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ABSTRACT: It is evident from hydrographic profiles in the Arctic Ocean that relatively warm and salty Canada Basin
Deep Water (CBDW) flows over the Lomonosov Ridge into the Amundsen Basin, in the Eurasian Arctic. However,
oceanographic data in the deep Arctic Ocean are scarce, making it difficult to analyze the spatial extent or the dynamics of
this inflow. Here we present new hydrographic data from two recent expeditions as well as historical data from previous
expeditions in the central Arctic. We use an end-member analysis to quantify the presence of CBDW in the Amundsen
and Nansen Basins and infer new circulation pathways. We find that the inflow of CBDW is intermittent, and that it recir-
culates in the Amundsen Basin along the Gakkel Ridge. Although the forcing mechanisms for the inflow of CBDW into
the Amundsen Basin remain unclear owing to the lack of continuous observations, we demonstrate that density-driven
overflows, even intermittent, and the pressure gradient across the Lomonosov Ridge are unlikely drivers. We also find
multiple deep eddies with a CBDW content of up to 600 g kg21 and a vertical extent of up to 1200 m in the Amundsen
Basin. The high CBDW content of these eddies suggests that they can efficiently trap CBDW and transport its heat and
salt over long distances.
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1. Introduction

The Arctic Ocean is split between the Eurasian and Amer-
asian Basins, with depths exceeding 4000 m, that are sepa-
rated by the 500–2000-m-deep Lomonosov Ridge (Fig. 1).
Although the existence of deep Arctic basins has been estab-
lished since the Fram expedition (Nansen 1907), the circula-
tion of the various deep-water masses remains largely
unknown, in part due to the scarcity of measurements in the
deep ice-covered ocean. In particular, little is known about
the exchanges of deep water between the two basins, which
could play an important role in modifying the properties of
the deep ocean.

The water masses of the Arctic Ocean are traditionally sep-
arated between the cold and fresh polar mixed layer (different
names depending on region and season) from the surface
down to a halocline at around a 200-m depth at most; the
warm and salty Atlantic layer down to ;800 m; the colder
Upper Polar Deep Water (UPDW) until ;1700 m; and then
the deep waters, with different properties, depending on the
basin (e.g., Langehaug and Falck 2012). The deep waters
of the Amerasian Basin}which should ideally be renamed
AABDW, but which we refer to as Canada Basin Deep Water
(CBDW) in this study for consistency with previous literature
(e.g., Rudels 1986)}are warmer, saltier, and less dense than
those of the Eurasian Basin, or Eurasian Basin Deep Water
(EBDW) (e.g., Swift et al. 1997). Besides, while the waters of

the Eurasian Basin can communicate with the Nordic seas
through the 2500-m deep Fram Strait, the Lomonosov Ridge
acts as a topographic barrier. Combined with low or even no
new formation of CBDW (Timmermans et al. 2003), this effec-
tively isolates the deep waters of the Amerasian Basin from
the global ocean, resulting in a water mass age of 500 years
(Schlosser et al. 1997; Tanhua et al. 2009). The relative isolation
of CBDW compared to EBDW results in different chemical
properties, notably a lower oxygen content (Björk et al. 2010).
Although the Lomonosov Ridge inhibits exchanges between
the Eurasian and Amerasian Basins, CBDW was detected in
the Eurasian Basin during several expeditions (e.g., Björk et al.
2010; Rudels 2012) and was identified notably by Anderson
et al. (1994), Jones et al. (1995), and Rudels (1995).

While the inflow of CBDW across the Lomonosov Ridge
has been clearly demonstrated, with the main inflow likely oc-
curring via the comparatively deep Intra Basin (e.g., Björk
et al. 2007, 2010), there is to date no inventory of CBDW in
the Eurasian Basin. Therefore, we currently lack an under-
standing of the dynamics of the inflow of CBDW and how it
circulates in the Arctic Ocean. The recent warming and salini-
fication of the intermediate-depth Atlantic Water (Tsubouchi
et al. 2021; Muilwijk et al. 2018; Walczowski et al. 2012) have
also been observed in the deep ocean (e.g., Marnela et al.
2016), suggesting a need to better understand the role of the
deep ocean in a changing Arctic.

In this study, we present new hydrographic observations
from two recent expeditions in the central Arctic Ocean: the
Multidisciplinary drifting Observatory for the Study of Arctic
Climate (MOSAiC, 2019/20) and the Synoptic Arctic Survey
(SAS, 2021), as well as historical measurements. We use an
end-member analysis (e.g., Mamayev 1975; Jenkins 1999) to
quantify the presence of CBDW in the Amundsen Basin and
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subsequently infer its circulation pathways. In section 2, we
describe the data used in this study, the method we use to
quantify CBDW, and employ a sensitivity analysis to quantify
the uncertainty of our method. In section 3, we present the re-
sults from five specific expeditions, yielding a total of nine
transects. In section 4, we discuss the circulation pathways of
CBDW in the Eurasian Basin, the possible forcing mecha-
nisms for the inflow of CBDW, and the presence and potential

impacts of deep eddies observed in this study. Finally, in
section 5, we summarize our study.

2. Data and methods

a. Observational data

Conductivity–temperature–depth (CTD) measurements
were collected on board the icebreaker Oden from 2 August
2021 to 1 September 2021 as part of SAS. For this study, we
use 27 full-depth CTD casts obtained during SAS (Fig. 1a, red
lines). Hydrographic measurements were obtained by the
standard SeaBird SBE911plus system, with dual sensors for
measuring temperature and conductivity and two single sen-
sors for measuring pressure and oxygen. Complete details on
all the measurements during SAS and their calibration can be
found in the cruise report (Snoeijs-Leijonmalm 2022).

As part of the year-long expedition Multidisciplinary drifting
Observatory for the Study of the Arctic Climate (MOSAiC),
CTD measurements were collected on board R/V Polarstern
across much of the Amundsen Basin and Fram Strait from
October 2019 to October 2020 (Fig. 1a, yellow lines; Rabe et al.
2022). During this cruise, CTDmeasurements were collected by
a SeaBird SBE911plus system with dual temperature and con-
ductivity and oxygen sensors, as well as a single pressure sensor.
More information about the MOSAiC measurements can be
found in Rabe et al. (2022) and references therein. The meas-
urements in our study area were all collected during the part of
the drift often referred to as legs 1–3 (October 2019–May 2020).

