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Abstract The Greenland Sea intermediate waters transported via the Jan Mayen Channel (JMCh)
are a significant source for the Iceland-Scotland Overflow Water. Based on hydrographic data collected

by a Norway-China survey in 2015 and Argo floats, we classify the water masses of the Greenland Sea
outflow and then reveal their distributions in the Norwegian Sea. The Atlantic-origin water produced

by density increase during winter in the northern Greenland Sea was an important component of the
intermediate waters exported to the Norwegian Sea, accounting for about 30% of the total volume in 2015.
The hydrographic data revealed that the major passage of outflow from the Greenland Sea was located

in the southern Mohn Ridge in 2015, rather than in the JMCh, as generally recognized. The transport

of intermediate waters from the Greenland Sea via the southern Mohn Ridge in the summer of 2015 is
estimated to be about 0.8-1.7 Sv. This transport pattern provides a perspective that there exists a multi-
passage system of outflow in the JMCh and Mohn Ridge, promoting a stable supply of intermediate waters
to the Norwegian Sea.

Plain Language Summary The Arctic Intermediate Water produced by open-ocean
convection in the Greenland Sea Gyre is known as a major source of the deepest overflow across the
Iceland-Scotland Ridge. We reveal that the Atlantic-origin water densified in the northern Greenland
Sea was another important source of overflow, which was associated with the increasing component of
the Atlantic Water in the Greenland Sea. These different sources of overflow waters in the Greenland Sea
indicate an underestimate of water production if only the Greenland Sea Gyre is considered. Our study
also indicates that the Mohn Ridge can have an equivalent contribution as the Jan Mayen Channel in
terms of feeding the Iceland-Scotland Overflow Water.

1. Introduction

The Nordic Seas include the Greenland Sea, Iceland Sea, and Norwegian Sea, with a total area of approx-
imately 2.5 x 10° km”. The principal basin-wide boundary circulation in the Nordic Seas is cyclonic, with
the Norwegian Atlantic Current on the east and the East Greenland Current on the west (Hansen & @s-
terhus, 2000; Rossby et al., 2009; Swift & Aagaard, 1981; Voet et al., 2010). The Jan Mayen Ridge, the Jan
Mayen Fracture Zone, and the Mohn Ridge divide the Nordic Seas into four unique basins: the Greenland
Basin, the Lofoten Basin, the Norwegian Basin, and the Iceland Plateau (Figure 1).

One important role of the Nordic Seas in the climate system is to provide overflows that maintain the lower
limb of the Atlantic Meridional Overturning Circulation (Chafik & Rossby, 2019; Garcia-Ibafiez et al., 2018;
Hansen & @sterhus, 2000; Vége et al., 2015). Observations show that both the Denmark Strait Overflow
Water (DSOW) and Iceland-Scotland Overflow Water (ISOW) have the same densities of 27.8-28.06 kg/m’
(Hansen & @sterhus, 2000; Ko6hl, 2010). The DSOW is thought to be mainly supplied by the East Green-
land Current, which carries the Arctic-origin and Atlantic-origin waters to the Denmark Strait (Harden
et al., 2016; Mastropole et al., 2017; Rudels et al., 2002). However, some studies argued that the North Ice-
landic Jet can make an equal contribution to the DSOW (Pickart et al., 2017; Vage et al., 2011, 2015). A new
study indicated that the densest portion of the DSOW largely originates in the Greenland Sea Gyre (Huang
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Figure 1. (a) Schematic diagram of the circulation in the Nordic Seas (based on Hawker [2005]). (b) Black dots are the CTD stations sampled during the joint
Norway-China cruise. Black lines mark sections G-J, G-L, J-1, J-2, and J-3, respectively. ASW, Arctic Surface Water; CTD, conductivity, temperature, and depth;
DSOW, Denmark Strait Overflow Water; EGC, East Greenland Current; FBC, Faroe Bank Channel; GSAIW, Greenland Sea Arctic Intermediate Water; ISOW,
Iceland-Scotland Overflow Water; JMC, Jan Mayen Current; JMCh, Jan Mayen Channel; JMFZ, Jan Mayen Fracture Zone; MAW, Modified Atlantic Water;
MNAW, Modified Norwegian Sea Atlantic Water; NSAIW, Norwegian Sea Arctic Intermediate Water; NWAC, Norwegian Atlantic Current; PW, Polar Water;

WSC, West Spitsbergen Current.

et al., 2020). As for the ISOW in the Faroe Bank Channel (FBC), the lower portion with densities of 28.00-
28.07 kg/m’ is mainly supplied by the Norwegian Sea Arctic Intermediate Water (NSAIW) and Norwegian
Sea Deep Water (Harden et al., 2016), which are mainly from the Greenland Sea (Eldevik et al., 2009; Huang
et al., 2020; Shao et al., 2019). The upper portion with densities of 27.8-28.0 kg/m” is mainly supplied by
the Norwegian Atlantic Water (MNAW) from the Norwegian Sea and by the East Icelandic Water from the
Iceland Sea (Eldevik et al., 2009; Hansen & @sterhus, 2000; Mckenna and Berx, 2016). The upper boundary
of the Norwegian Sea Deep Water has become deeper than 1,400 m in the Norwegian Sea since the early
1990s (Latarius & Quadfasel, 2016; Turrell et al., 1999), which is associated with the cessation of deep con-
vection in the Greenland Sea (Budéus et al., 1998; Lauvset et al., 2018; Moore et al., 2015). The 28.06 kg/m3
isopycnal to the north of the FBC also deepens to a depth close to 1,000 m (Semper et al., 2020), which is
much deeper than the sill depth of 850 m in the FBC. The vertical change of water mass distribution means
that currently waters denser than 28.06 kg/m’ in the southern Norwegian Basin can only make a minor
contribution to the ISOW (Turrell et al., 1999), even counting the upward diapycnal mixing associated with
the mixing-driven secondary boundary circulation (Somavilla, 2019; Visbeck & Rhein, 2000). Thus, the
Greenland Sea intermediate waters of most concern are those with densities of 27.97-28.06 kg/m3, which
play a major role in feeding the ISOW.

