
the Nordic Seas. Consistent with previous studies, we find that dense
water from these source regions approaches Denmark Strait in the
East Greenland Current and the North Icelandic Jet (Mauritzen, 1996;
Våge et al., 2011; Harden et al., 2016). The East Greenland Current
19
transports warm and saline Atlantic-origin water from Fram Strait to
Denmark Strait, but substantial mixing with the interior basins occurs
along its path (Fig. 12, Strass et al., 1993; Rudels et al., 2002; Jeansson
et al., 2008; Håvik et al., 2019). The mixing takes place primarily
in the Greenland Sea between 75 and 76◦N and in the Iceland Sea
between 68.5 and 69.5◦N, where the East Greenland Current bifurcates
into the separated and shelf break branches (Våge et al., 2013; Håvik
et al., 2019). At Hornbanki, 300 km upstream of Denmark Strait, only
20 ± 1% of the separated and shelf break East Greenland Current
branches stem from the Atlantic Domain, while the Greenland and
Iceland Seas account for 50 ± 2% and 26 ± 6%, respectively. In
agreement with Håvik et al. (2017), we also find an outer core of
the East Greenland Current north of the West Jan Mayen Ridge. This
outer core provides an important pathway for dense water formed
in the central Greenland Sea towards Denmark Strait. The overflow
water supplied by the NIJ originates primarily in the Greenland Sea
(82 ± 2%), corroborating the results of Huang et al. (2020). This water
follows two distinct pathways from the Greenland Sea to the slope north
of Iceland: the outer core of the East Greenland Current and another,
previously unknown, pathway across the Jan Mayen Ridge into the
Iceland Sea. Within the Iceland Sea the water follows the cyclonic gyre,
which leads to a southward flow along Kolbeinsey Ridge to the slope
north of Iceland.

Although the upstream sources of the DSOW are in broad agreement
with previous studies, we find a substantially lower contribution from
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the Arctic Ocean than indicated by Tanhua et al. (2005) and Jeansson
et al. (2008), who also included both hydrographic and geochemical
observations. In addition to uncertainty in their contributions related to
the spatial variability of water masses, the discrepancy is likely a result
of temporal variability. Neither Tanhua et al. (2005) and Jeansson
et al. (2008) nor the TMI solution properly account for temporal
variability in water-mass properties. Substantial short-term variability
is observed in both volume transport and hydrographic properties of
the DSOW (e.g., Jochumsen et al., 2017; Mastropole et al., 2017; Lin
et al., 2020) and the production and hydrographic properties of the
source water masses vary inter-annually (Våge et al., 2015; Lauvset
et al., 2018; Jeansson et al., 2017; Brakstad et al., 2019; Mork et al.,
2019). Both Tanhua et al. (2005) and Jeansson et al. (2008) performed
sensitivity simulations, where the end-member properties were allowed
to vary within the variance of each parameter, to validate the ef-
fect of temporal variability in their source water compositions. This
indicated relative mean errors of 30%–40%, and higher for some of
the Arctic Ocean end-members (Jeansson et al., 2008). Similar sensi-
tivity simulations with the TMI inversion would be computationally
demanding, which is the reason our uncertainty estimates represent
only the uncertainty related to the first guess of the pathway matrix
and not temporal variability (Section 3.2). It is important to note
that uncertainties related to temporal variability in hydrographic and
geochemical properties were included as constraints in the inversion
when optimizing the 2000–2019 winter-mean solution.

The two main contributors to the FBCOW is dense water formed
in the Greenland Sea (46 ± 8%) and the Arctic Ocean (25 ± 9%).
These source regions also supply the densest part of the overflow, while
the less dense components stem from the Iceland Sea (10 ± 1%), the
Atlantic Domain (11 ± 1%), and the North Atlantic (9 ± 0%). Dense
water formed in the Greenland Sea and Arctic Ocean flows southward
from the Greenland Sea along two distinct pathways. One corresponds
to the recently documented IFSJ (Semper et al., 2020) and one follows
the eastern side of the Jan Mayen Ridge (in accordance with e.g.,
Olsson et al., 2005; Voet et al., 2010; Serra et al., 2010; Huang et al.,
2020; Hátún et al., 2021). Half (48 ± 3%) of the FBCOW transported
with the IFSJ originates in the Greenland Sea, while 11 ± 6% stems
rom the Arctic Ocean. The majority of these dense waters flow across
he sloping Jan Mayen Ridge and cyclonically around the Iceland Sea,
imilar to the dense water that supplies the NIJ. Some mixing occurs
long the IFSJ path, which results in a 16 ± 3% contribution from the
celand Sea, 18 ± 1% from the Atlantic Domain, and 7 ± 1% from

