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Shifts of the Recirculation Pathways in Central Fram Strait
Drive Atlantic Intermediate Water Variability on Northeast
Greenland Shelf

R. A. McPherson! ), C. Wekerle! (2, and T. Kanzow!?

'Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research, Bremerhaven, Germany, University of Bremen,
Bremen, Germany

Abstract Increased oceanic heat transport plays a key role in the accelerated mass loss of Greenland's
marine-terminating glaciers. The melt rate of major glaciers in Northeast Greenland (NEG) is controlled

by ocean variability, in particular warm Atlantic Intermediate Water (AIW), on the continental shelf. A
high-resolution configuration of the ocean sea-ice model FESOM2.1 is assessed at local and regional scales,
and used to investigate the drivers of AIW temperature variability on the NEG continental shelf. The seasonal
to decadal variability of AIW is characterized, featuring both pronounced interannual fluctuations and a long-
term warming trend. A major source of AIW is Atlantic Water (AW) originating from the West Spitsbergen
Current that recirculates in Fram Strait. AW anomalies are advected westwards and partly control the AIW
temperatures on the continental shelf. Increased AIW temperatures are also connected to pronounced northern
and central branches of recirculating AW in Fram Strait, and enhanced AW temperatures more regionally.

The strengthening of the pathways brings more warmer AIW onto the northern part of the NEG continental
shelf. There, it circulates anti-cyclonically and results in shelf-wide warming. Regional atmospheric forcing

is connected to the changes in the AW circulation. The strengthening of the northern AW branches is likely
caused by anticyclonic wind anomalies over the Barents Sea that drive an enhanced northward AW transport in
Fram Strait. Thus, controlled by a combination of both upstream and regionally forced circulation conditions,
the changes in local AIW temperatures may also affect the oceanic heat transport reaching the Central Arctic
Ocean.

Plain Language Summary The Greenland Ice Sheet has been melting at faster rates in the last two
decades, likely due to rising ocean temperatures. Warm water found below the glaciers in Northeast Greenland
controls the submarine melting. Changes in the temperature of the water are connected to ocean currents on
the continental shelf of Northeast Greenland and in Fram Strait. The warm water found under the glaciers
originates from the West Spitsbergen Current (WSC), over several hundred kilometers away, which carries
warm water northwards within the Arctic Ocean. Part of the current turns westwards and transports the warm
water toward Greenland. The changes in the strength of the westward flow are connected with particular wind
patterns in the Barents Sea, as the wind forcing impacts the northward transport of the warm water in the WSC.
This means that more warm water flows across the continental shelf edge at higher latitudes so there is more
warm water circulating on the continental shelf itself. The circulation guides this warm water through a deep
channel toward the glaciers. Therefore, the variability of the water temperature below the glaciers in Northeast
Greenland is controlled by both regional winds and changes in the upstream ocean currents.

1. Introduction

The accelerated mass loss of the Greenland Ice Sheet is one of the largest contributors to global mean sea level
rise (Bamber et al., 2018; Shepherd et al., 2012). Both atmospheric and ocean warming drive the mass loss by
increasing the surface and the submarine melting respectively (Kjeldsen et al., 2015; Mankoff et al., 2021; van
den Broeke et al., 2009). The enhanced submarine melting, forced by oceanic heat flux, drives an increase in the
ice discharge from the marine-terminating glaciers and accelerates their retreat (Holland et al., 2008; Straneo &
Heimbach, 2013; Wood et al., 2021).

The oceanic heat is provided by subsurface warm water of Atlantic origin, termed Atlantic Intermediate Water
(AIW), which has been found on the continental shelf of Northeast Greenland (NEG) and in a number of fjords
where there are marine-terminating glaciers (Gjelstrup et al., 2022; Mouginot et al., 2015; Schaffer et al., 2017;
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Figure 1. Map of Fram Strait and the Northeast Greenland (NEG) continental shelf with simplified schematic of the ocean
circulation and mooring locations. Warm Atlantic Water (AW) flows northwards as the West Spitsbergen Current (WSC, red)
into the Central Arctic Ocean, with multiple branches of recirculating AW (RAW) flowing westwards in Fram Strait. AW
entering the Arctic Ocean is recirculated and exported as Arctic Atlantic Water (AAW). Both subsurface RAW and AAW
join the East Greenland Current (EGC, yellow) which carries cold and fresh surface Polar Water (PW) exported from the
Arctic along the NEG continental shelf. Freshwater outflow of PW from the Central Arctic Ocean also flows southwards

in the Transpolar Drift (TPD). The Atlantic Intermediate Water (AIW, orange) which has been subducted below the PW is
transported from the EGC onto the NEG continental shelf and follows an anti-cyclonic path through Norske Trough and
Westwind Trough. The two main NEG glaciers are identified as Zachariae Isstrgm (ZI) and Nioghalvfjerdsfjorden (79NG).
Mooring locations across Fram Strait (red) are used in Figure 4 (red) and across the Norske Trough (green) in Figure 2.

Wilson & Straneo, 2015). The AIW temperatures on the NEG continental shelf have been increasing over
recent decades (Gjelstrup et al., 2022; Schaffer et al., 2017). The resultant persistent increase in the oceanic
heat flux drives enhanced submarine melting of these glaciers and increased freshwater input into the ocean
(Mayer et al., 2018; von Albedyll et al., 2021; Wilson et al., 2017). The two main outlet glaciers in NEG are
Nioghalvfjerdsfjorden Glacier (referred to as 79 North Glacier (79NG)) and Zacharielsstrgm (ZI), together
draining over 15% of the Greenland Ice Sheet (Figure 1) (Khan et al., 2014, 2022; Mouginot et al., 2015). Recent
studies have described the loss of the entire glacier tongue of ZI (Mouginot et al., 2015) and the ongoing thin-
ning of 79NG (Mayer et al., 2018), both forced by increased submarine melting (Mayer et al., 2018; Schaffer
et al., 2020; Wilson et al., 2017).

The AIW on the NEG continental shelf and below the glaciers originates in Fram Strait. Warm, Atlantic Water
(AW) is carried northwards by the West Spitsbergen Current (WSC) along the eastern continental margin
(Figure 1). The topographically steered boundary current has a strong seasonal cycle of mesoscale variabil-
ity, with enhanced instabilities and a stronger northwards flow in winter (Tsubouchi et al., 2023; von Appen
et al., 2016). The AW that flows through the Fram Strait is the dominant source of ocean heat and salt to the deep
Arctic Basin (Aagaard et al., 1987; Timmermans & Marshall, 2020), and Arctic conditions are strongly influ-
enced by changes in the properties of the AW inflow (Polyakov et al., 2017).