To give as complete an overview of the circulation path-
ways of CBDW as possible and to analyze any potential tem-
poral variability in the inflow of CBDW, we combine the
observations from SAS and MOSAiC with historical observa-
tions from the Unified Database for Arctic and Subarctic
Hydrography (UDASH; Behrendt et al. 2018). In particular,
we focus here on the UDASH observations collected during
cruises PS94 (summer 2015), PS80 (summer 2012), and PS78
(summer 2011). We exclude all UDASH data that are not
quality flagged as “good,” except for certain profiles that were
individually assessed and deemed of good quality. It should
be noted that none of the data from these cruises contain data
directly from the Intra Basin, where the likely main inflow of
CBDW occurs. We calculate Conservative Temperature (Q)
and Absolute Salinity (SA) for all datasets using the Interna-
tional Thermodynamic Equation of Seawater–2010 (TEOS-10;
McDougall and Barker 2011). We separate all observations
into two groups, the Amerasian Basin group and the Eurasian
Basin group, as presented in Fig. 2a.

b. CBDW content calculation

To detect and quantify the presence of CBDW in the water
column, we use an end-member analysis (e.g., Mamayev 1975;
Jenkins 1999; Zheng et al. 2021), which has previously been
employed for quantifying water masses in the Arctic (e.g.,
Marnela et al. 2016; Heuzé et al. 2017). The three water
masses used in this method are UPDW, CBDW, and EBDW.
We use Q and SA as tracers. By definition (McDougall and
Barker 2011), they are conservative, that is, the properties do

FIG. 1. Stereographic projection showing the bathymetry of the
Arctic Ocean (blue–white color scale), from IBCAO (Jakobsson
et al. 2020). (a) Location of the hydrographic profiles. The colored
lines show the locations of the individual transects analyzed in this
study. The small black dots show the locations of all hydrographic
profiles used to calculate the properties of the water masses
UPDW, CBDW, and EBDW (see Fig. 2 and Table 1). The black
contours show the boundaries of the Eurasian Basin (EB) and Am-
erasian Basin (AaB). The black semicircle shows the inset shown
on the bottom panel. (b) Maximum CBDW content found between
1700- and 2000-m depth for each profile (brown–yellow color
scale). The black arrows show the inferred circulation pathways of
CBDW in the Eurasian Basin and the circling arrows show likely
sites of eddy formation for CBDW. It should be noted that none of
our transects contain data from the Intra Basin, the suspected main
inflow of CBDW. The locations mentioned in the main text are the
Greenland Sea (GS), Fram Strait (FS), Morris Jessup Rise (MJR),
Gakkel Ridge (GR), Nansen Basin (NB), Intra Basin (IB), St.
Anna Trough (SAT), Makarov Basin (MB), Amundsen Basin
(AB), Lomonosov Ridge (LR), and Laptev Sea (LS).
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not change except through physical mixing with another water
mass. Three mixing lines connect the characteristic properties, or
end points, of UPDW, CBDW, and EBDW in the Q–SA space,
forming a triangular mixing space (see Fig. 2b). The properties of
a pure mixture between any two of the water masses evolve line-
arly along their mixing line. Any sample’s relative composition of
these three water masses is then determined by calculating the
distance to the lines. The fraction of CBDW is given by

fCBDW

5

QObs 2 QEBDW 2
(SAObs

2 SAEBDW
)(QUPDW 2 QEBDW)

SAUPDW
2 SAEBDW

QCBDW 2 QEBDW 2
(SACBDW

2 SAEBDW
)(QUPDW 2 QEBDW)

SAUPDW
2 SAEBDW

,

(1)

where fCBDW is the content of CBDW, and Q and SA with
the different subscripts denote the observed properties in the

water column or the end points of the three distinct water
masses.

The end points were not chosen following previous litera-
ture, for example, Rudels et al. (2002). Although commonly
used, their water mass definitions were derived for the Fram
Strait and are therefore not suitable for the purposes of this
study. Instead, we chose the water mass properties as basin-
wide averages in the Eurasian and Amerasian Basins at a
depth level close to that of the sill of the Intra Basin, which
has been found to be at an 1870-m depth (Björk et al. 2007)
and where the main inflow of CBDW has been observed
(Björk et al. 2010). The end points were calculated as the
mean of a density range that is likely to contribute to the ob-
served mixing between the water masses (listed in Table 1).
Had we chosen definitions based on, for example, Rudels et al.
(2002), UPDW would have incorporated everything between the
Atlantic Water layer and the deeper water masses. However,
even the largest intrusion of CBDW we observe (Fig. A1, green
line) is constrained to a small density range between 1037.4 and

FIG. 2. Hydrographic properties of the Arctic Ocean in a Q–SA diagram. (a) Small dots show individual measure-
ments and thick lines show depth-averaged values run through a 20-m moving average filter in the Eurasian Basin
(blue) and the Amerasian Basin (red). The deep waters are in the black rectangle, zoomed in on the right panel.
(b) Zoomed-in version of (a). Thin black diagonal lines show the isopycnals, referenced to 2000 dbar. The black error
bars show the mean and the standard deviation in the Q–SA space for the three water masses discussed in this study:
UPDW, CBDW, and EBDW. Thick black lines show the mixing triangle, drawn from the end points of these water
masses (see Table 1). Hollow, black circles are the simulated measurements of CBDW, used in the sensitivity analysis
(see section 2c).

TABLE 1. The water masses discussed in the text, their observed properties as the mean and the standard deviation, and the density
ranges we set to classify them.

Water mass Q (8C) SA (g kg21) Water mass boundaries

UPDW 20.395 6 0.062 35.071 6 0.007 37.38 , s2 , 37.40, 35.05 , SA , 35.10
CBDW 20.507 6 0.008 35.113 6 0.003 37.43 , s2 , 37.44, 20.55 , Q , 20.45
EBDW 20.856 6 0.023 35.091 6 0.002 37.45 , s2 , 37.46, 35.085 , SA , 35.10
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1037.44 kg m23 and mainly mixes isopycnic with ambient waters.
We thus set a relatively constrained density range compared to
previous water mass classifications, as the intrusions of CBDW
are vertically confined to a small part of the water column. The
properties of the three water masses used and their definitions
are given in Table 1 and Fig. 2b. In all figures showing transects,
we also mask everything above the upper bound of UPDW and
below the lower bound of EBDW. Additionally, we have added
a mesh with white crosses to all transects in the UPDW range, as
warm and salty UPDW outside of the mixing triangle can result
in a false CBDW signal.

c. Robustness of the chosen end points

To quantify the uncertainty of the chosen end points we
perform a sensitivity analysis by running a Monte Carlo simu-
lation with 200 randomly distributed hydrographic measure-
ments, based on the method of Zheng et al. (2021). All
simulated measurements fsim lie within the triangular mixing
space formed by the UPDW–CBDW–EBDW mixing lines
and are limited by a maximum CBDW content of 500 g kg21,
as most observed values of the intrusion are within this range
(see Fig. 2). The end points are perturbed 5000 times within
the observed variability for each water mass (Table 1). We then
recalculate the CBDW content for each measurement with the
new perturbed end points, resulting in 1000000 CBDW frac-
tions, which we call fper. We ran several sets of simulations,
where either all three end points were perturbed simultaneously
or just one end point was perturbed, allowing us to estimate
which water mass carries the highest uncertainty.