the North Atlantic. The pathway along the Jan Mayen Ridge turns
east and crosses over to the Norwegian continental slope, where it
follows the eastern margin southwards to the Faroe-Shetland Channel.
In agreement with Chafik et al. (2020), we find that this pathway is
situated deep (>1000 m) in the water column and supplies the densest
component of the FBCOW. In total, this pathway accounts for 24 ± 3%
f the FBCOW, while the IFSJ supplies 58 ± 3%. The remaining portion
s AW that is densified in the Faroe Current and recirculates around the
aroe Islands (18 ± 1%).

The fractional contributions from the Greenland Sea and Arctic
cean to the overflow water transported by the IFSJ may be underesti-
ated due to the light density bias in the IFSJ core. Semper et al. (2020)
sed one survey of high-resolution (2.5–10 km) hydrographic transects
ollowing the IFSJ to document its structure and properties. Based on
0 years of repeat hydrographic transects north of the Faroe Islands,
hey found that only 38 of the 120 surveys captured the upsloping
ense water associated with the current due to the lower horizontal
esolution (20 km). Hence, the densest water in the IFSJ is not well
aptured north of the Faroe Islands in the observations, which in turn
mpacts the TMI solution. Nevertheless, the TMI solution can help
dentify key locations where high-resolution observations are needed
o properly resolve the currents feeding the overflows, such as north of
20

he Faroe Islands and along the Jan Mayen Ridge. t
The overflow water pathways resolved by the inversion represent
he steady-state circulation that best fits the late-winter hydrographic
nd geochemical properties in the Nordic Seas between 2000 and 2019.
lthough water-mass properties vary within this period, it is considered
ufficiently stable in terms of dense-water formation and water column
tructure (i.e., Brakstad et al., 2019; Somavilla, 2019). Considering
he last 50 years, substantial changes have been observed in water-
ass production and properties in the Nordic Seas (e.g., Eldevik et al.,
009; Våge et al., 2015; Lauvset et al., 2018; Brakstad et al., 2019;
medsrud et al., 2022; Våge et al., 2022). Multiple inversions covering
ifferent decades or the inclusion of an age tracer similar to Schlitzer
2007) or Gebbie and Huybers (2012) are needed to determine how
he time-evolving source regions and flow structure have influenced the
verflows. The inclusion of an age tracer would also make it possible to
stimate the residence times and the rate of exchange between water
asses, which could be used to diagnose the propagation of heat or

nthropogenic carbon into the deep ocean as demonstrated by Davila
t al. (2022) with a global version of the TMI method. As opposed to
umerical simulations, the TMI method observationally constrains and
uantifies the net effect of advection and diffusion on the distribution
f water masses (Gebbie and Huybers, 2010). Our results provide a
tep toward understanding how the dense overflow waters are supplied
t present. This is crucial to better understand the impact of climate-
riven changes, such as global warming and sea-ice retreat, which are
rojected to reduce dense-water formation in the interior of the Nordic
eas in the future (Moore et al., 2015, 2022; Bretones et al., 2022).
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ppendix A. Observational quality control

All hydrographic profiles were required to include both temperature
nd salinity measurements within the range −2–30 ◦C and 0–36 g kg−1,
espectively. Profiles with density inversions exceeding 0.05 kg m−3

ere excluded unless the inversion was associated with a single data
pike, in which case the spike was removed. We also required positive
oncentrations for the geochemical parameters and that all profiles had
minimum length of 3 data points. The same data are often stored in
ultiple archives. In many cases, however, the profiles are not exact
uplicates. They can be interpolated to different vertical resolutions,

runcated to different depths, or be ship-board CTD measurements and

https://doi.org/10.21335/NMDC-1271328906
http://marine.copernicus.eu
http://marine.copernicus.eu
http://marine.copernicus.eu
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bottle data recorded at the same cast (e.g., Behrendt et al., 2018).
The position, time, and data can also vary slightly if they are rounded
to different decimals. To detect these duplicates we compared each
profile (position, time, and hydrography) to all other profiles within
1◦ longitude/latitude and ±5 days. Each profile pair that was com-
pared was truncated to the depth range shared by both profiles and
interpolated to the same vertical resolution. Profiles were considered
duplicates if they were acquired less than 0.5 days and 1 km apart or if
the temperature and salinity profiles matched to the second and third
decimal, respectively. Several of the duplicates were visually inspected.
This was necessary to detect, for example, truncated duplicates (or
bottle data) that had been linearly interpolated to higher resolution.
In general, we kept the profile with most information and excluded
truncated and hydrographic bottle data. If a profile pair had similar
resolution we retained the profile from the most original source. We
also prioritized data from UDASH (Behrendt et al., 2018), which have
already gone through a thorough quality control.

