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Abstract The Northeast Greenland shelf is a broad Arctic shelf located between Greenland and Fram
Strait. It is the principal gateway for sea ice export and sea ice-associated freshwater from the Arctic Ocean.
Sea ice thickness has decreased by 15% per decade since the early 1990s and meteoric freshwater discharge has
increased. The consequence of changing sea-ice and freshwater conditions in the region on ocean dynamics
and the biological system remains unknown. Determining the source(s) of freshwater is important to be able

to understand how the area will react to future upstream change. Here we present a synoptic survey of the
Northeast Greenland shelf and slope with observations of hydrography, the nutrients nitrate, phosphate and
silicate, and conservative tracers 8'%0, 82H, and total alkalinity during late summer 2017. We compare these to
previously published values, including those which identify Pacific and Atlantic water, the Siberian shelf seas,
and the six largest Arctic rivers. We show that a major source of freshwater on the Northeast Greenland shelf
during late summer 2017 is the Laptev Sea and find no conclusive evidence of Pacific Water. Our observations
indicate a direct link between Northeast Greenland hydrology and processes occurring on Eurasian shelves.

Plain Language Summary The Northeast Greenland shelf is a shallow marine environment
between Greenland and the adjacent Fram Strait, where a large fraction of the Arctic Ocean freshwater

is exported into the North Atlantic. To predict the regional response to climate change, it is important to
determine what the remote sources of freshwater on the shelf are and how these influence mixing. We compare
the chemistry of the water found at different locations on the shelf with those found in other areas of the Arctic
Ocean to determine where it comes from and conclude that most of the water on the Northeast Greenland shelf
in late summer of 2017 is from the Laptev Sea, while surface waters have subsequently been modified by sea
ice melt.

1. Introduction

The Northeast Greenland shelf is a broad Arctic continental shelf located between Greenland and the adjacent
Fram Strait. Fram Strait is the main conduit for the flux of warm high-salinity Atlantic water northward and the
southward flow of cold, low-salinity water exiting the Arctic Ocean. The waters leaving the Arctic Ocean have
different formation regions, pathways and modification histories and form density stratified layers in the water
column. A significant fraction of the surface water has a meteoric freshwater source and can be advected onto the
Northeast Greenland shelf and subjected to additional modification. Changes in upstream conditions therefore
may exert significant influence on regional hydrography and biogeochemistry. Gaining an understanding of the
sources of water found on the shelf will benefit our ability to predict the response of this environment to any
changes taking place upstream in the Arctic Ocean.

Although the determination of freshwater fractions has been performed several times in Fram Strait and further
south on the East Greenland shelf (Dodd et al., 2012; Falck, 2001; Sutherland et al., 2009) upstream freshwater
source regions have yet to be identified. Although riverine biogeochemical tracer values have been published
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Figure 1. Map of the Arctic Ocean and its major surface and boundary currents based on maps in Rudels et al. (2004) and Aksenov et al. (2016). River GIS shapefile
was obtained from http://arcticgreatrivers.org. Discharge values are given in the large blue circles as discharge received per shelf sea per annum using values from
Shiklomanov et al. (2021). Acronyms FSBW and BSBW are the Fram Strait and Barents Sea branch waters, respectively, and EGC is the East Greenland Current.
The Atlantic inflow west of Svalbard is the West Spitsbergen Current. Dashed lines are used where the flow is temporally variable or less information about current
specifics is available. The blue rectangle around the Northeast Greenland shelf indicates the study area which is the focus of this paper.

(Cooper et al., 2008), the required number of biogeochemical measurements for the identification of individual
rivers are frequently not measured from corresponding downstream oceanographic water samples.

This study aims to remedy this by presenting a cohesive analysis of the Northeast Greenland shelf based on a
suite of hydrographical and biogeochemical measurements to determine the synoptic hydrography on the shelf
and the dominant source region of the meteoric freshwater found on the Northeast Greenland shelf during late
summer 2017.

1.1. Arctic Ocean Circulation

The Fram Strait receives all the water exiting the Arctic Ocean (Figure 1) that is not exported through The Cana-
dian Arctic (or evaporated). As a result, waters with very different spatial and temporal histories are superimposed
onto one another as they are geographically constrained in Fram Strait, leading to high hydrographic complexity.

The Atlantic Ocean is the sole deep water conduit to the Arctic Ocean. Even Pacific Ocean input is constrained
by the Bering Shelf which has depths shallower than 100 m (Jakobsson et al., 2020) and is considered a source
of upper layer water only.