For the Greenland Sea intermediate waters (27.97-28.06 kg/m®), the dominant water mass is Greenland
Sea Arctic Intermediate Water (GSAIW), which is the main product of open-ocean convection (Jeansson
et al., 2008; Karstensen et al., 2005; Schott et al., 1993). The seasonal production of the GSAIW in the Green-
land Sea Gyre has exceeded 1.0 Sv (1 Sv = 10° m*/s) on average (Brakstad et al., 2019). Considering that the
mean winter mixed layer depth beyond the gyre is about half of that within the gyre, the overall production
of newly ventilated intermediate waters in the Greenland Sea is probably larger than 1.5 Sv. Generally,
the GSAIW supplies the overflow via two pathways (Figure 1): one along the eastern continental slope of
Greenland to feed the DSOW, and the other via the Jan Mayen Channel (JMCh) and then along the interior
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circulation of the Norwegian Sea (Eldevik et al., 2009; Olsson et al., 2005). Transport of the GSAIW via the
Denmark Strait is estimated to be as large as 0.5 Sv based on long-term observations (de Steur et al., 2014;
Mastropole et al., 2017; Vage et al., 2013). This means the other pathway should provide a volume transport
larger than 1.0 Sv. However, the observed outflow via the JMCh was unstable and even reversed at times
(@sterhus & Gammelsroad, 1999). Thus, there must exist other passages to compensate for the intermittent
shut-off in the JMCh. A complex multi-passage outflow system, which consists of the JMCh and numerous
gaps in the mid-ocean ridge, is suggested by chemical tracer data (Olsson et al., 2005). However, the topog-
raphy around Jan Mayen is fairly rugged. Topography-enhanced turbulent mixing causes strong modifica-
tion of water masses, and induces large uncertainties about the outflow structure. So far, detail on water
mass transport from the Greenland Sea through the Jan Mayen-Mohn Ridge is still lacking.

In addition to the GSAIW, the Atlantic Water (AW) can also become denser than 27.97 kg/m® due to cool-
ing around the Fram Strait (Hattermann et al., 2016; Marnela et al., 2016; Schlichtholz & Houssais, 1999).
Although the volume flux of the AW into the Nordic Seas remains stable in the past decades (@sterhus
et al., 2019), the northward transports of heat and salt have increased significantly (Lauvset et al., 2018;
Merchel & Walczowski, 2020; Mork et al., 2014), indicating a greater influence of the AW on water properties
in the Nordic Seas. It has been well studied that the Atlantic-origin water (including the AW and its modifi-
cations) plays an important role in supplying the overflow via the Denmark Strait (de Steur et al., 2014; H&-
vik et al., 2017; Mastropole et al., 2017). Also, part of the Atlantic-origin water is carried by the Jan Mayen
Current to the southern Greenland Sea (Bourke et al., 1992). However, the pathways of the Atlantic-origin
water being exported to the Norwegian Sea are still unclear, not to mention its influences on the overflows.

In the summer of 2015, a high-resolution (~30 km spacing) survey using an array consisting of 120 stations
was conducted in the central Nordic Seas. This high-resolution array consisting of nine zonal sections was
designed to present a detailed outflow structure from the Greenland Sea. It provides a great opportunity
to investigate water transport around Jan Mayen. Using these hydrographic data, we seek a comprehen-
sive understanding of water transport from the Greenland Sea into the Norwegian Sea. We investigated (1)
composition of water masses in the intermediate layer of the Greenland Sea, (2) accumulation of exported
Greenland Sea intermediate waters in the Norwegian Sea, and (3) detail of water transports via the JMCh
and across the Mohn Ridge.

2. Data and Methods
2.1. Hydrographical Data

A joint Norway-China oceanographic cruise was conducted in June 2015, sampling 120 stations in the
central Nordic Seas (Figure 1b). Hydrographic casts were collected by a Sea-bird 25 plus conductivity, tem-
perature, and depth (CTD) sensor on the Norwegian vessel R/V Stalbas. The sensor was calibrated at the
Sea-bird facilities in Seattle before and after the cruise. The CTD casts were processed according to the Sea-
bird processing procedures with temperature and salinity accuracies of 0.001°C and 0.003°C, respectively.