Approximately half of the AW flowing northwards in the WSC recirculates across Fram Strait as Recirculat-
ing Atlantic Water (RAW) and the rest reaches the Central Arctic Ocean (de Steur et al., 2014; Hattermann
et al., 2016; Quadfasel et al., 1987). Observational and model studies suggest that the bulk of the circulation
occurs along two main branches between 78° and 81°, separated by the Molloy Hole (Figure 1) (Hattermann
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Figure 2. Mean longitudinal (a) potential temperature and (b) meridional velocity transect across the Fram Strait at 79°N from FESOM2.1 (filled contours). The white
lines indicate the 0°C isotherms. Overlaid are average temperatures and velocities from moorings (circles). Both model and observations are averaged from Aug 1997
to Oct 2018. Positive velocities are a northward flow. The moorings correspond to those in Figure 1. Marked by the black box in (a) are the WSC moorings that are
used for the (c) comparison between simulated (red) and observed (gray) AW temperatures at 75 m. Monthly means are the thin lines and a 15 months low-pass filter is
the interannual signal (thick). The linear trend for both timeseries is also included in their corresponding colors, while the mean temperature for each timeseries are the

dashed lines.

et al., 2016; Hofmann et al., 2021; Rudels et al., 2005; Wekerle et al., 2017). Both branches exhibit strong
seasonally varying eddy activity, likely affected by the conditions set in the WSC and by the sea ice (Hattermann
et al., 2016; Hofmann et al., 2021; Richter et al., 2018).

Circulating westwards, the RAW then subducts and flows southwards underneath the cold and fresh Polar
Water (PW) within the East Greenland Current (EGC), which flows along the Greenland continental shelf edge
(Hattermann et al., 2016; Havik, Vage, et al., 2017; Richter et al., 2018). The EGC is also joined by returning
Arctic Atlantic Water (AAW), originating from AW which enters the Central Arctic Ocean through Fram Strait
and recirculates in the Eurasian and Canadian basins (Rudels et al., 2012). The shelfbreak EGC is the most prom-
inent branch of the baroclinic boundary current, characterized by a strong near-surface-intensified southwards
flow close to the NEG continental shelf edge. The AIW on the NEG continental shelf is created by the mixing
of the RAW with the cold PW of Arctic origin in the EGC at the continental shelf break (Bourke et al., 1987,
Schaffer et al., 2016), as well as contributions from AAW which has cooled and freshened in the Arctic Basin
(Schaffer et al., 2016).

The EGC also exports sea ice through Fram Strait, accounting for approximately 90% of the total sea ice outflow
from the Central Arctic (Serreze et al., 2006). This export however, has reduced in the last decades, attributed
primarily to the reduction of sea ice thickness in Fram Strait which is driven mainly by atmospheric warming
(Sumata et al., 2022, 2023). The shift in sea ice regime results in a strengthening of the northwards transport of
AW to the Nordic Seas and Arctic Ocean (Polyakov et al., 2017; Wang et al., 2020), and is linked to changes in
the atmospheric circulation (Heukamp et al., 2023; Smedsrud et al., 2022; Wang et al., 2021).

From the NEG continental shelf break, a bottom-intensified boundary current transports the AIW through
the trough system on the continental shelf toward 79NG (Miinchow et al., 2020). This is part of a subsurface
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anticyclonic circulation of AIW on the continental shelf, where Norske Trough represents the pathway from the
continental shelf edge toward the glaciers (Figure 1) (Schaffer et al., 2017). In the Norske Trough and below
79NG, AIW has large contributions of RAW whereas in the Westwind Trough, the AIW is colder and fresher as
it originates predominantly from the recirculated AAW (Willcox et al., 2023). The shelf-break entrance to the
Westwind Trough is located north of the main RAW branches, thus the warmer RAW does not enter through the
northern inlet. A series of shallow sills in Westwind Trough act to obstruct the flow of AIW toward the inner
shelf, thus this pathway plays a minor role in transporting heat toward the glaciers (Schaffer et al., 2016).

At 7T9NG, assill hydraulically controls a persistent, year-round inflow of AIW into the cavity (Schaffer et al., 2020).
Recent studies have shown a rapid exchange between the NEG continental shelf and the cavity at 79NG, indi-
cating that the heat flux below the glacier is determined by the ocean conditions, namely the variability of AIW,
upstream on the continental shelf (Lindeman et al., 2020; Schaffer et al., 2020; Smedsrud et al., 2022; von
Albedyll et al., 2021; Wilson & Straneo, 2015). Thus understanding the processes that drive AIW variability on
the NEG continental shelf are necessary to determine glacier stability.

The sustained warming of AIW on the NEG continental shelf occurs at the same time as AW temperatures in
the Nordic Seas, including Fram Strait, have also been increasing (Beszczynska-Moller et al., 2012; Polyakov
et al., 2017; Schauer et al., 2008). The AW temperature anomalies are advected from the WSC across Fram Strait
to 79NG at a timescale of approximately 1.5 years, estimated using mean velocities from observations in Fram
Strait, the EGC, and the boundary current in Norske Trough (Schaffer et al., 2017). The magnitude of warming
of AIW on the NEG continental shelf is smaller than that of AW in the WSC, likely due to a combination of the
colder AW subducting below the PW, atmospheric heat loss, and mixing with AAW (Schaffer et al., 2017). Longer
term AIW variability (from interannual to decadal) on the NEG continental shelf appears to be connected with
AW temperature variability further upstream (Smedsrud et al., 2022) though the mechanisms of the re-circulation
from the WSC remain unclear. As the changing AW conditions at least partly control AIW temperatures and thus
glacier retreat, it is therefore of crucial importance to determine the mechanisms and variability of the oceanic
heat supply toward the glaciers.

The aim of this study is to better characterize the temporal and spatial variability of AIW temperatures on the NEG
continental shelf, and determine the local and regional drivers at interannual to decadal timescales. A descrip-
tion of the high-resolution ocean model used for this analysis and its assessment are described in Sections 2
and 3 respectively. In Section 4, the spatial and temporal variability of AIW on the NEG continental shelf are
investigated, and its links to the regional circulation in Fram Strait examined in Section 5. Finally, Section 6
discusses the local and remote drivers of AW and AIW variability in a wider context.

2. Model Description

In this study, we employ the Finite-volumE Sea-ice-Ocean Model (FESOM2.1) to investigate the variability of
AIW properties on the NEG continental shelf and wider Fram Strait region. FESOM2.1 is a global sea-ice ocean
model that solves the primitive equations under the Boussinesq approximations using the finite volume method
(Danilov et al., 2017). Danilov et al. (2015) describe the sea-ice model and the global performance of FESOM?2.1
is assessed by Scholz et al. (2019, 2022). Regional applications include the analysis of eddy dynamics in the
Arctic Ocean (Wang et al., 2020) and heat transport into the Barents Sea (Heukamp et al., 2023).