By plotting histograms of the difference between the simu-
lated CBDW fractions and the CBDW fractions with the per-
turbed end points (fsim 2 fper), we can observe the distribution
of the CBDW content bias arising from the uncertainty of the
chosen end points (Fig. 3). We calculate the standard deviation
of the difference between fsim and fper as a metric of the uncer-
tainty of each water mass.

From the spread of the histograms when we only perturb
individual water masses (Figs. 3b–d), we can clearly see that
UPDW represents almost all the uncertainty in the chosen
end points. With an uncertainty of658.19 g kg21, it is approx-
imately 4 times as large as that of CBDW and EBDW, which
cause uncertainties of613.98 and616.29 g kg21, respectively.
In Fig. 2b, we can see that UPDW occupies a relatively large
part of the T–S space compared to CBDW and EBDW. Yet
our definition still greatly reduces the uncertainty of the UPDW
compared to previous water mass definitions (e.g., Rudels et al.
2002), where UPDWwould incorporate virtually everything be-
tween the Atlantic Water layer and the deeper water masses.
When we perturb all end points simultaneously, the uncertainty
is 661.42 g kg21, which is about 20%–30% of the CBDW con-
tent of the recirculating branch along the Gakkel Ridge. Of
course, the relative uncertainty goes up where very small intru-
sions of CBDW are observed. The uncertainty can then be as
large as, or even larger than, the measured content of CBDW
in the water column. In those instances, we use dissolved oxy-
gen content as an extra tracer for increased robustness in our
analyses, as CBDW is oxygen deficient compared to UPDW

and EBDW (Fig. 4; Björk et al. 2010). As evidenced by
hydrographic profiles, there is a distinct oxygen minimum at a
1700–2000-m depth, confirming the inflow (Fig. 4a, purple dots)
and recirculation of CBDW within the Eurasian Basin (Fig. 4a,
red dots).

Our uncertainty estimations suggest that the CBDW con-
tent calculation can be sensitive to the choice of end points.
However, those uncertainties are small compared to the
CBDW signal we observe and will not make a qualitative
change to the pattern of CBDW distribution.

3. Results

In this section, we quantify the presence of CBDW from a
total of 10 transects in the western Eurasian Basin and in the
eastern Eurasian Basin (sections 3a and 3b, respectively).

a. Western Eurasian Basin

CBDW content estimated from hydrographic profiles in the
western Amundsen Basin during cruises SAS, PS94, PS80,
and PS78 (red, purple, green, and brown solid lines, respectively,
in Fig. 1a) shows a considerable amount of horizontal variability,
but a fairly consistent pattern emerges (Figs. 5a–d). There is a per-
sistent CBDW core between the 1600- and 2000-m depth in the
Amundsen Basin just by the Gakkel Ridge, with maximum values
of 250–300 g kg21 (600, 300, 300, and 600 km in Figs. 5a–d, respec-
tively). Above the abyssal plains of the central Amundsen Basin,
there is a gradual deepening of the CBDW core along the

FIG. 3. Histograms showing the spread of the CBDW content
bias (fsim 2 fper) arising from the uncertainty in the chosen end
points for the Monte Carlo simulations. Four simulations were run
where (a) all end points are perturbed, (b) only the UPDW is per-
turbed, (c) only CBDW is perturbed, and (d) only EBDW is per-
turbed. All plots show the standard deviation s as a measure of the
uncertainty associated with each water mass. The CBDW content
bias within one standard deviation is highlighted in red.
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isopycnals, as well as a concurrent decrease of CBDW content,
with maximum values of 150–200 g kg21 (Figs. 5a–d). Addi-
tionally, a considerable amount of interleaving is detected (see
Fig. A1 in appendix A), suggesting a high degree of double-
diffusive mixing, a common feature in the typically quiescent
Arctic Ocean (Schulz et al. 2022; Polyakov et al. 2019; Shibley
et al. 2017). The persistently higher CBDW content at the
Gakkel Ridge compared to the interior Amundsen Basin sug-
gests the presence of a boundary flow along the Gakkel Ridge
being transported eastward.

Directly downstream of the Intra Basin, where the main in-
flow of CBDW is thought to occur (Björk et al. 2010), strong
intrusions of CBDW are identified close to the Lomonosov
Ridge (600 km in Fig. 5b, 850 km in Fig. 5d). These inflows
stretch from a 1400- to a 2200-m depth and have cores of
980 and 825 g kg21 (Figs. 5b and 5d), respectively, that is, they
contain almost completely unmodified CBDW. Approximately
450 km farther downstream of the Intra Basin, a distinct CBDW
signature is detected in a transect conducted during SAS between
the Lomonosov Ridge and the Morris Jessup Rise (Fig. 1a, red
dashed line; Fig. 6). CBDW is detected from a 1500- to a 2500-m
depth, with a maximum CBDW content of 600 g kg21 at the
2000-m depth. This finding is consistent with previous observa-
tions, which have shown inflows of similar magnitude directly in
the Intra Basin and along the Lomonosov Ridge (Björk et al.
2010), suggesting that it may be a common occurrence.

Comparing the transects between the years, some notable
dynamics are observed. In particular, what appears to be an
eddy is detected in the Amundsen Basin in 2021 (encircled in
Fig. 5a). The feature is located above the abyssal plains, far

from any boundaries, and stretches from a 1600- to a 2200-m
depth, that is, within the observed depth range of CBDW in-
flow (see Figs. 5b,d), with a CBDW content of 600 g kg21 at
the 2000-m depth. Additionally, vertically displaced isopycnals
are detected, with relatively light waters below the feature
compared to the adjacent water at the same depth, indicative
of an anticyclonic rotation (e.g., Meneghello et al. 2021).
Hence, we suggest that the feature is caused by an anticyclonic
eddy that has split off from the boundary current somewhere
between the Intra Basin and the Morris Jessup Rise, where
similarly high CBDW content has been observed (Figs. 5b,d
and 6). We will come back to this hypothesis in section 4c.

Furthermore, while almost unmodified CBDW inflows are
observed at the Lomonosov Ridge, just downstream of the
Intra Basin, in 2015 and 2011 (Figs. 5b and 5d, respectively),
no CBDW content is detected there in 2021 (Fig. 5a). This
suggests that the inflow of CBDW into the Amundsen Basin
is intermittent in its nature.