Section G-L, which extended from the Lofoten Basin to the Greenland Basin, was visited two times over
a 14-day interval on June 2 and June 16. Section G-J started from the Greenland Sea Gyre on June 4 and
ended at the western Jan Mayen Ridge 1 day later. Three short sections, which are located at the upstream,
midstream, and downstream of the JMCh, respectively (J1, J2, and J3 shown in Figure 1b), were observed
during June 5-6. From June 8 to 16, a hydrographic array was conducted within the fractured zone east of
the JMCh. A mooring array equipped with four Aanderaa current meters was deployed at depths of 250,
600, 1,000, and 1,450 m at the Mohn Ridge (0.0°W, 72.5°N; Station M04). All the current meters operated
from June 5 to 19, with a configuration of 5-min sampling interval. The manufacturer estimates for the
Doppler Current Sensor accuracies are +£0.15 cm/s for current speed, +5° for current direction, and +3°
for magnetic compass. The current direction was corrected according to the magnetic declination provided
by the National Centers of Environmental Information, NOAA (https://www.ngdc.noaa.gov/geomag/mag-
field.shtml).
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Table 1
Water Mass Classification in the Central Nordic Seas

Water mass boundary

Water mass Acronym 6(°C) S o (kg/m?) Characteristics in 6-S diagram

Polar Water PW 6<0 S < 34.40 09 < 27.7 Arctic origin, including the polar mixed layer and
halocline.

Modified Norwegian MNAW 1<6<12 34.80 < S < 35.15 27.40 < 05 < 27.97 Maximum in both temperature and salinity.

Atlantic Water

Arctic Surface Water ASW 0<6<2 34.70 < S < 34.90 09 < 27.97 Distributed in summer surface mixed layer, highly
affected by solar radiation and freshwater input.
Obvious seasonal variations in temperature,
salinity, and density.

Modified Atlantic Water MAW 0<6<1 S <34.92 0p>27.97,0<28.02 Scattered along the mixing line of the Atlantic Water
and PW or winter water with near-freezing
temperature. Slope in the 6-S diagram is positive.

dense Atlantic Water dAW 0<6<2 S > 34.92 0p > 28.02, 05 < 28.05 Denser than the MAW at the same salinity level.
Slope in the 6-S diagram is positive.

Greenland Sea Arctic GSAIW -1<6 <0 34.80 < S < 34.92 27.97 < 0, Upper S and 6 decreasing with depth, while lower

Intermediate Water 0 < 28.06 S and 6 increasing with depth. It is typically
¢ o identified as a cold, low-salinity layer above the
J05 < 30.44 Arctic Ocean deep water in the Greenland Sea.
Norwegian Sea Arctic NSAIW —0.5<6<0.5 3487<S<3491 27.97<0, 0p5<30.44 A salinity minimum layer under the MNAW in the

Intermediate Water

Norwegian Sea.

2.2. Water Mass in 0-S Diagram

In the upper layer, the Polar Water (PW) from the Arctic Ocean is generally trapped on the eastern shelf
of Greenland, and the Arctic Surface Water (ASW) dominates in the Greenland Basin (Bourke et al., 1987;
Hawker, 2005; Rudels et al., 2002). Along the Mohn Ridge, the ASW meets the MNAW, which is the domi-
nant water mass in the upper layer of the Norwegian Sea (Orvik & Niiler, 2002), and forms the Arctic Front.
The property of the MNAW has large ranges in both temperature and salinity due to different modification
processes (Kostianoy & Nihoul, 2009; Latarius & Quadfasel, 2016; Richards & Straneo, 2015). Detailed salin-
ity and temperature ranges of each water mass and its brief description are given in Table 1.

The GSAIW produced by open-ocean convection is the densest intermediate water in the Nordic Seas
(Langehaug & Falck, 2012; Marnela et al., 2016); thus, it shapes the basic pattern of density dome in the
region (Aagaard et al., 1985). The Atlantic-origin water recirculating southward from the vicinity of the
Fram Strait is another important intermediate water in the Nordic Seas (Hattermann et al., 2016; Rudels
et al, 2005, 2008). It can be further divided into two subtypes, the Modified Atlantic Water (MAW) and
dense Atlantic Water (dAW) (Marnela et al., 2008, 2013): The MAW is a mixture of the AW with relatively
fresh and cold waters, such as the PW and GSAIW (Boyd & D'Asaro, 1994; Hattermann et al., 2016; Schlich-
tholz & Houssais, 2002), while the dAW is a production of surface cooling and densification of the MNAW
along its way to the Fram Strait in winter (Marnela et al., 2008, 2013), which is similar to the formation of
the GSAIW. The dAW is also called “colder Atlantic Water” (Schlichtholz & Houssais, 1999). The property
differences between the MAW and dAW, which are related to different formation processes, shown in 6-S
diagram (Figures 2e and 2f). Figure 2f shows that the MAW distributes along the mixing line of the MNAW
and GSAIW, while the dAW is a bit denser and distributes between 28.02 and 28.04 kg/m? isopycnals with
maximum in both temperature and salinity.

A relatively low-salinity structure also exists in the intermediate layer of the Norwegian Sea, where the
water mass is called the NSAIW. Unlike the GSAIW, the NSAIW is a mixture of intermediate waters that
originated in the Greenland Sea and Iceland Sea (Blindheim & Rey, 2004; Eldevik et al., 2009; Jeansson
et al., 2017). The NSAIW is recognized as a major contributor to the ISOW with a 40%-60% composition
(Bringedal et al., 2018; Fogelgvist et al., 2003; McKenna et al., 2016; Turrell et al., 1999).
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Figure 2. Profiles of (a) potential temperature and (b) salinity when open-ocean convection reached the deepest from February to April 2015. (c) The locations
of corresponding Argo floats are shown in matching colors. (d) 6-S diagram of the mixed-layer waters during the period from February to April 2015. (e) 6-S
diagram of the CTD profiles collected by the joint Norway-China cruise. Shading represents the number of scatters in each area unit. (f) Detailed illustration
of water masses in 6-S diagram. The salinity minimum layer at a depth deeper than 1,500 m in (b and d) is indicated by a red circle. CTD, conductivity,

temperature, and depth.