The warm Atlantic current follows two separate pathways into the Arctic. One across the Barents Sea, and the
other through eastern Fram Strait which curves eastward north of Svalbard near Yermak Plateau. Both regions
form their own halocline water with a slightly different density, as a result of differences in their Atlantic Water
temperature (Rudels et al., 2004). North of Svalbard, warm surface water melts sea ice, forming a surface layer.
This fresh and cold water inhibits full depth convection during winter and initiates the halocline formation
process, which is repeated in subsequent years, creating the Fram Strait Branch Water (FSBW). The Barents
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Sea forms its own halocline water. This has a sea ice melt component but also has additional freshwater sources,
including but not limited to the Norwegian Coastal Current and freshwater from rivers discharging into the Kara
Sea, each of which contribute to limiting the depth of winter convection and the formation of the Barents Sea
Branch Water (BSBW). The Nansen Basin is dominated by FSBW while the Amundsen Basin contains a mixture
of both branches with BSBW the dominant branch (Figure 1) (Rudels, 2021; Schauer et al., 2002).

As Atlantic water is transported around the Arctic Ocean, freshwater is added incrementally by Arctic rivers
discharging onto the continental shelves, sea ice melt, and precipitation (Haine et al., 2015). Following Atlantic
water in a counter clockwise direction, Barents Sea freshwater is dominated by precipitation and by subpolar
coastal freshwater of the Norwegian Coastal Current (Rudels, 2021). This is followed by input from the rivers
Ob’ and Yenisey which discharge directly into the Kara Sea. Observations of the Ob’-Yenisey plume show that
freshwater transport from the Kara to the Laptev Sea through Vilkitsky Strait depends on the persistence of
along-shore south-westerly winds and in their absence the water is exported off-shelf (Osadchiev et al., 2020).
The Lena river plume direction also depends on atmospheric forcing, with off-shelf transport occurring when
winds force anticyclonic circulation which transports freshwater across the shelf and into the Arctic Ocean where,
together with underlying Atlantic water, it is entrained in the Transpolar drift (Bauch et al., 2009). Biogeochem-
ical and hydrographic surveys of the Transpolar drift regions show both riverine influence (Charette et al., 2020;
Paffrath et al., 2021) and the lower halocline (Kikuchi et al., 2004; Rabe et al., 2022). The remaining Lena River
water is transported by a narrow coastal current to the East Siberian Sea.

The East Siberian Sea shelf receives additional river discharge from the Kolyma river and is advected toward
the Chukchi Sea (Osadchiev et al., 2020). The water entering the Arctic from the Pacific Ocean through the
Bering Strait and onto the Chukchi shelf is also considered a freshwater source containing a large fraction of
meteoric water, including the runoff from the Yukon River. Much of this water is captured by the Beaufort Gyre,
as is a portion of the Mackenzie River water on the Beaufort Sea shelf. A small portion of the Pacific Water
inflow is captured by a counter current across the East Siberian Sea and potentially entrained into the Transpolar
drift, subsequently exiting in Fram Strait. Water transported via this route has an upper halocline with salinities
between 33.1 and 34.2, formed by brine rejection during sea ice formation on the continental shelf, which is
characterized by high nutrient concentrations due to processes taking place in the Chukchi and East Siberian Seas
(Alkire et al., 2021; Anderson et al., 2013; Jones & Anderson, 1986).

Fram Strait is the ultimate destination for all the Arctic freshwater that is not exported through the Canadian
Archipelago. This means that water masses from all these sources with vastly different histories are superimposed
here based on their density.

Only water relatively close to the surface compared to the full depth of Fram Strait can be advected onto the
Northeast Greenland shelf due to bathymetric constraints. This limits the available water types to those found
at depths less than the maximum trough depth at the shelf edge (300-370 m) plus any deeper water available
for entrainment during upwelling events (Arndt et al., 2015). The top few hundred meters include most of the
typically Arctic-associated hydrographic features, such as the summer mixed layer, and the cold halocline layer
with temperatures close to freezing and salinities between the Lower Halocline Water (LHW) at S ~ 34.2 (Jones
et al., 1991) and those of the (summer or winter) mixed layer. Subsurface Atlantic water can take one of several
routes across the Arctic. Canadian Basin Atlantic Water (CBAW) has circulated across the Canadian Basin and
is cooler, compared to Eurasian Basin Atlantic Water (EBAW) which has circulated only in the Eurasian Basin
(Figure 1). Together, the EBAW and CBAW are sometimes referred to as Arctic Atlantic Water when they exit
the Arctic Ocean at Fram Strait. The final source of Atlantic water that may be transported onto the Northeast
Greenland shelf is Return Atlantic Water (RAW). This is Atlantic Water from the northward inflow current
west of Svalbard and is the warmest found on the shelf (Figure 2). The local freshwater contributions from
Nioghalvfjerdsbrae (79°N) and Zachariae Isstrgm are small compared to those from the Arctic great rivers (Haine
et al., 2015) and mix to such an extent to not be distinguishable proximal to the shelf break (Huhn et al., 2021).