Overall, these results confirm previous studies highlighting
a flow of CBDW along the Lomonosov Ridge and the Green-
land continental shelf (Björk et al. 2010). They further suggest
a return flow carrying CBDW eastward along the Gakkel Ridge.
The quiescent interior appears to get modified on longer time
scales through spreading along isopycnals, as well as by compar-
atively energetic large eddies carrying CBDW away from the
boundaries.

b. Eastern Eurasian Basin

At the start of the MOSAiC drift (yellow line, Fig. 1a), what
appears to be a large eddy is observed in the eastern Amundsen

FIG. 4. Representative data of the spatial variability of dissolved oxygen, from Polarstern cruise PS94, conducted in
2015. (a) Dots show individual measurements in a vertical profile for the central Nansen Basin (blue), Amundsen
Basin side of Gakkel Ridge (red), central Amundsen Basin (yellow), Amundsen Basin side of Lomonosov Ridge
(purple), and Makarov Basin (green). Note the strong oxygen minimum at Lomonosov Ridge (purple), and the
weaker oxygen minimum at Gakkel Ridge (red), highlighting the inflow and recirculation of CBDW in the Eurasian
Basin. (b) Stereographic projection showing the bathymetry of the Arctic Ocean (blue-white color scale). The loca-
tions of the hydrographic data shown in (a) are denoted by the colored dots.
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Basin (encircled in Fig. 7). CBDW content is detected between a
1200- and a 2400-m depth, with maximum values of 500 g kg21 at
the 2000-m depth. Isopycnals above and below the eddy are verti-
cally displaced by up to 200 m, with relatively light waters below
the eddy and denser waters above, relative to adjacent water at

the same depth level. Similar to the eddy observed in Fig. 5a, this
is indicative of an anticyclonic rotation.

The transect in Fig. 7 further reveals a weak local CBDW
maximum centered at a 1900-m depth. A general increase of
CBDW content is observed in a westerly direction. In the
eastern Amundsen Basin, CBDW content ranges from 50 to
100 g kg21 (500 km in Fig. 7), which is close to the estimated
uncertainty arising from the choice of end points. However,
profiles of dissolved oxygen confirm the presence of CBDW,
evidenced by an oxygen minimum at a 1700-m depth (Fig. A2).
Farther west, CBDW content reaches up to 150 g kg21 (800 km
in Fig. 7), consistent with measurements in the western Amund-
sen Basin (see Figs. 5a–d).

The transect in Fig. 8a reveals the presence of CBDW as far
as 1108E along the Gakkel Ridge (purple dashed line, Fig. 1a).
Weak CBDW properties are detected in two casts close to the
Gakkel Ridge between a 1600- and a 2000-m depth, with a
maximum content of 80 g kg21. The presence of CBDW is
confirmed using profiles of dissolved oxygen, showing a small
but distinct minimum at an 1800-m depth (Fig. A3). The
CBDW signal carried with the return flow along the Gakkel
Ridge is, however, absent at 1208E in 2012 and 2011 (green
and brown dashed lines, Fig. 1a; Figs. 8b and 8c, respectively).

However, an eddy is observed in the middle of the Gakkel
Ridge (encircled in Fig. 8b). The eddy has two layers, with the
upper layer stretching between 1100 and 1500 m and the
lower layer between a 1500- and a 2400-m depth, and a maxi-
mum CBDW content of 570 g kg21 at a 1900-m depth. The
isopycnals are vertically displaced with a pattern similar to the
eddies observed in Figs. 5a and 7, indicative of an anticyclonic
rotation. While the deeper layer is certainly composed of
CBDW, the upper layer appears to have a different origin.
The oxygen content (Fig. A4) reveals a local oxygen maxi-
mum at the upper layer, suggesting a water mass younger
than CBDW. Comparing the temperature, salinity, and oxy-
gen content of the upper core to all the hydrographic measure-
ments in the Eurasian Basin, we find that it closely resembles
the hydrographic properties along the Eurasian continental
slope, between the St. Anna Trough and the Laptev Sea (see
Fig. A4). Therefore, it is likely that the eddy has split off from
the boundary current at some point and drifted to the Gakkel
Ridge.

FIG. 5. Estimated CBDW content from CTD data collected
across the western Eurasian Basin during (a) SAS in summer 2021
(Fig. 1a, solid red line), (b) PS94 in summer 2015 (Fig. 1a, solid pur-
ple line), (c) PS80 in summer 2012 (Fig. 1a, solid green line), and
(d) PS78 in summer 2011 (Fig. 1a, solid brown line). Dark colors in-
dicate high CBDW content. The black circle in (a) highlights the
location of an eddy. Black contours show the isopycnals between
the upper boundary of UPDW and the lower boundary of EBDW
(see Table 1 for water mass definitions). Spacing between the iso-
pycnals is 0.01 kg m21. Data above isopycnal 37.38 and below 37.46
have been masked. Additionally, data within the UPDW range
have been masked with white crosses. The gray mask is the ba-
thymetry (IBCAO; Jakobsson et al. 2020), and white triangles at
the top of the panels show the location of the CTD profiles. The
sections have been aligned by the major bathymetric features.
Note the different horizontal scales.

FIG. 6. As in Fig. 5, but collected during SAS in summer 2021 in
the westernmost parts of the Amundsen Basin (Fig. 1a, red dashed
line).

FIG. 7. As in Figs. 5 and 6, but collected during MOSAiC legs
1–3 in 2019/20, drifting in the Amundsen Basin (Fig. 1a, yellow
line). The black circle highlights the location of an eddy, which was
drifted over twice. The arrow indicates a westerly direction.
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Overall, these results show that the return flow along the
Gakkel Ridge carries CBDW at least as far as 1108E. It
should be noted that the estimated CBDW content at 1108E
is close to the estimated uncertainty, making it difficult to con-
firm its presence that far east. However, profiles of dissolved
oxygen confirm the presence of CBDW. Additionally, large
deep eddies detected in the eastern Amundsen Basin have a
vertical extent of up to 1200 m, thus carrying CBDW in up to
a quarter of the water column.