The model is based on an unstructured triangular mesh, which enables refinement in areas of interest such
as the NEG continental shelf. The triangular mesh used in this study was generated with JIGSAW-GEO
(Engwirda, 2017), based on bathymetry and ice-shelf topography taken from the RTopo 2.0.4 data set (Schaffer
et al., 2016). The background resolution in the global oceans was set to 1°, and refined to 25 km north of 40°N. In
the Arctic Ocean including Nordic Seas, the mesh was refined to 4 km, and further refined to 2.5 km on the NEG
continental shelf. Near the 79NG and ZI cavities, mesh resolution was set to 700 m. 86 vertical z-levels were used,
with 5 m layer thickness in the top 100 m, and coarser layer thickness toward the ocean floor. The model setup
includes an ice shelf component that resolves the cavities of the 79NG and ZI. Cavities in FESOM2.1 are treated
as in the previous model version FESOM1.4, described by Timmermann et al. (2012). The interaction between
ocean and ice shelf is simulated based on the three-equation system that computes salinity and temperature at the
ice shelf-ocean boundary layer (Hellmer & Olbers, 1989; Holland & Jenkins, 1999). In this study, we focus on the
NEG continental shelf and Fram Strait, and a detailed analysis of the cavity circulation and dynamics will follow.
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In the regions with coarse resolution, isoneutral tracer diffusion (Redi, 1982) and the Gent-McWilliams (GM)
Gent and Mcwilliams (1990) and Griffies (1998) eddy stirring parameterization are applied. Both GM and Redi
are scaled with a horizontal resolution of a maximum value of 2,000 m? s~! at 100 km horizontal resolution, and
decreases linearly below a resolution of 40 km to reach zero at 30 km resolution. The GM parameterization is
switched off when the horizontal mesh is finer than 30 km. The vertical mixing parametrization used here is the
turbulent kinetic energy mixing of Gaspar et al. (1990) computed by the CVMix package (Griffies et al., 2017).

The model was forced by the JRA55-do-v1.4.0 atmospheric data set (Tsujino et al., 2018), which also includes
global river runoff. For Greenland solid ice and liquid water discharge, the data sets by Mankoff, Solgaard,
et al. (2020) and Mankoff, Noél, et al. (2020) respectively were used. Both data sets have daily temporal reso-
lution and high spatial resolution (~100 m; resolving individual streams). In the model, the surface freshwater
input is treated as a virtual salt flux that is added to the salinity equation through the surface boundary condition.
Sea-surface salinity was restored to the PHC 3.0 climatology (Steele et al., 2001) with a restoring velocity of
1.929 x 10~® ms~!, corresponding to 50 m per 300 days.

The model run was integrated for the period 1960-2018, with a time step of 3 min. The first 10 years of the
simulation are considered as spin-up, thus leaving a 49-year period for analysis with monthly mean model output.

3. Model Assessment

Historic hydrographic observations are used to assess the overall model performance in reproducing both the mean
distribution of warm waters of Atlantic origin and their variability. The focus is both regionally in Fram Strait and
more locally on the continental shelf of NEG. In this study, the warm waters of Atlantic origin are defined as AW
when in the WSC with temperatures >2°C (Beszczynska-Moller et al., 2012), as RAW (>0°C) when recirculating
in Fram Strait, and as AIW when below the cold (<0°C) PW surface layer, thus below the EGC, and on the NEG
continental shelf. The interface between AIW and surface PW is defined by the 0°C isotherm and AIW is defined
as subsurface (<150 m) and with temperatures >0°C. Mean maximum AIW temperatures are calculated by first
spatially, then temporally, taking the average of the subsurface potential temperature maximum. The EGC center
is located where the maximum mean southward velocities over the uppermost 150 m occur, and the boundaries
where the mean velocity over the upper 150 m reduces to 20% of the core value (Havik, Pickart, et al., 2017,
Richter et al., 2018). When tracking the pathways of water of Atlantic origin across Fram Strait and on the NEG
continental shelf, the AW/AIW upper boundary is defined by the isopycnal 27.7 kgm =3, following the definition
by Rudels et al. (2005) and used as an upper limit to define AW in central Fram Strait and the EGC by Hofmann
et al. (2021) and Havik, Pickart, et al. (2017) respectively.

3.1. Observations

Long-term mooring arrays in Fram Strait have monitored the exchange of water masses within the Arctic Ocean
through the WSC (von Appen et al., 2016) and the EGC (de Steur et al., 2014) (Figure 1) On the NEG continental
shelf, a mooring array across Norkse Trough observed the flow of warm AIW propagates from the continental
shelf edge to the glaciers of 79NG and ZI (Miinchow et al., 2020).

Additionally, the comprehensive hydrographic database of salinity and temperature for the Arctic Ocean includ-
ing the Nordic Seas (UDASH, Behrendt et al. (2018)) provide a coherent spatial distribution of AIW on the NEG
continental shelf. These profiles are supplemented by more recent quality-controlled data sets (OMG, 2020;
Schaffer et al., 2017), resulting in over 5100 profiles on the continental shelf from 1979 to 2020. The observed
hydrography and the velocity field from the moorings are used to evaluate both the mean state and variability of
AW and AIW in the model simulation.

3.2. Fram Strait

The simulated circulation pattern in Fram Strait reproduces the inflow and outflow through distinct boundary
currents. In the eastern part of Fram Strait, warm (>4°C) AW is carried northwards at mean speeds of up to
0.2 ms~! by the surface-intensified WSC along the Svalbard continental shelf break (Figures 2a and 2b). Toward
the Greenland continental shelf on the western continental margin, the warm AW is found under a cold (<—1°C)
surface layer. The western part of Fram Strait is characterized by a cold boundary current, namely the EGC,

flowing southwards at speeds of up to 0.1 ms~".
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Figure 3. Comparison of Atlantic Intermediate Water (AIW) maximum subsurface temperature on NEG continental shelf between FESOM2.1 simulations and CTD
profiles. (a) Distribution of simulated monthly-averaged maximum AIW potential temperatures with overlaid measurements from CTD profiles. The white areas
correspond to where AIW was not found on the NEG continental shelf, and the gray circles represent CTD profiles in which AIW could not be identified, where

AIW is defined as subsurface temperatures >0°C. The isobaths corresonding to 600, 255, 200, and 0 m are also plotted as the thin black lines. Timeseries of average
maximum AIW potential temperatures in (b) Westwind Trough and (c) Norske Trough from FESOM2.1 (monthly mean) and CTD profiles (decadal mean, solid line),
where the blue and green colored circles in (a) show the corresponding averaged regions in (b) and (c). The shaded area around each timeseries and the dashed lines
are standard deviations of the model run and CTDs respectively. At the top of each timeseries, the number of CTD profiles used to calculate the decadal mean over the

corresponding decade are noted.