The precise residence time of waters on the Northeast Greenland Shelf itself is currently unknown. Although
Atlantic Water flow rates are available, they rely on the accurate estimation of the Pacific water fraction (Lin
et al., 2022), which may be biased through denitrification in the Laptev Sea (Bauch et al., 2011; Nitishinsky
etal., 2007; Sun et al., 2021). The transport of the off-shelf East Greenland Current has been estimated at ~ 3 Sv,
and to be barotropically driven and contain superimposed eddies with widths around 10 km and depths to 400 m
(Foldvik et al., 1988).
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Figure 2. Map with the Conductivity Temperature Depth stations that were part of this study and the major known (solid) and hypothesized (dashed) currents. Surface
water that is part of the off-shelf currents (including Arctic Water, the East Greenland Current or EGC, and the Atlantic Water) is available for transport onto the
Northeast Greenland shelf. On the shelf, the Northeast Greenland Counter Current is relatively well established in literature. Less is known about the cross-shelf surface
water. Return Atlantic Water is entrained into the ECG and is known to be available inside Belgica trough, where the counter current is initiated. It is possible that other
troughs are also conduits for Atlantic Water though this depends on sill depths. Two outlet glaciers of the Northeast Greenland Ice sheet, Niogerhalfjerdsbrae (79°N)
and Zachariae Isstrom (ZI) are identified by their ice velocity.

A subsurface water type referred to as East Greenland Shelf Water by Budéus and Schneider (1995) and as
Polynya Intermediate Water by Bignami and Hopkins (1997) was previously identified on the Northeast Green-
land shelf. These authors argued for its local formation in the Northeast Water polynya due to its geographical
proximity to this feature. This polynya was an open water feature in summer and is thought to contain thinner ice
than is expected from atmospheric conditions in winter (Smith IV & Morison, 1998; Smith & Barber, 2007). It
used to be established just northeast of the Norske @er ice barrier and south of the Ob Bank ice barrier, where
large icebergs would run aground and restrict the advection of ice into the region, while ice was simultaneously
being removed by the anticyclonic surface Northeast Greenland Counter Current (Figure 2). The Norske @er ice
barrier has since ceased to be a persistent feature in the region (Sneed & Hamilton, 2016) and is unlikely to play
as large a role now. Neither the Norske @er nor the Ob bank ice barrier were present in the late summer of 2017.

2. Tracking Freshwater Source Through Tracers

Source regions of freshwater with different characteristics may be identified using tracers. These are (quasi-)
conservative chemical signatures with a known concentration at each source and known to respond primarily to
physical mixing processes. They have been used extensively to determine freshwater fractions, specifically mete-
oric water (precipitation and river discharge), sea ice melt, and Pacific Water fractions (Bauch et al., 2011; Dodd
et al., 2012; Falck, 2001; Falck et al., 2005; Sutherland et al., 2009).

The methodology for using tracers to determine the origin of different freshwater fractions relies on knowing
accurate and distinguishable tracer concentrations for each end-member and inserting them into a system of linear
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equations (Jones et al., 2008). Common tracers in an Arctic Ocean three end-member system to identify fractions
of sea ice melt, meteoric water, and Atlantic Water are stable oxygen isotopic composition (§'30) and total alka-
linity (TA). These have end-members which are distinguishable from one another and respond to freezing in a
predictable way (O’Neil, 1968; Rysgaard et al., 2007).

The most common tracer for identifying Pacific water, which enters the Arctic Ocean through Bering Strait, is
the N:P ratio. Although its constituents are not conservative, their ratio is considered quasi-conservative and can
be calculated using either the ratio of total dissolved inorganic nitrogen (Yamamoto-Kawai et al., 2008) or that
of dissolved nitrate (Falck, 2001; Falck et al., 2005; Jones et al., 1998) to dissolved phosphate concentration.
Water transported into the Arctic via the Bering Strait has a lower nitrogen concentration relative to phosphate
compared to Atlantic-sourced water. This difference is further enhanced during advection across Chukchi Sea
shelf sediments, where bacterial denitrification takes place (Codispoti et al., 1991; Cooper et al., 1999; Tanaka
et al., 2004). More recently denitrification has also been found to occur in Laptev shelf sediments (Bauch
et al., 2011; Nitishinsky et al., 2007; Sun et al., 2021) close to the source of the Transpolar drift which could bias
fraction attribution to Pacific Water. The Upper Halocline Water (UHW) at its salinity range between 32 and
34, and high nutrient concentrations is also associated with Pacific water inflow (Anderson et al., 2013; Nguyen
et al., 2012).

3. Materials and Methods

Sampling for the present study was done on from two 3-week cruises with RV Dana to NE Greenland during
August-September 2017. Leg 1 was carried out in the context of a monitoring project by the Government of
Greenland and Leg 2 as a research expedition (NorthGreen2017) organized by the Department of Geoscience and
the Arctic Research Center, Aarhus University. The combination of the two cruise legs, made it possible to save
significant transit time for both expeditions and low sea-ice cover made it possible to work in a larger area on the
Greenland shelf than expected, up to 80°N (Figure 2).