4. Discussion

a. Circulation pathways

At times, we observe almost unmodified CBDW at the Lomo-
nosov Ridge, just downstream of the Intra Basin (Figs. 5b,d).
This corroborates previous findings stating that the main inflow
of CBDW occurs at the Intra Basin (Björk et al. 2010), which
has been found to have the deepest sill at a depth of approxi-
mately 1900 m (Björk et al. 2007). The depth level of the sill cor-
responds very well with the observed CBDW signal in the
Amundsen Basin, which shows maximum values of between a
1700- and a 2000-m depth (e.g., Figs. 5a–d). Nevertheless, in
2021, we found no CBDW at the Lomonosov Ridge (Fig. 5a),
suggesting that the inflow of CBDW must be intermittent. How-
ever, we did find CBDW content of 550–600 g kg21 between a
1500- and a 2500-m depth approximately 450 km downstream
along the Lomonosov Ridge, close to Greenland (Fig. 6). This
again agrees with previous findings stating that the inflow of
CBDW is tightly confined to a boundary flow along the Lomono-
sov Ridge toward Greenland (Björk et al. 2010). Based on a
year-long mooring record in the eastern Amundsen Basin, the

mean velocity at a 1700-m depth was estimated to be 2.4 cm s21

(Woodgate et al. 2001). If we assume a similar velocity, then the
inflow of CBDW seen in Fig. 6 in September 2021 could have
occurred in March 2021 at the Intra Basin. This would mean
that the inflow of CBDW is not only intermittent in its nature,
but that it could vary on subannual time scales. It should be
noted that intermittent inflows might lead to the creation of ed-
dies. The inflow of CBDW along the Lomonosov Ridge and the
return flow along the Gakkel Ridge thus likely consist of a series
of eddies or remnants of passing eddies, rather than a continuous
flow (e.g., Schauer et al. 2002).

CBDW has also been observed in the western parts of the
Fram Strait (e.g., Rudels 1986; Marnela et al. 2016) and was
observed as a temperature maximum in the Greenland Sea
Gyre (Rudels 1995; Budéus et al. 1998) until 2007, when the
overlying waters became warmer than the temperature maxi-
mum (Somavilla et al. 2013). Therefore, the CBDW inflow
continues along the continental slope of Greenland, before
exiting through the Fram Strait. However, it is evident that a
part of the boundary flow splits off north of the Fram Strait and
then recirculates in the Amundsen Basin, as we find a persistent
core of CBDW of 200–300 g kg21 between a 1700- and a 1900-m
depth over the slope of the Gakkel Ridge (Figs. 5a–d). We also
find a weak CBDW signal in the Nansen Basin (Figs. 5b–d), sug-
gesting some degree of property transfer across the Gakkel
Ridge. Interestingly, we find that the CBDW that recirculates
along the Gakkel Ridge has the same density as the CBDW seen
at a 2500-m depth north of Greenland. This suggests that the
deeper parts of the inflow could be blocked and cannot exit
through the Fram Strait and then may spread upward along the
isopycnals into the Amundsen Basin.

Furthermore, we find that the recirculating branch then con-
tinues along the Gakkel Ridge at least until 1108E (Fig. 8a),
much farther east than previously reported, although individual
eddies have been identified in the area (Schauer et al. 2002).
However, the CBDW content in the eastern Amundsen Basin
is close to the estimated uncertainty of 61.42 g kg21, with a max-
imum content of only 80 g kg21 (Fig. 8a). This might be the re-
sult of temporal variability upstream that we are not capturing
due to too sparse sampling. The weaker or even absent CBDW
signal in the eastern Amundsen Basin (Figs. 8a–c), compared to
the western Amundsen Basin (Figs. 5a–d), is consistent with hy-
drographic measurements from the MOSAiC drift (Fig. 7),
which exhibit a similar east–west gradient. This indicates that
the CBDW signal has become diluted through mixing with am-
bient waters. Furthermore, the transects in Figs. 8b and 8c are
located 160 km farther east along the Gakkel Ridge compared
to Fig. 8a. Thus, it is possible that the CBDW signal along the
Gakkel Ridge has entirely dissipated by then.

In the interior Amundsen Basin, we find consistently weaker
CBDW properties compared to the boundaries (Figs. 5a–d). We
also observe substantially more interleaving in the interior (see
Fig. A1), a clear sign of a very quiescent environment where dif-
fusive processes are dominant (Polyakov et al. 2019; Shibley et al.
2017). Analyzing the density field, we observe a deepening of
the isopycnals into the Amundsen Basin (Figs. 5a–d). Again,
this suggests that the interior obtains its properties through

FIG. 8. As in Figs. 5–7, but collected in the eastern Amundsen
Basin with the transects starting between 1108 and 1208 E during
(a) PS94 in summer 2015 (Fig. 1a, purple dashed line), (b) PS80 in
summer 2012 (Fig. 1a, green dashed line), and (c) PS78 in summer
2011 (Fig. 1a, blue dashed line). The black circle in (b) highlights
the location of an eddy. The sections have been aligned by the ma-
jor bathymetric features. Note the different horizontal scales be-
tween the panels.
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spreading along isopycnals, as has been shown in previous stud-
ies (Rudels et al. 2013).

Aside from the Intra Basin, a number of other pathways
have been suggested for the inflow of CBDW. Based on a
map by Perry et al. (1986), which indicated the deepest pas-
sage (2000 m) across the Lomonosov Ridge was north of
Greenland, Jones et al. (1995) proposed that the main inflow
occurred north of Greenland, where the Lomonosov Ridge
meets the Greenland shelf. However, the latest version of the In-
ternational Bathymetric Chart of the Arctic Ocean (IBCAO)
suggests that the passage is only 1200 m deep (Jakobsson et al.
2020), making it an unlikely passage for CBDW, as the CBDW
would have to sink over 500 m straight after entering the
Amundsen Basin to reach the observed depth levels of the intru-
sion. At present, there is no observation suggesting that there is a
horizontal density gradient at that depth level capable of produc-
ing such a deepening. We find no evidence for it in our observa-
tions either. The transect from the Lomonosov Ridge to the
Morris Jessup Rise (Fig. 6) would likely cover such a flow, as it
would move along the slope of the Morris Jessup Rise. The pro-
files close to the Morris Jessup Rise carry a very similar CBDW
content to the profiles at the Lomonosov Ridge (Fig. 6), indicat-
ing that the intrusion most likely comes from even farther up-
stream, most likely the Intra Basin.

Additionally, two passages on the eastern side of the Lomo-
nosov Ridge were mapped in 2014, one at 848N and one
where the Lomonosov Ridge meets the Laptev Sea at 808N
(Björk et al. 2018). The northern passage has a relatively shal-
low sill with a depth of 1470 m and is therefore not likely to
make a significant contribution to the inflow of CBDW. The
southern passage, however, has a sill with a depth of 1700 m.
Björk et al. (2018) also showed the presence of almost un-
modified CBDW at the bottom of the trough. In fact, the tem-
perature and salinity at the passages were the same as those
found 200–400 m deeper in the Makarov Basin. This suggests
that rather deep waters can be uplifted and advected across
the sill, most likely by the boundary current, as suspected by
Rudels et al. (2000).