The mooring observations measure the circulation pathways and thermohaline properties across Fram Strait. In
the WSC, the simulated AW temperatures exhibit an interannual variability with a standard deviation of 0.6°C,
and a steady long-term warming trend (Figure 2c). A linear fit reveals AW temperatures increase from 4.5°C to
5.4°C from 1997 to 2018. The observed near-surface AW temperatures display an interannual variability with
a standard deviation of 0.5°C and an increase of temperatures from 4 to 5°C from 1997 to 2018. The average
near-surface temperatures are 4.9°C and 4.4°C for the model and observations respectively, showing a slight
warm bias in the AW temperatures by the model. This bias is recirculated westwards as simulated temperatures
in the subsurface RAW (at 250 m) across the width of Fram Strait are generally 1°C warmer than the observed
values (Figure 2a). Similarly, the cold PW component of the EGC, where the near-surface southward flow peaks
at 4°W, has temperatures of —0.77°C and —1.5°C from the model and moorings respectively. Thus the warm bias
in the model is persistent across Fram Strait.

The northward flow of AW in the WSC reaches observed speeds of 0.19 ms~! while simulated near-surface veloc-
ities are generally weaker, up to 0.13 ms~!, thus underestimating the measured velocities of the eastern boundary
current (Figure 2b). The EGC flows along the continental shelf break at a simulated —0.12 ms~! and measured
—0.1 ms~!, while the subsurface AIW, below the PW layer at 250 m, is weaker, reaching —0.05 ms~! in the model
and —0.07 ms~! in the moorings. The model therefore represents the observed southward flow of the EGC and
the warmer subsurface AIW below well.

3.3. Northeast Greenland Continental Shelf

The model simulation shows that the spatial distribution of the subsurface AIW is constrained by the bathyme-
try on the NEG continental shelf. Warm AIW is found along the continental shelf edge and in the deep trough
system on the continental shelf, but not on the shallow plateau in the middle of the continental shelf (Figure 3a).
The observations generally confirm this finding, thus the model reproduces the observed distribution of AIW on
the NEG continental shelf well.
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Figure 4. Velocity transect in Norske Trough from FESOM2.1 (filled contours) and observations superimposed (circles).
The moorings were deployed from summer 2014—summer 2016 and their locations are shown in Figure 1. The simulated
velocities were also averaged over the same time. Velocities are calculated perpendicular to the mooring transect; thus
positive (negative) velocities are flows toward the inner shelf (shelf break). The white line represents the time-mean 0°C
isotherm and the black line is the 27.7 kgm 3 isopycnal, representing the Atlantic Intermediate Water from the model.

The simulated maximum AIW temperatures in both troughs showed high annual and interannual variability
and a general warming trend. In the Westwind Trough, model temperatures steadily increase from an average
of 0.63°C in the 1970s to 1.16°C after 2010 (Figure 3b). By averaging the CTD profiles over each decade,
the observations also show warming from 0.20°C to 0.83°C in this northern part of the trough. Toward the
mouth of Norske Trough, simulated AIW temperatures increase from 1.49°C to 2.29°C from the 1970s to after
2010 (Figure 3c). The mean CTD measurements there show a temperature increase from 1.24°C to 1.69°C. The
discrepancy between the mean values in both troughs reveals a slight warm bias in the AIW temperatures across
the continental shelf by the model, which is likely connected to the model's warm bias of AW in Fram Strait
(Figure 2a). However, yearly model values of AIW temperatures are largely within the bounds of one standard
deviation from the observed mean, thus the model generally reproduces the warming trend of AIW observed in
the trough system well.

Both the observations and model results show AIW flowing through Norske Trough from the southern conti-
nental shelf edge toward the glaciers (Figure 4), a result that was well-documented by Miinchow et al. (2020).
This bottom-intensified jet propagates along the northern slope of the trough system. Simulated along-channel
velocities reach a maximum of 0.07 ms~! near 350 m and reduce toward zero in the middle of the trough. Moor-
ing records show maximum velocities of over 0.08 ms~! at 300 m depth, with diminishing velocities toward the
channel center and above the AIW/PW interface. The model slightly underestimates the velocities of the AW
flow toward the inner shelf, though reproduces the general circulation pattern of AIW through Norske Trough.

The agreement between the observations and model simulation both in the Fram Strait and on the continental
shelf suggests that the model reasonably reproduces the general circulation, mean distribution, and spatial and
temporal variability of Atlantic-origin waters in the region.

4. Atlantic Intermediate Water Variability on the Northeast Greenland Continental
Shelf

In this section, the spatio-temporal variability of AIW temperatures on the NEG continental shelf are examined
on interannual to decadal time scales.

4.1. Temporal Variability in Norske Trough

The simulated long-term mean shelf circulation pattern suggests a subsurface anticyclonic flow of AIW, where
Norske Trough is the main inflow pathway for AIW from the southern continental shelf edge toward 79NG and
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ZI (Figure 5a). AIW enters Norske Trough between 77 and 78°N, joining a jet-like flow moving from the conti-
nental shelf edge into the trough. This jet flows through Norske Trough toward the inner shelf at speeds of up to
0.03 ms~!, though maximum speeds are bottom intensified and can reach over 0.05 ms~! (Figure 4). The AIW
circulation then continues into Westwind Trough, though at reduced speeds (<0.005 ms™).

The spatial variability of the AIW as it flows through Norske Trough as a boundary current is examined by sepa-
rating the trough into four regions. The first three are defined from the outer continental shelf edge to the inner
shelf, and the fourth region is at the calving front of 79NG where the bathymetry and circulation of AIW is more
complex (Figure 5a). The mean temperature profiles in each region show that a surface layer of near-freezing
temperature PW (—1.8°C) overlays the warm AIW (>0°C) along the length of Norske Trough and in front of
79NG (Figure 5b). The maximum AIW temperatures decrease with distance from the shelf edge. At the outer
shelf, which sets the conditions of AIW in the trough, AIW is present below 100 m, with maximum temperatures
exceeding 2.2°C below 300 m. In the inner shelf, maximum temperatures of 2°C are found below 400 m. At the
79NG calving front where the water column is generally shallower, AIW peaks at 1.8°C below 300 m.

The timeseries of maximum AIW temperatures averaged over each of the four regions all display interannual
variability (Figure 5c¢). By applying a 2—7 years bandpass-filter to each signal (not shown), the resultant stand-
ard deviation of the maximum AIW temperatures is 0.16°C at the outer shelf and 0.11°C at the inner shelf
and glacier front. The temperature signals in all parts of the trough show in-phase fluctuations with little local
variability, suggesting shelf-scale processes drive AIW variability. A prevalent long-term trend also shows AIW
temperatures increasing throughout Norske Trough. By applying a linear fit to each timeseries, maximum AIW
temperatures increase by 0.97°C at the outer shelf and 0.86°C in the inner shelf during the time period 1970-2018
(Figure 5c). However, an increase in AIW temperatures after 2000 dominates this warming trend. AIW temper-
atures generally increase between 0.1 and 0.2°C across the continental shelf before 2000, and rose by 0.8°C
afterward. This general warming occurs at similar rates across the NEG continental shelf and at the 79NG front.