2.3. Argo Data and Winter Water Mass Property

The hydrographic profiles captured by Argo floats from February to June 2015 are used to obtain the proper-
ties of winter mixed-layer water after open-ocean convection in the Greenland Sea (71°N-77°N). The Argo
data downloaded from the archives of the International Argo Program had been calibrated before being
released (Good et al., 2013). Considering the small salinity differences inside the central gyre, we used a data
quality control by comparing the Argo data with the hydrographic data during the same period to exclude
slight salinity drift. The layer chosen to make this comparison was the salinity minimum at the depth deeper
than 1,500 m (shown in Figures 2b and 2d). The structure of salinity minimum in this layer makes the water
mass there easy to be accurately identified. Moreover, the salinity of deep water is more stable than that of
shallow water. When the salinity difference between the Argo sampling and neighboring CTD sampling was
less than 0.01, the Argo float itself was considered to be of good quality. Eventually, 9 floats were selected
from all 11 Argo floats in spring 2015. In Figure 2, we only show the profiles of each float when the mixed
layer reached its maximum depth. Thus, the properties of winter mixed layer water in Figure 2d approxi-
mately represent the densest state that the newly produced GSAIW could achieve in 2015.

Continued warming and salinification of the Greenland Sea in recent years have been noted by many re-
searchers (Jeansson et al., 2017; Karstensen et al., 2005; Lauvset et al., 2018; Wang et al., 2015). These
changes are mainly due to the increasing input of heat and salt by the northward AW (Holliday et al., 2008;
Yashayaev & Seidov, 2015). Also, the density of the GSAIW inside the Greenland Sea Gyre has been de-
creasing since the 1990s due to the warming during winter that weakens the capacity of water densification
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(Brakstad et al., 2019; Moore et al., 2015). This indicates that the criterion of g, 5 = 30.44 kg/m3 (referenced
to 500 dbar), which was adopted about 20 years ago to distinguish the GSIAW (Rudels et al., 2002), may
bring inaccuracy if recently collected data are used. For instance, part of the deep water would now be
included in the newly produced GSIAW if we use the previous criterion (gys = 30.44 kg/m3) (Figure 2d).
Thus, according to the maximum density of the GSAIW in 2015 (yellow, blue, black, and bright blue dots),
a new criterion of o, = 37.40 kg/m® (referenced to 2,000 dbar) is adopted in this study to identify the lower
boundary of the newly produced GSAIW. Obviously, the deviation of the GSAIW from o, = 37.40 kg/m” is
significantly smaller than that from oo s = 30.44 kg/m®. Note that the new criterion may not be applicable
for situations in other years.

In the southern Greenland Sea close to Jan Mayen, water in the mixed layer was much lighter and fresher,
with a density less than 28.02 kg/m?® and salinity lower than 34.8 (pink contour in Figure 2) than the water
further north. Considering that this relatively fresh water belonged to the intermediate layer and was also
produced by open-ocean convection, it should be classified as a subtype of the GSAIW. We call it fresh
GSAIW (S < 34.85, 05: 27.97-28.02 kg/m®) to differentiate it from the GSAIW (op: 28.02-28.06 kg/m”) origi-
nated in the central gyre. Once exported to the Norwegian Sea, these two subtypes of GSAIWs with different
density ranges would penetrate into different depths, both feeding the overflows.

Moreover, in the northern Greenland Sea close to the West Spitsbergen Current, the dominant water in the
winter mixed layer was the dAW, with a thickness of nearly 500 m (dark red, red, and orange dots). The
density of the dAW (8 > 0°C, S > 34.93) was less than that of the GSAIW within the gyre, but it was denser
than the fresh GSAIW in the southern basin.

3. Transport and Accumulation of Greenland Sea Intermediate Waters in the
Norwegian Sea

3.1. Distribution of Intermediate Waters Across the Greenland Sea in 2015

Although the layer within the Greenland Sea Gyre from the surface to 350 m was fully occupied by the
GSAIW after winter open-ocean convection (Figure 2), observations in the subsequent summer revealed
that the GSAIW in the upper layer (<350 m) had been completely replaced by less dense waters such
as the ASW and MAW (Figure 3). However, the lower boundary of the GSAIW, that is, the isocline of
020 = 37.40 kg/m’, was still maintained at a depth of about 900-1,000 m, which was the same as that in the
previous winter. This indicates that the reduction of the GSAIW was due to self-export from the central gyre
rather than sinking to a deeper depth.