After erroneous and duplicate data were removed, we divided the
dataset into three different periods (1950–1979, 1980–1999, and 2000–
2019) that were inspected for outliers separately. Each hydrographic
profile was compared to all other profiles from the same period within
a radius of 110 km (approximately 1◦ of latitude, Våge et al., 2013). In
the Nordic Seas water-mass properties tend to vary more across than
along topographic gradients because of the close alignment between
currents and bathymetry (Nøst and Isachsen, 2003). This was accounted
for by adjusting the distance to the other profiles (𝑟) according to Davis
(1998), Skagseth and Mork (2012), and Våge et al. (2013) as:

𝑟2 = |𝑥𝑔 − 𝑥𝑜|
2 +

|

|

|

|

3𝜆
𝐻𝑔 −𝐻𝑜

𝐻𝑔 +𝐻𝑜

|

|

|

|

2

, (A.1)

where 𝑥𝑔(𝑥𝑜) is the geographical position of the profile in question
(all other profiles) and 𝐻𝑔(𝐻𝑜) is the corresponding depth based on
ETOPO1 (Amante and Eakins, 2009). The topographic parameter 𝜆 =
100 km (Lavender et al., 2005; Voet et al., 2010; Skagseth and Mork,
2012; Våge et al., 2013). The difference in bottom depth determines
the magnitude of the adjustment, and the result is an effective radius
that is increased along isobaths. All profiles within an effective radius
of 110 km were then interpolated onto a common vertical coordinate
with 5-m resolution. Profiles that differed from the mean, at any depth,
by more than six standard deviations were considered outliers and
removed.

A slightly different procedure was used for the geochemical data
due to the generally lower vertical and horizontal resolution. All geo-
chemical profiles were interpolated onto 46 depth levels with intervals
ranging from 10 m near the surface to 250 m at depth (same as the TMI
resolution, Fig. C.1f), before the mean and standard deviation in each
time period were calculated. Profiles were then identified as outliers
and removed if they differed from the mean by more than six standard
deviations.

Appendix B. Mixed-layer depths

For the Iceland and Greenland Seas we used late-winter (February–
April) mixed-layer depths from Våge et al. (2015) and Brakstad et al.
(2019), respectively. These were determined by a procedure involving
two independent automated routines: one based on a density-difference
criterion (Nilsen and Falck, 2006) and one based on the curvature
of the temperature profile (Lorbacher et al., 2006). If neither of the
automated routines accurately identified the base of the mixed layer,
which was verified by visual inspection of each hydrographic profile,
it was determined by a manual procedure developed by Pickart et al.
(2002). This manual procedure was used for 44% (Våge et al., 2015)
and 39% (Brakstad et al., 2019) of the profiles in the Iceland and
Greenland Seas, respectively. The automated routines performed well
for profiles having a pronounced density gradient below the base of the
mixed layer, but this is often not the case during winter in the Iceland
21
and Greenland Seas where the entire water column is weakly stratified.
The same semi-automatic procedure was employed here to update the
Iceland and Greenland Seas mixed-layer databases such that the entire
2000–2019 period was covered.

For the rest of the domain, where the density stratification is
stronger, late-winter mixed-layer depths were estimated based on the
density-difference criterion (Nilsen and Falck, 2006). That is, the base
of the mixed layer was identified as the depth where the increase in
potential density from the surface reached 𝛥𝜌 = 𝜌(𝑇0−𝛥𝑇 , 𝑆0)−𝜌(𝑇0, 𝑆0).

he density difference 𝛥𝜌 varies with measured surface temperature
𝑇0) and salinity (𝑆0), which provides more accurate results than us-
ng a constant value (de Boyer Montégut et al., 2004; Nilsen and
alck, 2006). As de Boyer Montégut et al. (2004), Våge et al. (2015),
nd Brakstad et al. (2019) we used 𝛥𝑇 = 0.2 ◦C.