In total 115 Conductivity Temperature Depth (CTD) stations were sampled. We used a rosette (12 Niskin bottles)
to collect water at 1 m, 5 m, 10 m, 20 m, deep chlorophyll maximum, 30 m, 50 m, 100 m, 200 m, 400 m, and the
bottom. A CTD (Seabird 911 system) attached to the rosette measured conductivity, temperature, and pressure.
Two oxygen sensors were also mounted on the rosette. The CTD sensors were calibrated yearly by the manu-
facturer and uncertainty of salinity was typically within the range 0.005-0.010. We use the term salinity (S) for
practical salinity (psu, practical salinity scale 1978), the term temperature (7)) refers to the potential temperature
(0©). The terms depth and pressure are also considered interchangeable.

At every station, we collected water for TA analysis at all depths in 13 mL glass vials to which we added 50 pL.
of HgCl (5% solution); 11 water bottles (50 mL in polyethylene vials) for nutrients analyses at all depths and
frozen for later analysis (silicate, nitrate 4 nitrite, and phosphorous); 11 water (glass vials of 2 mL) for water
isotope analysis (8'30; 8H). Small drifting sea ice pieces were collected with a net from the deck of RV Dana
for similar analysis.

Samples for TA were stored at 4°C until analysis. Samples for nutrient analysis were frozen in polyethylene vials
until later analysis. The vials were rinsed several times with water from the specific depth before filling and freez-
ing. TA was determined by Gran titration (Gran, 1952) using a TIM 840 titration system (Radiometer Analytical,
ATS Scientific), consisting of a Ross sure-flow combination pH glass electrode (Orion 8172BNWP, Thermo
Scientific) and a temperature probe (Radiometer Analytical). A 12 mL sample was titrated with a standard 0.05 M
HCl solution (Alfa Aesar). Routine analysis of Certified Reference Materials (provided by A. G. Dickson, Scripps
Institution of Oceanography; http://andrew.ucsd.edu/co2qc/) verified that the accuracy of TA was +3 pmol kg~
The isotopic compositions (§'0; §2H) of the samples were analyzed with a Cavity Ringdown Spectrometer,
L2130-i Isotopic H20 (Picarro Inc., USA). Nine injections were taken from each sample and vapourized and the
first three were excluded to remove any residual results from the previous sample. Vapor content, §*°H and 5'80
values were calculated relative to certified standards. Four standards were measured at the beginning and end
of the sample set. The external standards used to calibrate the results were Vienna Standard Ocean Water 2
(82HVSMOW, §'80VSMOW) (VSMOW?2), Greenland Ice Sheet Precipitation (§?°HGISP, §'80GISP) (GISP),
and Standard Light Antarctic Precipitation 2 (§?’HSLAP2, 5'80SLAP2) (SLAP2). Detection limit for nutrient
concentrations were 0.1 pmol kg=! (NO,7), 0.06 pmol kg~! (PO,*"), and 0.2 pmol kg~ (Si).
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Table 1
Datasets and Relationships Used for Comparison With 2017 Northeast Greenland Shelf Data to Determine Possible Source
Location(s) for Water Found on the Northeast Greenland Shelf

Tracer relationship Region Detail used Paper

NO,~:PO,*- Laptev Supplementary data Supplement to Thibodeau et al., 2017
East Siberian Sea Surface water average Table 1 in Semiletov, 2005
Atlantic & Pacific Linear fit Figure 2 in Jones et al., 1998
TA:S Atlantic & Pacific End member values Table 2 in Sutherland et al., 2009
Major rivers End-member values Table 1 in Cooper et al., 2008
31%0:S Arctic Deltas Polynomial fit Figure 2 in Namyatov, 2021
52H:5'30 Major rivers Linear fit lines Table 1 in Yi et al., 2012
Global Meteoric Water Line  Linear fit line Craig, 1961
Arctic Meteoric Water Line Linear fit line Equation 3 in Mellat et al., 2021
Si:AOU & PO,>:AOU  Laptev Sea water column Linear fit lines Figure 4 in Sun et al., 2021
Sea ice melt Local Own measurements (5) TA: 393, 130, 364, 61, 70

81%0: —3.02, —2.95, —1.52, —1.56,
-2.67

Data from the CTD casts from both cruises were combined into a 1 m (+0.5) binned dataset. A second dataset
was created by combining the CTD bottle data with the analyses of §'%0, §?H, TA, and nutrients based on cruise,
station, and depth. The freezing line, oxygen saturation w.r.t. the atmosphere, and apparent oxygen utilisation
(oxygen loss attributed to photosynthetic use, AOU = [O,]; - [O,],,,) were calculated with the Julia program-
ming language (Bezanson et al., 2017) implementation of the TEOS-10 (Feistel, 2012) library.