Beyond the gyre, the intermediate waters arriving at the southern Greenland Sea (south of 73.5°N), includ-
ing the fresh GSAIW, dAW, and GSAIW. The fresh GSAIW existed only in the subsurface layer between
50- and 200-m depths, which was the maximum depth reached in 2015 by the regional shallow convection
in the southern Greenland Sea. The dAW was found in a layer between 250- and 600-m depths, causing
both a temperature maximum and a salinity maximum in the vertical direction (Figures 3b and 3d). The
ring-like distribution of the dAW along the boundary indicates that it was transported into the southern
Greenland Sea by the cyclonic boundary current system consisting of the East Greenland Current and Jan
Mayen Current. The dAW had a larger distribution within the boundary current about 150 km wide and
300 m thick. According to the mean area percentages of different water masses in G-J and G-L, which could
be obtained using their property ranges in Table 1, the dAW accounted for about 30% of the total volume
of the Greenland Sea intermediate layer. Although we have only 1-year measurements, our data suggest
that, at least in 2015, the dAW was an important component of the Greenland Sea intermediate waters. In
a deeper layer of depths 600-900 m, the lower portion of the GSAIW (o5 > 28.05 kg/m’, 0, < 37.40 kg/m?®)
was also observed from the central gyre to the Greenland Sea boundary near the Mohn Ridge (Figure 3). It
even formed a high-salinity core at 1,000-1,200 m in the western boundary of the Norwegian Sea (~72°N in
section G-L, Figure 3d), suggesting an export from the Greenland Sea. Details of this transport process are
presented in Sections 3.2 and 3.3.
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020 = 37.40 kg/m®.

3.2. Distributions of the Greenland Sea Intermediate Waters in the Norwegian Sea

Here, for each exported intermediate water, we use its median density as a targeted tracer interface to track
its distribution in the Norwegian Sea. For the fresh GSAIW, its median density was about 27.99 kg/m’ (Fig-
ure 2f). After being exported, the fresh GSAIW was gradually modified by mixing with the warm and saline
MNAW, leading to a relatively fresh and cold mixed water (0 < 8 < 1°C, S < 34.93) along the eastern Jan
Mayen Fracture Zone and Jan Mayen Ridge (Figures 4a-4c). The distribution of this mixed water was no
deeper than 350 m in the Norwegian Sea, contributing only to the shallow part of the ISOW.

For the dAW, the median density of its high-salinity core (S > 34.92) was about 28.035 kg/m® (Figure 2f).
Figures 4d and 4e show the exported dAW with two branches as a warm and high-salinity tongue extending
along the cyclonic intermediate circulation in the Norwegian Basin and Lofoten Basin. In the northern Nor-
wegian Basin (69.5°N-71°N), the dAW occupied a layer at 300-650 m, close to the Jan Mayen Ridge with its
southward branch acting as a source of heat and salt for the ISOW downstream. At the same time, the other
branch of the dAW in the Lofoten Basin distributed in a layer deeper than 1,000 m (Figure 4f), which was
too deep to directly take part in the overflows.

For the GSAIW, 0, = 37.385 kg/m® was chosen as the targeted interface to trace its distribution. Figures 4g—
4i show that the exported GSAIW was located at 700-850 m, taking part in forming the deepest part of the
ISOW. The GSAIW also became a source of heat and salt in the intermediate layer of the Norwegian Sea, as
the dAW did. It seems that the “Atlantification” argued by Polyakov et al. (2017) not only took place in the
Arctic Ocean, but also occurred in the Nordic Seas. Evidently, the Greenland Sea is the place where the heat
and salt start to transfer from the surface into the deep ocean before being transported southward, implying
its important role in the global heat budget.
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3.3. Transport of Intermediate Waters Across the Mohn Ridge

The mooring deployed on the northwest side of the Mohn Ridge in section G-L (0.0°W, 72.5°N) recorded a
mean speed of 8.1 cm/s toward the Mohn Ridge at a depth of 250 m (Figure 5). Comparison of the first and
repeated measurements (Figures 6a-6d) along section G-L shows that the fresh GSAIW was transported
about 100 km eastward to the Mohn Ridge over a 14-day period. The mean speed estimated from these two
measurements was about 7.8 cm/s, similar to the mooring records. The transport of the fresh GSAIW across
the Mohn Ridge was in the manner of subduction, approximately along the isopycnals of 27.97-28.02 kg/
m’® (Figures 6a-6d). The fresh GSAIW was gradually modified into the MAW by mixing with the MNAW
within the Arctic Front when being subducted into the Norwegian Sea, which could be inferred from the
properties of several microscale low-salinity cells (i.e., the core of the fresh GSAIW) along the mixing line in
6-S diagram (Figure 2f). After being exported, the fresh GSAIW occupied the layer between 300- and 500-m
depths at the western boundary of the Norwegian Sea in the form of the MAW. Note that the MAW in the
Norwegian Sea is formed by the regional mixing of the fresh GSAIW and MANW, which is different from
that originated along the western Greenland Sea. Having a high proportion of the fresh GSAIW, the MAW
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was relatively colder and fresher than the MNAW in the Norwegian Sea, resulting in the observed decreases
in temperature and salinity (Figures 6e and 6f).

The dAW (28.02-28.05 kg/m”®) in depths of 250-550 m beneath the fresh GSAIW was also observed to be
transported eastward. The mooring recorded a mean speed of about 1.9 cm/s at a depth of 600 m. Consid-
ering the baroclinicity of flow close to the ocean front, the actual mean speed of the dAW exported from the
Greenland Sea was probably between 1.9 and 8.1 cm/s. The dAW transport from the Greenland Sea brought
extra heat and salt to the Norwegian Sea. The net eastward transport of the GSAIW in the lower intermedi-
ate layer was relatively weak, being only 0.6 cm/s.