The late-winter mixed-layer properties were interpolated onto a
egular 1/3◦ longitude by 1/8◦ latitude grid as described in Appendix C
Eq. (C.1)). Only the 75% deepest mixed layers were included in each
rid cell to remove re-stratified profiles and profiles taken prior to the
nset of convection. Changing this limit by ±10% had an impact almost
xclusively on the Greenland Sea gyre and the average difference
ithin the gyre was ±50 m, which is small compared to the total mean
ixed-layer depth (555 m, within the white contour in Fig. B.1). For
olar, ice-covered regions where winter data are scarce, we used the
vailable data to estimate mean mixed-layer properties. These were
hen applied to the entire sea-ice-covered area (north of the annual-
ean 50% sea-ice concentration contour marked in blue in Fig. B.1).
he sea-ice concentration data were obtained from the National Snow
nd Ice Data Center (Walsh et al., 2015, 2017). The final gridded
ixed-layer product shown in Fig. B.1 was smoothed by convolution
ith a Gaussian window of size 9 × (1/3◦ longitude and 1/8◦ latitude).

ppendix C. Gridding and uncertainty estimates

All 2000–2019 observations of temperature, salinity, oxygen, ni-
rate, and phosphate were modified to represent late-winter conditions
Section 2.2) and used to construct the three-dimensional fields in-
luded in the TMI inversion. The value in each grid cell was computed
rom all measurements within an effective radius of 50 km. As in Ap-
endix A (Eq. (A.1)), the effective radius was increased along isobaths
o account for the greater correlation length scales along topography.
he effective radius and the topographic parameter 𝜆 were modified to
20 km and 300 km, respectively, in the sea-ice covered area (north of
he annual mean 50% sea-ice concentration contour, Fig. B.1). This was
one to improve the representation of the East Greenland Current in the
nversion, which was generally not well constrained due to the sparse
ata coverage in this region (Fig. 2). The result of both increased radius
nd 𝜆 was that more observations were included in each grid cell, but
nly from along the bathymetry.

The average value 𝑥𝑖 in each grid cell 𝑖 was weighted by the inverse
istance as:

𝑥𝑖 =
∑𝑁𝑖
𝑡=1 𝜔𝑖𝑡𝑥𝑖𝑡
∑𝑁𝑖
𝑡=1 𝜔𝑖𝑡

=
𝑁𝑖
∑

𝑡=1
𝜔′
𝑖𝑡𝑥𝑖𝑡, (C.1)

where 𝑥𝑖𝑡 is measurement number 𝑡 and 𝑁𝑖 is the total number of
bservations contributing to the weighted average. 𝜔𝑖𝑡 is the inverse
istance to each observation and 𝜔′

𝑖𝑡 = 𝜔𝑖𝑡∕
∑𝑁𝑖
𝑡=1 𝜔𝑖𝑡.

The uncertainty of the final gridded product representing the cli-
atological winter conditions between 2000 and 2019 depends on the

mount of observations included in the estimate and their variance. In
eneral, the uncertainty decreases with depth due to the lower variance
t depth and with increased number of observations. For each grid cell
e estimated the variance 𝜎𝑖2 as:

̂𝑖
2 = 1

𝑚
∑

𝑁𝑖
∑

(𝑥𝑖𝑡 − 𝑥𝑖)2, (C.2)

𝑁 − 𝑚 𝑖=1 𝑡=1
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Fig. B.1. Late-winter (February–April) mixed-layer depth between 2000 and 2019. The blue line marks the annual-mean (2000–2013) 50% sea-ice concentration contour from Walsh
et al. (2015), while the white contour outlines the Greenland Sea gyre (Moore et al., 2015). The 500-, 1000-, 1500-, and 3000-m isobaths are shown as thin gray contours.
where 𝑁 is the total number of observations and 𝑚 is the total num-
ber of ocean grid cells at the corresponding depth level. That is, all
observations across the entire domain at each depth level were used to
estimate the expected variance for each grid cell at the same level. The
uncertainty 𝜀𝑖 was then defined as:

𝜀𝑖 = 𝜎𝑖

√

√

√

√

𝑁𝑖
∑

𝑡=1
(𝜔′

𝑖𝑡)2, (C.3)

which decreases with number of observations (weighted according to
distance to the grid cell in question). The resulting uncertainty profiles
(overall means and standard deviations) are shown in Fig. C.1.