To identify potential freshwater source locations, we compared our data to literature (Table 1). All maps
were produced in QGIS (QGIS Development Team, 2022) with bathymetric data from IBCAO v4 (Jakobsson
et al., 2020) and ice velocity from QGreenland (Moon et al., 2020).

4. Results and Interpretation

First, we manually assigned each individual CTD cast to one of five groups based on their clearly distinguishable
shape in a 7S diagram (Figure 3) and according to the presence of specific water types (Table 2). This was done
first to avoid biasing our interpretation by taking geography as a starting point. Average profiles for each group
are shown in Figure 4 together with the Brunt Vaisala frequency square (N?) and the oxygen saturation w.r.t. that
of the atmosphere. Mapping their longitude and latitude did show a geographical relationship with CTD cast
group (Figure 5).

4.1. Geographical Groups
4.1.1. North Shelf Group

The North Shelf group stations (Figures 3a, 4a—4d, and 5) are found in the area formerly associated with the North-
east Water Polynya. This group has a summer halocline identifiable from temperature and salinity (Figures 4a
and 4b) with a Brunt-Viisild frequency squared maximum (N2, Figure 4c) at around 10 m depth. Below the
summer halocline there is a relatively more homogeneous layer down to a depth of 50 m which is associated
with the Northeast Greenland Winter Water (NGWW). This is interpreted as the remnant of the winter mixed
layer. In the upper part, between 20 and 30 m a dissolved oxygen maximum occurs which reaches almost 100%
of atmospheric saturation (Figure 4d). This group is marked by the absence of AW, RAW, and LHW (Figure 3a),
rather showing direct diapycnal mixing between EBAW to the freezing line with which it intersects at a salinity
of ~32.5 and at a depth of ~80 m (Figure 4b).

4.1.2. Main Shelf Group

Stations in the main shelf group (Figures 3b, 4a—4d, and 5) show both a subsurface halocline and remnant winter
mixed layer with an oxygen maximum depth similar to the North shelf group (Figures 4a—4e). This group is both
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Figure 3. Hydrography on the Northeast Greenland shelf from Conductivity Temperature Depth casts. These are the five (a—e) groups which were identified by their
shape in the TS diagram per the water types that were present (Table 2). Their names were subsequently chosen after they were mapped (Figure 5). (f) Closeup of the
cold halocline layer where present, for example, all groups except the Offshelf group.

fresher and warmer than the North shelf group at densities o7 < 25 above the NGWW. This group contains both
LHW and NGWW and the 7S data connecting these two water mases follows the freezing point line closely,
indicating a well-established cold halocline layer (Figure 3b). This is the dominant group in and south of Belgica
Trough away from the slope (Figure 5).

4.1.3. Slope 1 Group

The stations selected to be part of this group (Figures 3c, 4e—4h, and 5) were those which deviated greatly from
the freezing line at salinities associated with the cold halocline layer (Figure 3c). This is interpreted as evidence of
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Dissolved oxygen saturation with respect to the atmosphere for shelf groups (top) and slope and off-shelf groups (bottom). The depth maxima for N2 x 10% and [O,]

sat

for each group respectively are North shelf (9 m 1.1, 24 m 99%), Main shelf (13 m 1.4, 23 m 97%), Slope 1 (14 m 1.43, 22 m 96%), Slope 2 (16 m 2.5, 24 m 100%), and

Offshelf (16 m 3.5, 19 m 106%).

mixing with the warmer Offshelf group. This group contains all defined water types except for AW but it lacks a
remnant of the winter mixed layer which differentiates it from North and Main shelf, and Slope 2 groups. Instead,
it has a summer halocline which is deeper than that of any other group. The dissolved oxygen saturation relative
to the atmosphere is lowest compared to that of the other groups although it is present at the same depths.

4.1.4. Slope 2 Group

The profiles in this group (Figures 3c, 4e—4h, and 5) are similar to the Main shelf group profiles, their main
difference being that the Slope 2 TS plot (Figure 3c) does not follow the freezing line as closely, being around
0.5°C warmer than main shelf stations on average (Figure 3f). This group does have a remnant winter mixed layer,
but it is less homogeneous or well-defined than that of the shelf groups, being both deeper and across a larger
salinity range.

4.1.5. Offshelf Group

The Offshelf group (Figures 3-5) is the only group entirely lacking a cold halocline layer that is, the layer between
the NGWW and the LHW which follows the freezing point line. Mixing occurs directly between the Atlantic
source water (AW, RAW, EBAW) and SW. Average profiles (Figures 4e—4h) for this group show a summer halo-
cline with a maximum N? at 16 m. The difference in depth between the maximum N? and the maximum oxygen
saturation is only 3 m for this group, the smallest of all groups and it is the only group with a supersaturation in
dissolved oxygen with respect to the atmosphere. Cooling of up to 1°C occurs between 20 and 50 m (Figure 4f).
At depths below 50 m temperatures remain just over 3°C while the salinity remains at 35.