It is only at the outer shelf that a seasonal cycle is observed: a 9-15 months bandpass filter reveals a standard
deviation of 0.09°C (not shown). The strength of the seasonal signal decreases with distance downstream to
0.04°C in the inner shelf and at the glacier. The maximum cross-correlation returns a time lag of 4 months in the
interannual variability exists between the outer and inner shelf, and 7 months from the outer shelf to the 79NG
front. This is consistent with the anticyclonic circulation observed (Figures 4 and 5a). Isolating fluctuations
between 7 and 15 years reveals consistent decadal variability of 0.14°C across the continental shelf.

As there is little local spatial variability of AIW in Norske Trough (Figure 5c), with the coherent signal also extend-
ing across most of Westwind Trough (Figure 3b), a representative timeseries of AIW temporal variability is estab-
lished by averaging the maximum AIW temperatures over the NEG continental shelf (Figure 5d). The focus for the
remainder of this analysis is on the interannual variability of AIW properties, thus all temperature, velocity, and
volume transport timeseries are filtered using a 15-month low-pass filter to eliminate annual and sub-annual oscil-
lations. The connection between the drivers of this variability and the long-term warming trend is also examined.

4.2. Spatial Variability in Norske Trough

The dominant patterns of AIW interannual temperature variability on the NEG continental shelf are described
with empirical orthogonal function (EOF) analysis (Figure 6). The first EOF mode resembles the spatial pattern
explaining most of the variance. The corresponding principal component can then be interpreted as timeseries
reflecting the temporal variability of the pattern. As a prevalent long-term trend of warming of AIW temperatures
is present (Figure 5c), the EOF analysis was applied to the original and the detrended AIW temperature fields.
This two-fold approach of comparing the EOFs calculated from both the original and detrended AIW tempera-
tures examines if the trend and the interannual variability are associated with different spatial patterns.

The first EOF mode can be characterized predominantly as a pulsing shelf-wide mode (Figure 6a). This represents
a warming and cooling of AIW across the whole continental shelf, showing that variability in AIW temperatures
occurs shelf-wide and is not localized. The first mode explains 82% of the total variability of ATW temperatures
on the NEG continental shelf. The second EOF mode captures 9% of the total variance and thus can be neglected
along with higher modes (not shown).

For detrended temperatures, the first mode of variability also shows a continental shelf-wide mode associated
with the AIW temperature variability (Figure 6b). This indicates that multi-annual AIW temperature changes
are experienced coherently across the whole shelf. Thus, the interannual variability and long-term trend in AIW
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Figure 6. The leading EOF modes of (a) maximum Atlantic Intermediate Water (AIW) potential temperature, (b) detrended maximum AIW temperature. (c) The
corresponding first principal components (blue), and the interannual AIW volume transport through the Norske Trough (green). A 15-month low-pass filter was applied
to the AIW volume transport. The horizontal dashed lines are the respective mean values. Positive transport is directed toward the inner shelf, perpendicular to the

transect indicated by the green line in (a). The across-shelf black line in (a) illustrates the location of the transect shown in Figure 7.

Figure S. Temporal and spatial variability of simulated Atlantic Intermediate Water (AIW) temperature on the NEG continental shelf, where (a) long-term mean
AIW velocities on the NEG continental shelf (color) with arrows indicating the flow direction for the time 1970-2018. The velocities are log-scaled and calculated on
the 27.7 kgm ™~ isopycnal. Indicated are the four areas over which AIW properties are averaged: outer shelf (green), mid-shelf (magenta) and inner shelf (blue), and

in front of 79NG (purple); (b) the average vertical temperature profiles for each area as shown in (a), with shading representing one standard deviation; (c) spatially
averaged timeseries of monthly (thin) and interannual (15 months low-pass filter) (bold) maximum AIW temperature; (d) timeseries of the interannual maximum AIW
temperature averaged across the NEG continental shelf (including and removing the linear trend). The dashed line is the mean value of both timeseries, and the dotted

lines mark one standard deviation above and below the mean. The white line is the 600 m bathymetric contour, defining the continental shelf edge.
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Figure 7. Simulated temperature across the NEG continental shelf along the 78.5°N transect (shown in Figure 6a). (a) Mean temperature and (b) composite map of
temperature anomalies across the transect. Temperatures are classified as anomalous if deviating more than one standard deviation from the mean. The white lines are
the 0°C isotherm for the mean temperature in each state, and the black lines are selected isopycnals. The vertical lines in (a) and (b) mark the center (dashed) and outer
(solid) bounds of the EGC in each state, where the definition of the EGC is given in the text. (c) Comparison of the depth of the 0°C isotherm along the continental
shelf break (600 m isobath, see Figure 5a) between 75 and 81°N and the state of anomalous warm (red) and cold (blue) Atlantic Intermediate Water temperatures. The
location of the mouths of the two troughs are indicated by dashed black lines, and the isotherm depth at the transect in (a) and (b) are shown by circles for each state.
The corresponding circles are also included in (a) and (b).

temperatures on the NEG continental shelf are associated with a similar spatial pattern. This first mode explains
63% of the variance and the second mode 20%.

The first principal component describes the temporal variability of the first EOF mode. The first mode for the
original maximum AIW temperature timeseries displayed interannual fluctuations with a distinct pulsing (warm-
ing and cooling) of temperatures between 5 and 10 years. There is also a steady long-term increase in amplitudes
over time (Figure 6¢). These behaviors indicate that this first mode explains both the interannual variability
and the long-term warming trend on the NEG continental shelf (Figure 6a). The first mode for the detrended
temperatures displays a similar coherent cycle of interannual fluctuations between 5 and 10 years (Figure 6c¢),
also showing a positive trend from 2000. The comparable spatial and temporal patterns between the two leading
modes suggest that distinct mechanisms drive the interannual variability of the AIW temperatures on the NEG
continental shelf, and are not directly connected to the long-term warming trend.

4.3. Connection to Volume Transport Through Norske Trough

The timeseries of AIW volume transport through Norske Trough shows that there is a persistent inflow from the
southern shelf edge toward the inner shelf (Figure 6¢). The volume transport exhibits an interannual variability
of 0.03 Sv and has been intensifying over time. A linear trend shows an increase in 0.06 Sv between 1970 and
2018. There is a significant correlation (r = 0.58) between the volume transport and first principal component
for the original maximum AIW temperatures timeseries (Figure 6¢). After applying a 5-year low-pass filter to the
transport, in order to eliminate the higher frequency signals that are not present in the first principal component,
the correlation increases to 0.79. When both timeseries are detrended, the correlation decreases to r = 0.2 and
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0.41 for the original and filtered transport respectively. This indicates a co-variability between the long-term AIW
warming trend on the continental shelf and the enhanced AIW volume transport through Norkse Trough. That
is, the interannual AIW temperature anomalies are at least partly connected to changes in the volume of AIW
circulating on the continental shelf.