Although the Greenland Sea intermediate waters were observed to be transported across the Mohn Ridge,
the exact mechanism determining the export is not yet clear. Uncertainties mainly exist in two aspects.
First, the export might be a synoptic process related to wind-induced adjustment to cyclonic activities.
However, our mooring measurements are not long enough to record the velocity changes under plenty of
cyclones. Second, the Mohn Ridge is much longer than what we covered during the survey. At present, we
have no way to evaluate the whole volume transport of the outflows, nor can we calculate the corresponding
heat or salt transport.

3.4. Water Mass Transport in the Jan May Channel

Of the three sections in the JMCh (J-1, J-2, and J-3 in Figure 7a), both J-1 and J-2 showed similar hydro-
graphic structures as those in section G-J (Figure 3). This consistency indicates that the Greenland Sea
intermediate waters indeed entered the JMCh. However, J-3, which was located at the eastern end of the
channel, apparently showed different distributions of water masses. The fresh GSAIW (6 < 0°C) in the
subsurface layer tended to absent at J-3. In the meanwhile, the dAW (6 > 0 °C, S > 34.92) was significantly
diminished; only a lower portion remained (can only be identified by the isohaline of 34.92 deeper than
500 m). Considering the sill depths at the south side of the IMCh between J-2 and J-3 are only 250-500 m,
it was impossible for the dAW to be completely exported from the channel by crossing the sill southward
before arriving at J-3. Moreover, the fresh GSAIW and dAW had already existed in the vicinity of the JMCh
during winter (see the pink contour in Figure 2), indicating that seasonal variation also could not explain
the observed hydrographic difference among J-1, J-2, and J-3. Geostrophic velocity (zonal component) cal-
culated with a reference level of 1,500 m gives a diagnostic perspective to infer the cause. At J-3, an east-to-
west flow occurred, intruding into the JMCh along its northern boundary (Figure 7j). In the meantime, a
narrow west-to-east flow occurred at J-2 in the southern boundary close to the sill of the Jan Mayen Fracture
Zone. However, it seems that the eastward outflow could not originate in the Greenland Sea due to the fact
that the outflow at J-1, which was upstream of J-2, was not only weaker but also shallower (Figure 7h).
This jet-like narrow flow at J-2 was probably related to the westward water intrusion from J-3 to J-2, which
forced waters inside the channel to come out. Thus, the weak and shallow outflow at J-1 suggests that water
exchange between the Greenland Sea and Norwegian Sea via the JMCh was significantly weakened at least
during the period of the cruise. Due to the lack of long-term current monitoring in the JMCh, we cannot
reveal the duration or frequency of the blocking, nor can we identify the mechanism causing the weakening
of water exchange. To gain deeper understanding, more observations are needed.

The Mohn Ridge has numerous steep ridges and gaps. At its southern end (5°W, 71.3°N; Figure 8a), close
to the JMCh, there exists a huge gap about 50-km wide and 2,000-m deep. We call this gap the Mohn Ridge
Channel (MRCh).

As shown in Figures 8b and 8c, a massive amount of the Greenland Sea intermediate waters was being
exported through the MRCh. Both the fresh GSATW and dAW in the MRCh kept their original properties in
the Greenland Sea well. For instance, the dAW in section G-J (Figure 3c) and in the MRCh (Figure 8c) had
almost the same high-salinity core (S > 34.93). For comparison, only waters with salinities of 34.92-34.93
could be found in the JMCh, indicating the limited distribution of the dAW there. This result suggests that
the outflow via the MRCh was significantly stronger than that in the JMCh. The other evidence to support
this finding comes from the trajectory of an Argo float with a parking depth of 950 m. The float changed
its path from the JMCh toward the MRCh on May 23, 2015, and then passed the MRCh on October 5 (Fig-
ure 8a). Although the parking depth of the float was a bit deeper than the layer where the dAW was, the

WANG ET AL.

10 of 17



At )
NI Journal of Geophysical Research: Oceans 10.1029/2020JC016582

ADVANCING EARTH
AND SPACE SCIENCE

200m

500 m

750 m

1000 m
1250 m
1500 m
1750 m
2000 m
2250 m
2500 m
2750 m
3000 m

71.5°N

71°N

°  Ocean Data View

70.5°N

(b) o

Q

Depth (m)
2 & 8
o o o

©
o
o

1000 -0.5

1200

o

20 40 60

—~
@

-~

o

34.95

N
o
o

34.94

'S
o
o

34.93

34.92

Depth (m)
(2]
8

34.91

34.90

(=] o e g
o o (3,

34.89

400

E
S 600
Q.
Q
o

800 1
1000 2
i
1200 . - 3
0 20 40 60 0 20 40 60 0 20 40 60
Section distance (km) Section distance (km) Section distance (km)

Figure 7. (a) Locations of sections J-1, J-2, and J-3 in the JMCh. Potential temperature distributions are shown in (b)
J-1, (c) J-2, and (d) J-3; and salinity distributions in (e) J-1, (f) J-2, and (g) J-3. Geostrophic flow structures are shown in
(h) J-1, (i) J-2, and (j) J-3. Three white contours represent isopycnals of 27.97, 28.02, and 28.05 kg/m?, respectively; and
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change of its trajectory still indicates that the MRCh was a major passage of intermediate outflow from the
Greenland Sea. In addition, the straight drift of the float toward the MRCh suggests that the outflow via the
MRCh probably lasted longer than 3 months.