4.2. Freshwater Sources

To determine the difference between meteoric and sea ice melt freshwater sources, an assessment was made of
the TA and stable water oxygen isotopic (§'%0) composition variation with salinity (Figures 6a and 6b). The sea
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Figure 2). Solid currents are those which have been described in the literature, and dashed currents are hypothesized.

ice melt water lines were obtained from local measurements (Table 2). The data is characterized in both plots by
two slopes which diverge at a salinity of 31.4, that is, the NGWW. This salinity is also associated with the highest
dissolved oxygen saturation with respect to the atmosphere. The presence of this divergence for both tracers in
the direction of the sea ice melt end-member indicates a clear increasing sea ice melt influence with decreasing
salinity above the NGWW.

In the cold halocline layer between NGWW and LHW, §'80-S values are found at higher salinities than the
regression lines obtained from Cooper et al. (2008) and Namyatov (2021) (Figure 6b). This is interpreted as the
influence of brine on river discharge modified Atlantic water (Bauch et al., 2011). Distinguishing between differ-
ent riverine or shelf sources is difficult using these tracers since each of the lines are increasingly close together
as they approach the Atlantic water end-member. Although these may be good tracers at lower salinities, closer
to their discharge source, they are inappropriate for identifying remote source water on the Northeast Greenland
shelf, especially where additional deviation from the mixing line is introduced by brine drainage and sea ice melt.
The same is true for the Pacific water end-member, which clearly falls close to several of the mixing lines.

To distinguish between Pacific and Atlantic source water, we assessed the nitrate to phosphate ratio (N:P,
Figure 7a) and the presence of UHW (Figures 7b and 7c). The N:P for our data follows the Atlantic water regres-
sion line (Jones et al., 1998) down to ~6 pmol/kg nitrate. At nitrate concentrations below this, the corresponding
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Figure 6. Conductivity Temperature Depth bottle data for all depths and geochemical tracers. (a) Total alkalinity (TA) with best fit line sources shown in Table 2: For
individual rivers from Cooper et al. (2008) and Atlantic and Pacific end members from Sutherland et al. (2009). (b) 8'%0 plotted against practical salinity with Eurasian
shelf polynomials from Namyatov (2021) and river lines from Yi et al. (2012). Sea ice melt lines were calculated using the average of our measurements (Table 2)
against a nominal salinity of 4 which was not measured. Note that this is a high salinity value for multiyear ice.

phosphate concentrations are relatively constant at around 0.5 pmol/kg, a signal commonly associated with a
denitrification signal. This is generally interpreted as denitrification from Pacific water crossing the Chukchi
shelf. This interpretation is likely erroneous for our dataset since it compares well to data from the Laptev Sea
which expresses a similar pattern (Thibodeau et al., 2017) even though this region does not contain Pacific water.
Values of nitrate versus phosphate observed in the eastern versus western East Siberian Sea (Semiletov, 2005)
also indicate that Pacific water may not necessarily have the highest influence on this signal in the Siberian Arctic
shelf areas. At the lowest and most sea ice melt influenced layers the nitrate is almost entirely depleted with a
median dissolved nitrate concentration of 0.0 pmol/kg which limits the usability of this quasi-conservative tracer.
Phosphate concentrations are not similarly depleted.

The UHW (Figures 7b and 7c¢) is generally associated with a sharp increase in nutrient concentrations, low oxygen
concentrations and is present in the Canadian Basin at salinities between 32 and 34 (Anderson et al., 2013;
Nguyen et al., 2012). We see no sharp increase in nutrient concentrations at these salinities. We interpret this as
the absence of UHW on the Northeast Greenland shelf in late summer 2017.

Values for hydrogen and oxygen stable water isotopes (62H:5'%0) fall between the Arctic Meteoric Water Line
(Mellat et al., 2021) and the best fit line for the Lena River (Yi et al., 2012). The AMWL was calculated using
terrestrial summer measurements across the Arctic and so does not provide a single source location, rather it is
taken as an average across the entire Arctic. Contrary to these, Yi et al. (2012) created flux weighted average

Table 2
Water Types and Conductivity Temperature Depth Group Assignment

Properties Group characteristics

N 0 (°C) Offshelf Main shelf North shelf Slope 1 Slope 2

Atlantic Water (AW) 35 6.6 X

Return Atlantic Water (RAW) 35 4.0 X X X X

Eurasian Basin Atlantic Water (EBAW) 34.8 1.4 X X X X X

Lower Halocline Water (LHW) 340 -1.5 X X X

Northeast Greenland Winter Water (NGWW) 314 -15 X X X

Surface Water (SW) <314 - X X X X X
WILLCOX ET AL. 10 of 16
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Figure 7. Conductivity Temperature Depth bottle data for all depths and geochemical tracers of (a) N:P superimposed on Laptev Sea data from Thibodeau et al. (2017).
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presence as a dramatic increase in concentration at salinities between 32 and 33 (b) Si:S and (c) PO,*":S. Neither of these tracers shows this clear.

regression lines for each of the 6 major Arctic rivers (Figure 8). Due to the proximity of the data to the Lena
River line and the distance between the data and any other river we interpret these data as containing a significant
volume of Lena River water. At the lowest values of both §?H and §'0 some datapoints approach the GMWL.
This may reflect the influence of precipitation. The usability of this tracer for the purpose of identifying individ-
ual rivers will require future verification.