b. Possible forcing mechanisms

The forcing mechanisms for the exchange of deep waters
across the sill in the Intra Basin are still unknown. While we
cannot point toward any single forcing mechanism in this study,
we appear able to rule some out. Most studies have considered
the flow of EBDW to the Amerasian Basin (e.g., Timmermans
et al. 2005; Timmermans and Garrett 2006; Rudels 2012), but
not drivers for flows of CBDW into the Eurasian Basin. In the
absence of better hypotheses, we consider these mechanisms as
well. One such possible mechanism is density-driven overflows.
However, we find no large displacements of isopycnals across
the Lomonosov Ridge that would indicate an overflow (see
Figs. 5a,b,d). Previous studies have also shown that the density
difference between EBDW and CBDW at a 2000-m depth is
only 0.002 kg m23 (Björk et al. 2010). This is two orders of mag-
nitude smaller than the dense water cascading observed on the
Arctic shelves of 0.39 kg m23 (Ivanov et al. 2004) or the Den-
mark Strait overflow of 0.34 kg m23 (Köhl et al. 2007). For

additional comparison, the density difference between EBDW
and GSDW at a 2500-m depth across the Fram Strait was esti-
mated to be 0.007 kg m23 and was ruled out as a leading-order
forcing mechanism for cross-sill advection (von Appen et al.
2015). Additionally, EBDW is denser than CBDW, so overflows
are more likely to occur in the other direction (Timmermans
et al. 2005; Timmermans and Garrett 2006). The horizontal den-
sity gradient across the Lomonosov Ridge is therefore likely to
be too small to produce an overflow of CBDW into the Eurasian
Basin. An important caveat to note is that overflows are often
highly intermittent and can even vary on tidal time scales (e.g.,
Vlasenko and Stashchuk 2018). We cannot therefore completely
eliminate it as a forcing mechanism with our current dataset,
which is a few quasi-synoptic transects spaced years apart.

Rudels (2012) instead suggested the pressure gradient
across the sill as a mechanism for driving the intermittent ex-
change of deep waters. Following Rudels (2012), we com-
puted the dynamic height as

D 52
1
g

�p

p0

1
r
dp, (2)

where g is the gravitational acceleration, p0 is the surface pres-
sure, p is the pressure, and r is the in situ density computed
from Q and SA, and compare its extrema at 2000 dbar on ei-
ther side of the Lomonosov Ridge (Table 2). In 2005, when
Björk et al. (2010) found CBDW in the Amundsen Basin, the
dynamic height was larger in the Amundsen Basin than in the
Makarov Basin (up to 10.73 m). This would result in a nega-
tive pressure gradient from the Makarov Basin, which would
favor a flow of CBDW into the Amundsen Basin. However,
in all transects across the Lomonosov Ridge used in this study,
the dynamic height was larger in the Makarov Basin, that is,
the difference in absolute values was negative (Table 2, rows
|A| 2 |M|). According to, for example, Rudels (2012), this
would thus not favor a flow of CBDW into the Amundsen
Basin. While we could not detect an inflow of CBDW at the
Lomonosov Ridge in 2021 (Fig. 5a), there were clear inflows
in 2015 and 2011 (Figs. 5b,d), despite their negative dynamic
height difference. This suggests that the pressure gradient
across the Lomonosov Ridge is not the primary driver for the
flow of CBDW into the Eurasian Basin.

Finally, in the Fram Strait, it was found that cross-sill advec-
tion at the bottom was driven by upper-ocean mesoscale flows
with a period of 1–3 weeks (von Appen et al. 2015). It is possi-
ble that similar forcing mechanisms drive the intermittent deep
flows over the Intra Basin. Mooring measurements would, how-
ever, be required to confirm this forcing mechanism.

c. Deep eddies

In total, we observe three deep eddies composed of high
CBDW content in our results, with a CBDW content of up to
600 g kg21 (Figs. 5a, 7, and 8b). These eddies are rather strik-
ing features, at times stretching over 1200 m in vertical extent
(Fig. 7), thus carrying CBDW properties in up to a quarter of
the water column. However, it is hard to say whether we are
resolving the full extent of the eddies, as the sparse nature of
CTD transects does not allow us to estimate whether we are
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sampling the core of the eddy, or its edges. This means that
we could be underestimating the vertical extent of these ed-
dies. The poor horizontal resolution further means that we
cannot estimate the horizontal extent of the eddies. However,
previous studies have found typical eddy radii of 11–25 km in
the deep Canada Basin of the Arctic Ocean (Carpenter and
Timmermans 2012) and typical radii of 6–10 km in the deep
Amundsen Basin (Pnyushkov et al. 2018). This corresponds
roughly to the first baroclinic Rossby radius in the Arctic
Ocean (Nurser and Bacon 2014; Timmermans and Marshall
2020). Detecting coherent eddies from the velocity field in the
2000-m layer of the model reveals typical radii of 5–15 km for
the regions of the observed deep eddies (see appendix B for
details). In addition to the three eddies composed of CBDW,
we find another eddy in the eastern section of the Gakkel
Ridge (Fig. 8b), which instead originates from the Barents
and Kara Sea shelves (Fig. A4). Over time, the inflow over
the Barents and Kara Seas has changed to add warmer, more
saline, and overall denser water (Dmitrenko et al. 2014, 2015),
which is now found at greater depths (Rudels 2021), which can
correspond to the same depths as the inflow of CBDW. This
highlights the importance of using multiple tracers, such as
oxygen (see Fig. 4), to correctly identify water masses.

Associated with the observed eddies are large vertical dis-
placements of the isopycnals throughout most of the water
column. The isopycnals are up to 200 m shallower (deeper)
above (below) the eddy, with denser waters above the eddy
and lighter waters below, relative to adjacent water at the
same depth level (black lines in Figs. 5a, 7, and 8b). These
features are indicative of anticyclonic eddies, as the water
converges toward the center of the eddy and subsequently

downwells. The anticyclonic eddies are consistent with previous
observations of deep eddies in the Canadian Arctic, which have
been almost exclusively anticyclonic (e.g., Zhao and Timmermans
2015). Carpenter and Timmermans (2012) found that the water
column gains negative relative vorticity as it flows over a ridge
and becomes compressed. After eddies pass the ridge, it will in-
crease in vertical extent as the surrounding water adjusts to the
anomaly in potential vorticity. This agrees well with an inflow of
CBDW over the Lomonosov Ridge and the large vertical extent
of the observed eddies.

One site for eddy formation could be the trough where the
Lomonosov Ridge meets the Siberian shelf (see Fig. 1b). Mooring
records in 1996 from both sides of the trough indicated that
CBDW crosses the trough and then either deflects north and flows
north along the Lomonosov Ridge as a boundary flow (Woodgate
et al. 2001) or forms deep eddies and moves into the interior basin
(Woodgate et al. 2001; Schauer et al. 2002). Based on the same
mooring data, Woodgate et al. (2001) estimated that the inflow of
CBDW can be the result of one to five eddies per year. Multiply-
ing the number of eddies with the volume of a deep CBDW eddy
observed in 1996, ranging from 23 1011 to 93 1011 m3, results in
a volume transport of 0.0063–0.14 Sv (1 Sv; 106 m3 s21) in addi-
tion to the 0.02 Sv estimated from the boundary flow transport
(Woodgate et al. 2001). The estimated upper-bound inflow of
CBDW would then be on the same order of magnitude as the
southward transport of EBDW through the Fram Strait, which
has been estimated to be 0.44 6 0.09 Sv (Somavilla et al. 2013).
While this is a rough estimate, it could signify that the inflow of
CBDWneeds to be better considered, especially since the main in-
flow of CBDW is thought to occur at the Intra Basin (Björk et al.
2007, 2010).