4. Discussion

The MRCh and JMCh are nearly the same in terms of width and depth. It seems that the MRCh acts as a
major passage of the outflow from the Greenland Sea in the case when the JMCh is temporarily blocked. A
mean speed of about 2.0 cm/s in the MRCh was estimated based on the drift of the Argo float, which was
a bit faster than the mooring recorded 0.6 cm/s at a depth of 970 m. This difference was reasonable con-
sidering the wider and deeper topography in the MRCh, which benefits an outflow regionally induced by
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potential vorticity. Thus, the volume transport of the Greenland Sea intermediate waters (27.97-28.06 kg/
m?®) through the MRCh was estimated to be about 0.8 Sv on the assumption of a width of 50 km and a speed
of 2.0 cm/s. Actually, the speed of the upper part of the outflow was probably larger than 2.0 cm/s due to
the baroclinicity observed by the mooring, leading to an actual transport larger than 0.8 Sv. If we take into
account the vertical velocity structure as shown by the mooring records in Figure 5b, the transport in the
MRCh can reach ~1.7 Sv, which is sufficient to explain the huge seasonal output of intermediate waters
within the Greenland Sea.

The estimated volume transport via the MRCh in the summer of 2015 was equivalent to the transport of
about 0.5-1.6 Sv via the JMCh estimated by previous studies (Hawker, 2005; Shao et al., 2019; Swift &
Koltermann, 1988). Thus, we suggest that there should exist a multi-passage system in the Jan Mayen-Mohn
Ridge for the Greenland Sea intermediate waters that are transported into the Norwegian Sea. The newly
identified passage in the MRCh should be viewed as an important part of the multi-passage system to main-
tain a stable supply of overflow waters.

Our observation results reveal that the supply of intermediate waters via the MRCh was even equivalent to
that in the JMCh. However, limited by sparse and discontinuous observations, the mechanism driving the
outflow is still unclear. With the help of a high-resolution coupled ocean model, better understanding with
more detailed information is expected.

The ISOW is basically comprised of two types of waters, the Atlantic Water and Arctic Intermediate Water.
The former is warm (2°C-4°C) and is recognized to be involved in the overflow around the Iceland-Shetland
Ridge. The latter is cold (<0°C) and is recognized to be produced by open-ocean convection in the Iceland
Sea and Greenland Sea. Only the Greenland Sea intermediate waters are dense enough (>28.02 kg/m®) to
feed the lower portion of the ISOW (Huang et al., 2020; Semper et al., 2020). In the past, when deep convec-
tion prevailed in the Greenland Sea, the intermediate waters were even below —1°C (Brakstad et al., 2019).
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Shao et al. (2019) used the term “cold reservoir” for the intermediate waters that originated in the Green-
land Sea and accumulated in the Norwegian Sea. Although the temperature of the exported waters has in-
creased to about —0.7°C-0.4°C (Figures 4a-4g) due to the continuous warming in the Greenland Sea in the
past few decades, they are still much colder than the MNAW (2°C-4°C). It has been known that open-ocean
convection in the Greenland Sea provides the largest geopotential in the Nordic Seas, leading to a dome-
like density structure. The cold reservoir, which is formed by the exported intermediate waters from the
“density dome” in the Greenland Sea, also acts as a high geopotential source in the Norwegian Sea, causing
a geopotential structure of “high in the north, low in the south.” Without the cold reservoir, the intermedi-
ate layer of the Norwegian Basin would be occupied by waters from the Iceland Sea completely, where the
geopotential is lower than that in the Greenland Sea. The cold reservoir piles up in the northern Norwegian
Basin once being exported from numerous passages among the JIMCh and Mohn Ridge. However, its accu-
mulation mechanism is still not clear. We speculate that it might be associated with ocean dynamics in the
southern Norwegian Basin, for example, water exchange with the Iceland Sea, or wind-stress condition over
the southern Nordic Seas. More studies are needed to answer this question.

We present a schematic of the sources and distributions of water masses that made up the cold reservoir
based on the hydrographic data in 2015 (Figure 9). In winter, the geopotential in the Greenland Sea Gyre
increased greatly due to sufficient open-water convection. In the meantime, the Ekman pumping caused by
positive wind stress curl in the Greenland Sea caused a high sea surface height around the boundary, which
balanced the increased geopotential. With the weakening of the wind stress curl in spring and summer, the
GSAIW (op > 28.05 kg/m®) inside the gyre will be exported to the boundary under the forcing of gravity.
After being transported into the Norwegian Sea via the passages in the JMCh and Mohn Ridge, the GSATW
occupied the depth range of 650-850 m along the western boundary of the Norwegian Sea (blue arrows). At
the same time, the dAW, which was produced by the densification of the MNAW in the northern Greenland
Sea, occupied the layer of 300-650 m (yellow arrow). Note that the dAW had been partly modified by mixing
with the GSAIW during its long-distance advection along the boundary of the Greenland Sea. Compared
with the dAW and GSAIW, the fresh GSAIW had a much narrower distribution. Only a small portion can be
traced to the layer between 250 and 350 m.