5. Drivers of Atlantic Intermediate Water Variability on the Northeast Greenland
Continental Shelf

The drivers of the interannual AIW temperature variability on the NEG continental shelf are now investigated
by compiling composite maps of temperature, velocity, sea-surface air pressure and sea-surface height during
periods of anomalous AIW continental shelf temperatures. These properties have also been filtered interannually.
The anomalies for the respective composite maps are calculated when the interannually-filtered average maxi-
mum AIW temperatures on the NEG continental shelf deviates more than one standard deviation from the mean
(Figure 5d).

5.1. Link Between Atlantic Intermediate Water Variability on the Northeast Greenland Continental
Shelf and East Greenland Current

An across-shelf transect from the east Greenland coast into central Fram Strait at 78.5°N shows the mean spatial
distribution of AIW and the EGC (Figure 7a). A relatively quiescent surface layer of cold (<0°C) PW sits above
the NEG continental shelf and extends into Fram Strait. In Norske Trough, warm AIW is present below 200 m,
reaching temperatures of up to 2°C. On the continental shelf, AIW is not found on the shallow plateau; instead,
AIW sits on the shelf edge below 200 m at ~8°W. Offshore, warm RAW is present at the surface in central Fram
Strait and then below the PW layer closer to the continental slope (Figure 7a). The highest temperatures exceed-
ing 4°C are found at 200 m, below the PW in the offshore side of the EGC. The location of the core of the EGC,
centered at 4.2°W, occurs at the hydrographic front of AIW and PW, where the 27.7 kgm~ isopycnal shoals
steeply. The EGC extends from the NEG continental shelf break at 6°W into central Fram Strait, approximately
140 km in width. This is wider than estimates made from velocity observations by Havik, Pickart, et al. (2017)
which found a maximum EGC width of 80 km, though further south below Norske Trough. As the EGC generally
decreases in width as it propagates south through Fram Strait, a wider core upstream at 78.5°N (Figure 6) is not
unexpected.

Periods of positive AIW temperature anomalies on the NEG continental shelf coincide with a general increase in
AIW temperatures in the EGC (Figure 7b). In the Norske Trough, this is equivalent to a warming of over 0.5°C.
At the center of the EGC, at the continental shelf edge, a concentrated core of positive AW temperature anoma-
lies of almost 1°C is found below the PW layer. The temperature anomalies offshore decrease with depth. There
is no temperature change in near-surface PW above 100 m. Overall, however, the position of the EGC near the
shelf break and its width show only minor changes between the mean and anomalous state (Figures 7a and 7b),
equivalent to a slight narrowing of the boundary current by 6 km about a stable core position.

Associated with the positive anomalous AIW temperatures is also a westward shift in the location and distribu-
tion of the AIW on the continental shelf itself. From its mean state at the shelf break, the AIW/PW interface,
defined as the 0°C isotherm, moves to the middle of the shallow plateau at 11.5°W (Figures 7a and 7b). The
shift corresponds to a westward migration of over 65 km. The layer of AIW in Norske Trough also thickened by
almost 50 m, suggesting the resultant increase in the volume of AIW on the eastern part of the continental shelf
circulates through the trough.

The shoaling AIW is observed along the length of the continental shelf break. The depth of the 0°C isotherm
along the 600 m isobath shows a general thickening of the AIW layer connected to the positive AIW temperature
anomalies (Figure 7). The greatest shoaling of the 0°C isotherm occurs at the northern end of the continental
shelf, in Westwind Trough, rising from 180 to 120 m. The difference in layer thickness decreases toward Norske
Trough, with changes of less than 10 m near the southern end of the shelf. As this coincides with the general
warming of AIW across the continental shelf (Figure 7b), it means that more and warmer subsurface AIW is
present on the eastern side of the NEG continental shelf, with the dominant increase in AIW volume at higher
latitudes (Figure 7c). The AIW then circulates on the continental shelf, consistent with the relationship found
between the AIW volume transport and temperatures on the continental shelf (Figure 6d).
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The spatio-temporal variability of AIW temperatures on the NEG continental shelf have been characterized here.
The interannual variability coincides with a westward migration of AIW from below the EGC onto the conti-
nental shelf itself. In order to determine the forcing mechanisms of this lateral shift, the connection between the
interannual AIW temperature variability and upstream conditions is now investigated.

5.2. Shifting Recirculation Pathways of Atlantic Water in Fram Strait

Warm and salty AW originating from the WSC partly recirculate in Fram Strait and supplements the southward
flow of the EGC (Figure 1). Thus, variability in the WSC could be advected westwards and control AIW tempera-
tures on the NEG continental shelf. The role of advection in controlling temperature anomalies on the NEG conti-
nental shelf, originating in the WSC, can be examined by comparing temperature timeseries in both locations.

A linear fit applied to the simulated AW temperatures in the WSC between 1970 and 2018 (Figure 2c) revealed
a general warming rate of 0.35°C/decade. The observations show an increase of 0.5°C/decade between 1997 and
2018, while the model presents a 0.44°C/decade warming rate over the equivalent time. On the NEG continental
shelf (Figure 5d), AIW temperatures were generally lower than in the WSC by an average of 3°C due to a likely
combination of heat loss to the atmosphere (prior to subduction) (Hattermann et al., 2016), the subduction of
the colder component of the AW, and subsequent mixing with the cold PW. By applying a linear fit to the AIW
temperatures before and after 2000, the AIW warming rates increase from 0.08°C/decade by more than a factor
of five to 0.41°C/decade. Schaffer et al. (2017) compared maximum AIW temperatures from CTD profiles in
Norske Trough between 1979 - 1999 and 2000-2016, and found an average increase of 0.5°C. Averaging the
simulated AIW timeseries (Figure 5d) over the same time ranges reveals a warming of 0.45°C.

The maximum temperatures at the two locations on either side of Fram Strait are positively correlated with a
statistically significant maximum value of r = 0.8 at a lag of 21 months. When the long-term trend of both time-
series is removed, the maximum correlation value decreases to » = 0.5. This suggests that the interannual vari-
ability of AIW temperatures is at least partly explainable by an advection of AW temperature fluctuations from
the WSC via the recirculation branches across Fram Strait. Yet, a correlation of 0.5 leaves a sizable fraction of
interannual AIW variability on the continental shelf unaccounted for by simple advection at a constant velocity.

The positive NEG AIW temperature anomalies are also associated with a general warming of AW across the
whole Fram Strait (and cooling during negative anomalies) (not shown). There is an increase in AW temperatures
of 0.5°C in the WSC and between 0.5 and 1°C in the RAW found in central Fram Strait. These positive tempera-
ture anomalies result in the AIW component of the EGC warming by 0.8°C.