Appendix D. First guess of the pathway matrix 𝑨

The first guess of the mass fractions 𝒎 that form the pathway matrix
𝑨 was constructed based on gradients in potential density and the
geostrophic stream function. To obtain absolute geostrophic velocities
we used surface geostrophic velocity from satellite altimeter data as
reference (Section 3.2, Fig. D.1). The surface geostrophic velocity is
very patchy in sea-ice covered areas due to large uncertainty. The hy-
drographic data coverage is also very sparse in the same region (Fig. 2).
As a consequence, we decided to keep the isotropic first guess (Gebbie
and Huybers, 2010; Gebbie, 2014) in areas with annual-mean sea-ice
concentration exceeding 80% (north of the blue line in Fig. D.1). In
the open ocean we assumed that large gradients in potential density
and the geostrophic stream function lead to weak exchange between
neighboring grid cells (i.e. small mass fractions).

Half of the mass fractions were determined by gradients in potential
density (𝜎𝛩), while the remaining half was determined by gradients in
the geostrophic stream function (𝜓). For each interior grid cell 𝑖, the
22
sum of the mass fractions 𝑚𝑖𝑗 from the neighboring grid cells 𝑗 can be
expressed as:
𝑁
∑

𝑗=1
𝑚𝑖𝑗 =

1
2

𝑁
∑

𝑗=1
𝑚𝛥𝜎𝛩𝑖𝑗 + 1

2

𝑁
∑

𝑗=1
𝑚𝛥𝜓𝑖𝑗 = 1, (D.1)

where 𝑚𝛥𝜎𝛩𝑖𝑗 and 𝑚𝛥𝜓𝑖𝑗 are the mass fractions determined by gradients
in 𝜎𝛩 and 𝜓 , respectively. Below the mixed layer, 𝑚𝛥𝜎𝛩𝑖𝑗 was calculated
based on gradients in 𝜎𝛩 as:

𝑚𝛥𝜎𝛩𝑖𝑗 =
|𝛥𝜎𝛩𝑖𝑗,𝑚𝑎𝑥| − |𝛥𝜎𝛩𝑖𝑗 | + 10−4

∑𝑁
𝑗=1(|𝛥𝜎𝛩𝑖𝑗,𝑚𝑎𝑥| − |𝛥𝜎𝛩𝑖𝑗 | + 10−4)

, (D.2)

where 𝛥𝜎𝛩𝑖𝑗 is the density difference between the grid cell in question
(𝑖) and its neighbor 𝑗. 𝛥𝜎𝛩𝑖𝑗,𝑚𝑎𝑥 is the density difference to the neighbor
with the largest difference. That is, a larger gradient leads to a smaller
mass fraction and weaker exchange. The constant 10−4 is added for reg-
ularization. Vertical mixing dominates within the mixed layer, where
the density is homogeneous. Hence, we prescribed 𝑚𝛥𝜎𝛩𝑖𝑗 to represent
exchange with the neighbor located vertically above the grid cell in
question.

The mass fractions 𝑚𝛥𝜓𝑖𝑗 based on the geostrophic stream function
only include horizontal contributions in the direction of the geostrophic
flow. That is, if the geostrophic flow was from the north-east, the only
non-zero mass fractions 𝑚𝛥𝜓𝑖𝑗 would be the mass fractions from the
northern and eastern neighbors. The magnitude of the non-zero mass
fractions was calculated as:

𝑚
𝛥𝜓𝑥(𝑦)
𝑖𝑗 =

|𝛥𝜓𝑥(𝑦)|
∑𝑁
𝑗=1(|𝛥𝜓𝑥𝑦|)

, (D.3)

where 𝛥𝜓𝑥 and 𝛥𝜓𝑦 are the longitudinal and latitudinal differences in
the geostrophic stream function, respectively. This means that if 𝛥𝜓𝑥 >
0 (southward geostrophic flow component), the neighbor to the north
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Fig. C.1. Mean observational uncertainty (black) and mean misfit (red) between the TMI and observed temperature (a), salinity (b), oxygen (c), nitrate (d), and phosphate (e) in
the upper 3000 m of the water column. The shading indicates ±1 standard deviation. The TMI vertical resolution is shown by the gray bars in f).

Fig. D.1. Annual-mean surface geostrophic velocity between 2000 and 2019 from the gridded satellite altimeter product. The blue line indicates the mean (2000–2013) 80%
sea-ice concentration contour from Walsh et al. (2015). The 500-, 1000-, 1500-, and 3000-m isobaths are shown as thin gray contours.
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contributes with a non-zero mass fraction with the magnitude 𝑚𝛥𝜓𝑥𝑖𝑗 . The
first guess of the pathway matrix 𝑨 based on 𝑚𝛥𝜎𝛩𝑖𝑗 and 𝑚𝛥𝜓𝑖𝑗 resulted in
more advective pathways and a better (less diffuse) representation of
the ocean state. The running time of the inversion was also significantly
reduced.
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