As the northernmost ice-free deep ocean in the Northern Hemisphere, the hydrographic conditions in the
Greenland Sea are sensitive to high-latitude climate change. Thus, the cold reservoir, which consists of
waters from the Greenland Sea, can be regarded as an intermediate conveyor belt transferring the signals of
climate change to the overflow in terms of water mass transport. Our results reveal heat and salt transports
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from Greenland to the intermediate layer of the Norwegian Sea via the cold reservoir, which had direct
effects on the properties of the ISOW. Then, the heat and salt are further transferred to the deep Atlantic
Ocean via the overflows, as argued by Chen and Tung (2014, 2018) and Hansen et al. (2016).

We also observed a deeper branch of the Greenland Sea intermediate waters in the Lofoten Basin. Voet
et al. (2010) pointed out that the intermediate circulation in the Lofoten Basin was cyclonic and few floats
could drift southward along the Norwegian slope. Thus, this deeper branch seemed to have a long journey
to reach the FBC and feed the ISOW there. In addition, a small portion of the waters in the branch could be
transported northward into the Greenland Sea and Arctic Ocean by joining the West Spitsbergen Current.
However, we could not provide more details of this deeper branch due to the lack of data.

The mean depth of the 28.06 kg/m”® isopycnal in the Norwegian Basin has deepened from about 1,000 m
to about 1,200 m in the past 10 years, whereas the 27.97 kg/m”® isopycnal remains unchanged (Latarius &
Quadfasel, 2016). This changing trend indicates that the supply of intermediate waters (27.97-28.06 kg/
m?) for overflows is still sufficient if we ignore any changes in flow speed. Is it possible that this is partly
related to the increased portion of the dAW in the intermediate layer as a result of “Atlantification” over the
years? And to what extent could the Atlantic-origin water compensate for the density deficit caused by the
continuous warming in the Nordic Seas? To answer these questions, more observations and high-resolution
ocean simulations are needed.

5. Conclusions

Using the hydrographic data obtained in the Nordic Seas in the summer of 2015, we studied water transport
via the JMCh-Mohn Ridge and its subsequent accumulation in the Norwegian Sea. The main conclusions
are as follows:

1. The dAW (0 < 6<2°C, S > 34.92, 28.02 < 05 < 28.05 kg/m3) densified in the northern Greenland Sea in
2015 became an important component of the Greenland Sea intermediate waters, accounting for about
30% in volume. It was transported to the eastern Greenland Sea by the boundary current and occupied a
layer between 200 and 500 m, forming a maximum in both temperature and salinity. Together with the
GSAIW (6 < 0°C, 34.90 < S < 34.92, 0,4 ~37.40 kg/m3), which was produced in the Greenland Sea Gyre,
these two water masses made up the main body of the Greenland Sea intermediate waters. In addition,
the fresh GSAIW (6 < 0°C, S < 34.85, 27.97 < g5 < 28.02 kg/m3) as the main production of shallow con-
vection in the southern Greenland Sea occupied a layer no deeper than 200 m. All three intermediate
waters were observed to be exported into the Norwegian Sea, indicating that the contribution of the
Greenland Sea waters to the ISOW is significantly underestimated if only the Greenland Sea Gyre is
considered.

2. After being exported into the Norwegian Sea, the Greenland Sea intermediate waters accumulated along
the mid-ocean ridge, forming a cold reservoir with a considerable volume in the intermediate layer,
which eventually was transported southward and took part in feeding the ISOW. Apart from contribut-
ing to the overflow, another deeper branch is identified stretching toward the Norwegian slope. How-
ever, this west-to-east branch entrained by the cyclonic circulation in the Lofoten Basin was too deep to
have a direct effect on the properties of the ISOW. It might take part in the renewal of intermediate and
deep waters of the Nordic Seas and Arctic Ocean.

3. Using the data from a repeated hydrographic section combined with mooring data, we captured a syn-
optic process of water mass export across the Mohn Ridge in 2015. The transport of the Greenland Sea
intermediate waters into the Norwegian Sea was dominantly along isopycnals. The fresh GSAIW, with
a mean speed of about 8.1 cm/s, gradually sank to a depth of 200-500 m at the western boundary of the
Norwegian Sea. Beneath it, the dAW and GSAIW, with speeds of 1.9 and 0.6 cm/s, respectively, were also
transported across the Mohn Ridge, causing increases in temperature and salinity due to their properties
being warmer and more saline than the pre-existing NSAIW.

4. The hydrographic data collected in 2015 reveal an important passage in the Mohn Ridge for the Green-
land Sea intermediate waters being exported to the Norwegian Sea. The estimated volume flux in the
channel was about 0.8-1.7 Sv, implying its role in feeding the overflow as important as the JMCh. Thus,
we argue that there exists a multi-passage system between the JMCh and Mohn Ridge, which proba-
bly promotes a stable exchange of intermediate waters. For the situation in 2015 when the JMCh was
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temporarily blocked, the channel in the Mohn Ridge acted as a major passage to feed the NSATW. How-
ever, in a longer perspective, there still remain some unsolved questions about the multi-passage system,
for example, how often the IMCh is blocked, if there are some seasonal (or shorter or longer) variability
within the system, and how about the northern part of the Mohn Ridge? These questions need to be
addressed with observational and modeling studies in the future.
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