In the following, we investigate whether circulation changes may also affect the connection of AIW temperature
between the WSC and the NEG continental shelf. For this, the mean AW circulation in Fram Strait is determined
by averaging the AW velocity components on the 27.7 kgm~3 isopycnal; a representative density of AW/AIW
across Fram Strait (Figures 4 and 7a). The mean circulation pattern reveals the strong exchange flow of AW
through Fram Strait, and the various RAW pathways that connect them (Figure 8a). Specifically, the vector fields
show three distinct branches of westwards flow in the central Fram Strait. Between 5 and 1° E, AW flows north-
wards in two distinct branches. Following the continental slope of Svalbard, the onshore component of the WSC
transports AW north at speeds exceeding 0.2 ms~!, while a slower branch is found offshore. The onshore WSC
bifurcates at 79°N: a part continues northwards along the Svalbard continental shelf edge while the rest turns
westwards and further splits into two pathways. A larger, more central branch (middle branch) turns westwards
at around 79°N with average speeds of 0.06 ms~!, and a second, weaker, pathway (northern branch) recirculates
further north at 80°N. The offshore WSC recirculates across Fram Strait at 78°N as a southern branch, reaching
speeds of over 0.1 ms™!.

All three branches of RAW join the southward flow along the Greenland continental shelf break. The RAW
branches meet the subsurface AAW, exported from the Central Arctic Ocean, at 78.5°N, and the southern branch
forms an offshore branch of the EGC at 78°N. The AIW within the EGC is carried southwards along the continen-
tal shelf edge at speeds of over 0.2 ms~. The presence and location of multiple recirculation branches agrees with
previous studies that have observed the circulation structure of RAW in Fram Strait (Hattermann et al., 2016;
Hofmann et al., 2021), though their location and extent are further discussed in Section 6.2.

In order to detect the role of the circulation in Fram Strait for the AIW temperatures on the continental shelf,
composite maps of the velocity anomalies are compiled. To focus on the upstream recirculation pathways, a
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Figure 8. AW circulation pathways in Fram Strait associated with positive Atlantic Intermediate Water (AIW) temperature
anomalies. (a) Mean velocity and (b) time-shifted composite map of velocity anomalies of AW in Fram Strait. AW is defined
as the properties on the 27.7 kgm~ isopycnal. The mean circulation pattern (arrows) are drawn with a logarithmic scale for
each state, and included on the colorbar for scale. The composite map is calculated by averaging the velocity anomalies (i.e.,
time mean subtracted) during time periods shifted by 19 months backwards in time relative to when the maximum AIW
temperatures on the NEG continental shelf exceed the temporal mean by one standard deviation. The red color represents

a strengthening of the flow, and blue is weakening. The white lines are the 600 m bathymetric contours, indicating the
continental shelf edge.
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backward shift of 19 months is applied to the times when there are positive AIW temperature anomalies on the
continental shelf (Figure 5d). This considers the 21-month lag between the interannual temperature fluctua-
tions in the WSC and on the NEG continental shelf and the advective time scale of 1-2 months for temperature
anomalies to arrive in the western part of Fram Strait (von Appen et al., 2016; Hattermann et al., 2016). The
AW velocity anomaly components are averaged over these backwards shifted times. Though this lag does not
fully represent the corresponding AIW response in the EGC, which requires a further 2 months to reach Norske
Trough (Schaffer et al., 2017), applying a lag of 17 months reveals a similar pattern (not shown). The analysis
reveals a coherent, regional pattern of the AW circulation pathways in Fram Strait associated with positive AIW
temperature anomalies on the NEG continental shelf (Figure 8b) as follows. Both boundary currents—the WSC
and the EGC—exhibit changes in flow speeds. The onshore component of the WSC shows a strengthening of the
northward flow, with positive velocity anomalies reaching 0.015 ms~!, while the offshore branch weakens by up
t0 0.01 ms~!. At the same time, the sensitivity of the shelfbreak EGC can be expressed as a two-branch response.
The narrow onshore branch shows a distinct northward velocity anomaly, illustrating a weakening of the EGC
along the length of the continental shelf break, while the offshore branch of the shelfbreak EGC, composed
predominantly of the recirculated northern and middle RAW branches, generally accelerates its southward flow.

The three RAW branches also show significant velocity anomalies, connected to the change in the boundary currents
that feed them (Figure 8b). The southern recirculation branch at 78°N, fed by the weakened offshore branch of the
WSC, exhibits a decrease in the mean westward velocity of approximately 25%. The two more northern pathways,
fed by the strengthened onshore WSC, display positive westward velocity anomalies, which corresponds to an
increase in speed of the recirculation branches. The middle branch at 79°N increases in speed by 0.01 ms™, the
equivalent of 15% relative to its mean flow, and the northern branch by over 40%. It is re-assuring that a similar
pattern is found to that in Figure 8b for the composite velocity pattern using the linearly detrended AIW case (not
shown). The distinct changes in the patterns of AW circulation in Fram Strait indicate that AIW temperature varia-
bility on the NEG continental shelf is connected to mechanisms which control the recirculation pathways.

The changes in the strengths of the different recirculation branches may in part result from regional wind patterns.
In order to establish any consistent wind patterns associated with anomalous AIW temperatures on the NEG
continental shelf, the composites are extended to sea level pressure (SLP). A 19-month backward time shift is
again applied to the composites to account for the transit time for AW to reach and circulate on the NEG conti-
nental shelf. The pattern of SLP in the wider region around Fram Strait associated with high anomalous AIW
temperatures on the NEG continental shelf correspond to an anomaly with a high-pressure center to the east
of Svalbard in the Barents Sea and low-pressure in central Fram Strait extending south into the Greenland Sea
(Figure 9a). The distribution of the SLP anomaly results in an anti-cyclonic atmospheric circulation anomaly in
the north near Svalbard and into central Fram Strait. The gradients then drive a generally northward wind anom-
aly through Fram Strait which strengthens the northward flow of the WSC (Figure 8b) by causing an eastward
Ekman transport along the continental slope of Svalbard.

Anomalous SLP gradients peak over Svalbard and weaken westward toward Greenland and again toward the
Greenland Sea in the south. This would be roughly consistent with a decrease in sea-surface height (SSH) in
central Fram Strait, as the Ekman transport pushes the water toward the Svalbard shelf where it converges.
Indeed, the actual composite map of SSH (corresponding to positive AIW anomalies on the NEG continental
shelf with a 19-month time lag) reveals positive SSH anomalies in northern Fram Strait and on the Greenland
and Svalbard continental shelves (Figure 9b). In central Fram Strait, negative SSH anomalies are generally found,
with a distinct region of negative SSH anomalies between 79 and 81°N—where the middle and northern branches
of RAW circulate (Figure 8). The pronounced SSH gradient through central Fram Strait sets up an anomalous
northward geostrophic flow in northeastern Fram Strait, which acts to strengthen the RAW pathways farther
north. North of Svalbard, in the absence of an eastern boundary, this anomalous transport feeds the northern
recirculation branch.