Neither silicate nor phosphate are conservative tracers as both are utilized by organisms in the water column. It
was therefore surprising to find that when these are plotted against apparent oxygen utilization (Figure 9), the
difference between the oxygen solubility and the dissolved oxygen measured, our data follows the relationship
found by Sun et al. (2021) for the Laptev Sea closely. This observation might be produced by two processes: The
first is repeated production and remineralization cycles occurring in such a way that this relationship is exactly
maintained during successive seasonal cycles. The second that there is too little water column biological activity
during the time taken for water to be advected across the Arctic Ocean to result in an observable change, and the
layer is created and maintained solely by seasonal physical processes. The latter is plausible only if either the
sea ice cover is extensive and limits photosynthetically active radiation during water transport across the Arctic
Ocean or if the nitrate concentrations are limited to a point where primary production is inhibited.

5. Discussion

The most remarkable hydrographic feature on the Northeast Greenland shelf is the extensive cold halocline layer,
which occupies the T'S-space along the freezing point line (Figures 3 and 4) between the NGWW and the LHW.
The presence or absence of these two water types is geographically correlated (Figure 5). This contrasts with
the relationship between geochemical tracers and salinity which show a clear change in slope with salinity at
the NGWW but has a much smaller or absent signal for the LHW. Our data best support the hypothesis that the
layers above the NGWW, for example, the remnant winter mixed layer, summer halocline and surface water are
strongly sea ice melt influenced, where the cold halocline layer is both brine and Lena river discharge influenced.

Although the NGWW is the most prominent feature on the shelf and is interpreted as the maximum depth of
winter mixing on the Northeast Greenland shelf, not much can be definitively concluded about its formation.
Since the residence time of waters on the shelf is currently unknown, it is difficult to determine whether this
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water type is solely a product of a local process as suggested in the past (Bignami & Hopkins, 1997; Budéus
& Schneider, 1995; Budéus et al., 1997), for example, from multi-annual winter mixing of water trapped in the
Northeast Water polynya, or whether it is advected. A significant difference between older studies and ours is
that the NGWW is at least 1 salinity unit fresher than it was in the 1990s, while temperatures remain in the same
range (our Figures 3 and 4; Bignami & Hopkins, 1997; Figure 2). This implies a large increase in freshwater
b
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Figure 9. Conductivity Temperature Depth bottle data from this study (points) for all depths of non-conservative nutrient (a: silicate; b: phosphate) to apparent oxygen
utilization (AOU) with the regression lines for the Laptev and East Siberian Sea (Sun et al., 2021).
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input, which influences the energy requirement for winter mixing to the same depths as during winters with lower
volumes of freshwater.

In other parts of the Arctic Ocean, similar remnant winter mixed layers and/or types have been identified such as
the Polar Mixed Layer (PML), defined as the depth of the temperature minimum remaining after winter convection
in the Canadian Arctic (Peralta-Ferriz & Woodgate, 2015). In the Beaufort Sea, the PML has been identified by its
S, TA, and 8'30 properties (Lansard et al., 2012). There, the PML mixes down to the UHW which is not present in
our dataset (Figure 7) although it may be present north of Ob bank where we have no data as was found by Budéus
et al. (1997). On the Northeast Greenland shelf, the NGWW mixes with the LHW instead. Similar to findings in the
Beaufort Sea, the sharp inflection in the TA:S and 8'80:S toward the sea ice melt regression line (Figures 6a and 6b)
imply that water with densities of 6 < 25 and above the NGWW is strongly influenced by sea ice melt, where water
found at o, > 25 and below the NGWW, consist primarily of brine-modified river water. This influence by sea ice
melt in the surface layer may also be the reason for the dissolved oxygen sub-saturation in the surface mixed layer
where atmospheric saturation is otherwise expected. Winter water of this type is not seen in profiles from the Sibe-
rian Arctic (Bourgain & Gascard, 2011; Janout et al., 2017) or in the Eurasian Basin of the Arctic Ocean, including
along the Transpolar Drift (Rabe et al., 2022) which means that these are an unlikely source. A similar water type
is observed in the Wandel Sea at the deeper depth of 80 m (Dmitrenko et al., 2017). Ob bank is shallow (50 m) and,
although absent in 2017, frequently obstructed by an ice barrier which would modify any water advected via this
route. We subsequently conclude the water must therefore be advected from the east or be formed locally.