TABLE 2. Range in dynamic height (m) referred to the surface at 2000 dbar in the vicinity of the Lomonosov Ridge on the
Amundsen (A) and Makarov (M) sides, and difference between the absolute value of the two (|A| 2 M|). “Vicinity” is defined as the
region between the last cast with seafloor depth larger than 4000 m and the last larger than 2000 m [sill depth, for consistency with
Rudels (2012)]. For PS78, this definition returned fewer than three deep casts; we extended toward the deep basin to have three casts
on each side. Oden 2005 also features the Intra Basin (I), defined as a seafloor depth greater than 2000 m within the Lomonosov
Ridge region. PS80 in 2012 and MOSAiC in 2019/20 are not included as they did not cross the Lomonosov Ridge. For the location of
Polarstern (1996) and Oden (2005), see Björk et al. (2010). Transects are further separated between “Greenland” (SAS, red dashed
line in Fig. 1), “West” (all cruises, solid lines in Fig. 1), and “East” (dashed lines in Fig. 1). As in, e.g., Rudels (2012), a positive value
in the |A| 2 |M| row favors a flow from the Makarov to the Amundsen Basin.

Expedition (year) Greenland West East

Polarstern (1996) } } A: 22.33 to 22.25
M: 22.43 to 22.35
|A| 2 |M|: 20.18 to 20.02

Oden (2005) } A: 23.60 to 23.28 }

I: 23.25 to 22.97
M: 23.02 to 22.87
|A| 2 |M|: 10.26 to 10.73

PS78 (2011) } A: 23.14 to 22.98 A: 23.24 to 23.19
M: 23.59 to 23.45 M: 23.81 to 23.53
|A| 2 |M|: 20.61 to 20.31 |A| 2 |M|: 20.62 to 20.29

PS94 (2015) } A: 24.04 to 23.32 A: 23.18 to 23.15
M: 24.69 to 24.59 M: 24.32 to 24.08
|A| 2 |M|: 21.37 to 20.55 |A| 2 |M|: 21.17 to 20.90

SAS (2021) A: 24.47 to 24.45 A: 23.77 to 21.13 }

M: 24.73 to 23.93 M: 24.49 to 23.37
|A| 2 |M|: 20.28 to 10.54 |A| 2 |M|: 23.36 to 20.40
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Another site for eddy formation could be the Intra Basin or
downstream of it, along the Lomonosov Ridge and the
Greenland continental slope. Eddy formation is known to oc-
cur in confluence areas of boundary currents (Schauer et al.
2002; Pnyushkov et al. 2018) and by boundary current insta-
bilities (Zhao et al. 2014). Björk et al. (2010) also suggested
that the Morris Jessup Rise could be a hotspot for eddy for-
mation. The sharp and steep bathymetry there was found to
force some separation of flow along the Morris Jessup Rise,
which would then likely result in eddy formation. The results
from the model simulation (Fig. B1) show that the boundary
currents are the most active formation sites for deep eddies
and confirm the regions mentioned above as possible source
regions for the observed eddies. A large number of eddies
(up to 7 per year and 100 km2) were first detected where
the Lomonosov Ridge meets the Laptev Sea, as well as on
the Amundsen Basin side of the Lomonosov Ridge around the
Intra Basin (Fig. B1).

The high CBDW content of the eddies suggests that these
eddies can trap water efficiently. This is known to happen
when the rotational velocity is much larger than the ambient
velocity (Chelton et al. 2007). Observations of deep eddies in
the Arctic have shown the maximum rotational velocity to
be an order of magnitude larger than the advective velocity
(Aagaard et al. 2008; Zhao and Timmermans 2015). It is
therefore possible that they provide a large contribution to
the lateral salt and heat flux toward the deep interior basin, as
CBDW is both warmer and saltier than EBDW. For example,
the eddy observed in the MOSAiC drift (encircled in Fig. 7) is
0.168C warmer than the ambient water at 2000 m, thus provid-
ing a potentially important source of heat in the deep Amund-
sen Basin.

5. Conclusions

In this study, we provide an overview of the to-date most
complete circulation pathways of CBDW within the Eurasian
Arctic from currently available data, by merging hydrographic
data from two recent expeditions (MOSAiC and SAS) with
historical measurements. We find the presence of CBDW
across large parts of the Amundsen Basin, from north of
Greenland to the eastern Amundsen Basin (see Fig. 1b). Our
findings corroborate previous studies highlighting that the
main inflow of CBDW occurs at the Intra Basin at a depth of
approximately 1900 m. We also find that the CBDW inflow at
the Intra Basin is intermittent, and that it can change on time
scales of 6 months or less. The CBDW subsequently flows
south, likely as a series of eddies along the Lomonosov Ridge
and the Greenland continental slope. However, we find that
the deeper parts of the boundary flow turn around somewhere
north of the Fram Strait and instead recirculate in the
Amundsen Basin along the Gakkel Ridge. The recirculating
branch of CBDW is found as far as 1108E, albeit with a much
lower CBDW content of around 80 g kg21 (Fig. 8a) compared
to at 608E, where values of 300 g kg21 are found (Figs. 5a–d),
suggesting considerable mixing along the way. While CBDW
is both warmer and saltier than EBDW, it is unclear to what

extent the recirculating branch influences the water mass
properties in the Amundsen Basin.

The forcing mechanisms for deep flows across the Lomono-
sov Ridge remain unclear as we are limited to a few quasi-
synoptic CTD transects across several years, but we appear
able to rule out some previously suggested mechanisms. We
show that the density difference is likely too small to produce
any overflow, although we cannot completely rule out the
possibility of intermittent overflows due to the sparsity and
low temporal resolution of the data. Furthermore, we also
find that the dynamic height was larger in the Makarov Basin
for all transects, which would then not favor a flow of CBDW
into the Amundsen Basin. This suggests that the pressure gra-
dient across the Lomonosov Ridge is also not a leading driver
for cross-sill advection. Continuous observations, such as
from full-depth moorings, would be needed to fully determine
the dynamics of the inflow, ideally coupled with tracer meas-
urements to investigate its timing.