The NGWW is absent only in the Offshelf group where mixing occurs directly between the sea ice influenced
surface and the Atlantic influenced water types. This implies that sea ice is melting directly into RAW and there
is low to no remote riverine contribution at these CTD station locations. Additionally, the LHW is absent for these
stations indicating that this water has not experienced the required conditions for it to be formed, for example,
the entrainment of Atlantic water into a low salinity mixed layer and subsequent cooling (Rudels, 2021). This
suggests that this is unmodified RAW.

The UHW is absent from our data and based on the N:P ratio the presence of Pacific water is unlikely. Rather,
the geochemical tracers indicate that the entire cold halocline layer is composed of Atlantic water which is
both diluted by river discharge and influenced by brine extrusion due to sea ice freezing. The TA:S (Figure 6a)
and 8'%0:S (Figure 6b) show that the Pacific end-member falls on the mixing lines for the Kolyma (TA:S)
and the Yenisey/Mackenzie (8'80:S) rivers and therefore cannot be used to identify Pacific water or even the
primary meteoric river source. This has previously been observed and commented on (Forryan et al., 2019).
Care must be taken in the use of non-conservative tracers as is apparent from our N:P analysis. Be that as it
may, the nutrients plotted against AOU (Figure 9) are surprisingly similar to the regression relationship found
for the Laptev Sea, especially near the surface. Far more similar in fact than they are to these ratios for the East
Siberian Sea, which is geographically closer to and downstream of the Laptev Sea, does contain Pacific water
and may be entrained into the Transpolar drift. We therefore consider AOU plotted against nutrient ratios as
tentative but weak additional evidence against Pacific water presence on the Northeast Greenland shelf in late
summer 2017.

The slope of the §?H:8'%0 relationships of the six major Arctic rivers are known to be unique to each river (Yi
etal.,2012; Table 1). They provide a clue to the provenance of the meteoric water found on the Northeast Greenland
shelf (Figure 8). The bulk of these data fall between the Lena River regression and the summer Arctic Meteoric
Water Line (Mellat et al., 2021) for all salinities. We interpret the proximity of our data to the Lena river line from Yi
etal. (2012) on the §?H:8'%0 diagram as evidence of the presence of a detectable volume of Lena river water on the
Northeast Greenland shelf. Some of the lowest isotopic values 8-values tend more toward the Global Meteoric Water
Line. These datapoints have the lowest salinities. Discussing the deuterium excess is beyond the scope of this paper,
however we tentatively suggest this is due to the increased influence of precipitation in the fresher water on the shelf.

Although more data is required to verify the connection, our data imply that a large fraction of the meteoric
water on the Northeast Greenland shelf during August—September 2017 has its origin in the Laptev Sea and
ultimately in the Lena River catchment area. This is in line with previous suggestions of a connection between
Siberian rivers and freshwater provenance in Fram Strait (Dodd et al., 2012; Granskog et al., 2012) shown by
isotopic and organic matter fluorescence tracing. Furthermore, the layer above the maximum winter mixed
layer depth, the NGWW, is significantly influenced by sea ice melt and much fresher than it was in previous
decades.
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6. Conclusions

Our data suggest a complex hydrography for the Northeast Greenland shelf, with much of the freshwater contained
at depths below the maximum winter mixed layer depth (NGWW) having its source in the Laptev Sea region
of the Siberian Arctic. From there it is transported to Fram Strait by the Transpolar Drift and subsequentially
advected onto the shelf. The freshwater shows a geochemical signature typical of that area, mixing along a line
from brine-enhanced river discharge to Atlantic water. The Northeast Greenland Shelf lacks both Pacific water
and UHW biogeochemical signatures in late summer 2017.

The NGWW is interpreted as the remnant of the previous seasons maximum winter mixed layer depth due to
similarities with such winter mixed layer remnants elsewhere in the Arctic. The unique high oxygen saturation
in the upper part of the remnant winter mixed layer may be partially associated with export during freezing but
more data is required to verify this since it may also result from primary productivity. This layer is much fresher
now than it was two decades ago, which is evidence of climate-change induced Arctic freshening. The SW above
the NGWW is strongly influenced by sea ice melt, which imposes its geochemical signature in TA and §'0 and
possibly in the relatively low surface dissolved oxygen saturation.

The supply of freshwater to the Northeast Greenland shelf will likely increase in the following decades due to
increases in discharge from the Siberian rivers and the Greenland Ice Sheet, and sea ice melt. If the Atlantic
inflow continues to warm and return Atlantic flow remains available along the slope, the difference between on-
and off-shelf water masses will increase. Mixing processes along the slope and LHW erosion may be enhanced
consequently.

Data Availability Statement

All hydrographic and sample data can be found in the Pangaea repository at https://doi.pangaea.de/10.1594/
PANGAEA.956318. Comparative data and relationships from literature are shown and referenced in Table 1.
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