We observe three deep eddies of CBDW origin in our
data, with a maximum CBDW content of 600 g kg21 and
spanning up to 1200 m in vertical extent. We also observe
that the isopycnals are displaced by up to 200 m above and
below the eddy. This is indicative of an anticyclonic rota-
tion, similar to observations of deep eddies in the Canada
Basin (e.g., Carpenter and Timmermans 2012). The high
CBDW content found in the eddies means that they have
likely formed where the Lomonosov Ridge meets the Sibe-
rian shelf or the Intra Basin, or downstream of it toward
Greenland, where similarly high CBDW content has been
observed. It is possible that these eddies contribute signifi-
cantly to the lateral salt and heat flux toward the deep inte-
rior, a hypothesis that cannot be verified without routine
monitoring of the deep ocean.
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soest.hawaii.edu/pwessel/gshhg/. The contact for the model

simulation data is Vasco Müller (vasco.mueller@awi.de), and
the data are available on demand.

APPENDIX A

Observational Data

Saline intrusions highlight the inflow of CBDW at Lomono-
sov Ridge and the recirculation along Gakkel Ridge (Fig. A1).
Additionally, profiles of dissolved oxygen show the pres-
ence of a large eddy in the Amundsen Basin (Fig. A2) and
indicate the presence of CBDW in the eastern Amundsen
Basin (Fig. A3). Additional profiles of dissolved oxygen
show two eddies in the eastern Amundsen Basin, one com-
posed of CBDW and the other from the continental slope
at the Laptev Sea (Fig. A4).

FIG. A1. Representative data of the spatial variability of CBDW from Polarstern cruise PS94, conducted in 2015.
(a) Small dots show individual measurements in a Q–SA diagram for the central Nansen Basin (blue), Nansen Basin
side of Gakkel Ridge (red), Amundsen Basin side of Gakkel Ridge (yellow), central Amundsen Basin (purple), and
Amundsen Basin side of Lomonosov Ridge (green). Black diagonal lines show the isopycnals, referenced to
2000 dbar. Note the weak CBDW properties on the Nansen Basin side of Gakkel Ridge (red dots), as well as the high
degree of interleaving in the central Amundsen Basin (purple dots). (b) Stereographic projection showing the
bathymetry of the Arctic Ocean (blue–white color scale). The locations of the hydrographic data shown in (a) are
denoted by the colored dots.
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FIG. A3. Exemplary profiles of dissolved oxygen in the eastern Amundsen Basin during Polarstern cruise PS94 in
2015. (a) Dots show individual measurements in vertical profiles for Gakkel Ridge (blue and red) and for the interior
Amundsen Basin (yellow). Note the oxygen minimum in the profiles close to Gakkel Ridge (blue and red) at approxi-
mately an 1800-m depth, confirming the presence of CBDW. (b) Stereographic projection showing the bathymetry of
the Arctic Ocean (blue–white color scale). The locations of the hydrographic data shown in (a) are denoted by the
colored dots.

FIG. A2. Exemplary profiles of dissolved oxygen during the MOSAiC drift in 2019/20. (a) Dots show individual
measurements in a vertical profile for an eddy in the eastern Amundsen Basin containing high amounts of CBDW
(blue; encircled in Fig. 7), for the central Amundsen Basin (red), and for the western Amundsen Basin (yellow). Note
the oxygen minimum in all profiles at approximately an 1800-m depth, confirming the presence of CBDW. (b) Stereo-
graphic projection showing the bathymetry of the Arctic Ocean (blue–white color scale). The locations of the hydro-
graphic data shown in (a) are denoted by the colored dots.
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APPENDIX B

Model Simulation

The model simulation was carried out with the unstruc-
tured grid Finite-Volume Sea Ice–Ocean Model, version 2
(Fig. B1; FESOM2; Danilov et al. 2017), allowing the use of
variable resolution without the need for nesting. The high-
resolution setup of the model was first introduced by Wang
et al. (2020), with a horizontal resolution of 1 km in the Arctic,
allowing for a realistic representation of the eddy field, and
30 km in the global ocean. In the vertical, 70 z levels are

used. The model was initialized from PHC3 climatology
(Steele et al. 2001), starting from the year 2010 and was run
for 10 years using atmospheric forcing from the Japanese
55-year Reanalysis (JRA-55) v.1.4 (Tsujino et al. 2018).

Eddies in the model were detected using the vector-
geometry-based algorithm by Nencioli et al. (2010). The al-
gorithm has been used successfully to detect eddies from
the velocity field of both observational and model data
(e.g., Liu et al. 2012; Müller et al. 2017, 2019; Wekerle et al.
2020). Since the algorithm requires data on a regular mesh,
the model output was first rotated toward the equator (to
avoid the singularity of the North Pole) and then interpo-
lated from the original unstructured grid to a regular mesh.
While this specific algorithm is computationally more ex-
pensive than those algorithms based on closed contours of
sea level anomalies (e.g., Chelton et al. 2011; Mason et al.
2014), it allows for the detection of eddies on any depth
level, which is crucial for the present study of the deep
Amundsen Basin. Eddy centers are detected based on four
constraints:

1) The u component has to reverse in sign along an east–
west section across the eddy center, and the magnitude of
u has to increase away from it.

2) The y component has to reverse in sign along a north–
south section across the eddy center, and the magnitude
of y has to increase away from it; (the sense of rotation
has to match y).

FIG. A4. Comparison of the hydrographic properties from Polarstern cruise PS80, conducted in 2012. Blue dots show a profile from
Gakkel Ridge (encircled in Fig. 8b), and red dots show a profile from the continental slope of the Laptev Sea, in (a) a Q–SA diagram and
(b) a vertical profile of dissolved oxygen. (c) Stereographic projection showing the bathymetry of the Arctic Ocean (blue-white color
scale). The locations of the hydrographic data shown in (a) and (b) are denoted by the colored dots. The dark blue circles in (a) and
(b) show the locations of two eddies observed at Gakkel Ridge (blue dots). Note that while the lower eddy shows clear CBDW properties
with its oxygen minimum, the upper eddy instead closely resembles properties at the continental slope of the Laptev Sea.

FIG. B1. Number of eddies generated in the model simulation
per year and 100 km2 (blue–yellow color scale). Isobaths are indi-
cated every 1000 m by the black lines.
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3) The potential eddy center has to be a local minimum of
velocity magnitude.

4) The sign of vorticity cannot change around the eddy
center.

The outer boundary of a detected eddy is then defined as
the largest closed contour of the local streamfunction around
the eddy center, and the eddy radius is defined as the radius
of a circle with the same area as the one enclosed by the
outer boundary. After the eddies are detected, eddy tracks
are computed by comparing eddy centers in consecutive time
steps and matching eddies with the same sense of rotation to
determine the eddy trajectories all the way to their source
region.
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