6. Discussion
6.1. West Spitsbergen Current

The results presented here show that the interannual AIW temperature anomalies on the NEG continental shelf are
partly controlled by the mean advection of AW temperature anomalies from the WSC across Fram Strait. Thus,
the temperature variability in the WSC (Figure 2c) ultimately sets the boundary conditions for AIW variability on
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Figure 9. Composite map of the anomalous (a) sea level pressure (SLP) anomaly over the wider Fram Strait and Barents
Sea region, and (b) sea-surface height (SSH) in central Fram Strait. The composite maps are calculated by averaging the
SLP and SSH anomalies when the maximum Atlantic Intermediate Water temperatures (with trend) on the NEG continental
shelf exceed the time mean by one standard deviation, shifted backwards by a 19-month lag period. In both panels, positive
anomalies are red and negative anomalies are blue, and the contour lines are SLP anomalies at intervals of 0.1 hPa (a) and
0.05 hPa (b). In (a), the 0 hPa contour line over Svalbard is marked in bold. The white lines indicate the shelf break.
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Figure 10. Schematic of the proposed mechanisms that determine the Atlantic Water circulation pathways in Fram Strait. (a) Mean and (b) anomalous circulation of
AW when Atlantic Intermediate Water (AIW) temperatures on the NEG continental shelf are high. The inverse case is true for negative AIW temperature anomalies. In
(b), the thicker (thinner) arrows mean stronger (weaker) flow relative to the mean state in (a). The numbering refers to the order in which the processes are connected
and are explained in the text. The abbreviations are also defined in the text.

the NEG continental shelf. In addition, regional wind forcing in the eastern Fram Strait affects both the strength
and spatial structure of the WSC at interannual timescales. An anti-cyclonic atmospheric circulation pattern over
Svalbard and central Fram Strait (Figure 9a) sets up SSH gradients (Figure 9b) which strengthen the northward
flow of the boundary current (Figures 8b and 10). Previous studies have also shown that wind-driven forcing in
the Nordic Seas drives variability in the northward flow of AW by the same mechanisms, namely that atmos-
pheric forcing drives Ekman transport which leads to SSH gradients and changes in the geostrophic flow (Chafik
et al., 2015; Heukamp et al., 2023; Muilwijk et al., 2018, 2019). At interannual timescales, Chafik et al. (2015)
find that wind anomalies over Svalbard and the northern Barents Sea, connected to positive SLP anomalies over
the area, set up Ekman transport. This promotes a positive SSH gradient toward Svalbard and thus enhances
northward AW transport in the WSC at interannual scales. At decadal timescales, the AW volume transport in the
WSC through Fram Strait is highly correlated with the wind stress curl in the Nordic Seas (Muilwijk et al., 2018).
As increases in AW volume transport correspond to an increase in the northward heat transport of the WSC
(Schauer, 2004), this suggests that the strengthening of the WSC by upstream wind conditions increases the heat
transport through Fram Strait.

The AW temperatures in the WSC are also generally characterized as having a pronounced seasonal cycle
(Figure 2c). Studies have characterized the seasonal variability in the AW temperature and volume transport
of the WSC (Beszczynska-Moller et al., 2012; Schauer, 2004; Tsubouchi et al., 2023; von Appen et al., 2016;
Wekerle et al., 2017). In winter, the AW is impacted by pronounced atmospheric cooling over the Nordic Seas,
which weakens the near-surface stratification (Boyd & D'Asaro, 1994). There is also stronger wind stress over
the Nordic Seas in winter (Jakobsen, 2003) which strengthens the cyclonic Greenland Sea Gyre circulation
(Chatterjee et al., 2018). These factors combine to promote a stronger northward flow of the WSC in winter
months. The strengthening of the WSC also implies the boundary current is less stable; thus the enhanced baro-
clinic instability leads to increased eddy kinetic energy in the WSC compared to summer months (von Appen
et al., 2016). The eddies are then advected westwards (Hattermann et al., 2016; von Appen et al., 2016; Wekerle
et al., 2020), meaning that the stronger eddy fluxes in the WSC in winter promote a stronger recirculation and
thus a larger heat flux into the AW recirculation. It is currently an open question how eddies modulate the extrac-
tion of heat from the WSC into the AW recirculation branches on interannual to decadal time scales, which are
considered in our study.

6.2. Recirculation Branches

In addition to temperature anomalies in the WSC, the AIW temperature anomalies on the NEG continental
shelf are linked to changes in the strength of the recirculation branches of AW across Fram Strait (Figure 8).
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When NEG continental shelf AIW temperatures are high, the middle and northern branches of RAW are more
pronounced while the southern branch weakens (Figures 8b and 10). The AW temperatures in the WSC are
also simultaneously higher at these times, thus more and warmer RAW is advected westwards at higher lati-
tudes. The onshore branch of the WSC feeds the middle and northern RAW pathways (Figure 8a), which have
been previously observed in high-resolution models and moored observations (Hofmann et al., 2021; Quadfasel
et al., 1987; Richter et al., 2018; Wekerle et al., 2017). The middle branch is present year-round as a mean flow,
while the northern branch is strongly seasonal, disappearing entirely in summer (Hofmann et al., 2021; Wekerle
et al., 2017). Hofmann et al. (2021) described the seasonal variability of both branches. They showed a time lag
of a few months existing between the peak eddy kinetic energy in the recirculation branches and in the WSC,
indicating that the RAW properties originate in the WSC and are advected by the mean flow of the recirculation
branch. The proportion of AW that recirculates in Fram Strait and that enters the Central Arctic Ocean directly is
also seasonal (de Steur et al., 2014; Rudels, 1987). Hattermann et al. (2016) revealed that up to 60% of AW recir-
culates in late winter/spring and 30% recirculation occurs in summer. It is speculated that the intensification of
the RAW branches in winter months is linked to the enhanced eddy activity in the WSC (Hattermann et al., 2016;
Wekerle et al., 2017).

The offshore branch of the WSC feeds the southern recirculation branch (Figure 8a) (de Steur et al., 2009, 2014).
The AW in this branch originates primarily from the Norwegian Atlantic Front Current and is composed of AW
and the cold and saline Arctic Ocean Deep Water (Hattermann et al., 2016). The AW in the offshore branch
is colder and fresher than in the onshore WSC. The observed weakening of the recirculating southern branch
associated with a positive SLP anomaly around Svalbard (Figure 8b) indicates a reduction of the colder AW that
recirculates in southern Fram Strait. However, as the southern branch forms the offshore component of the EGC
(Figure 8a), its change will likely only affect the AIW temperatures on the NEG continental shelf in a minor way.

Regional wind forcing is not only the driver of changes in the WSC but also affects the strength and structure
of the downstream RAW branches. An anticyclonic atmospheric circulation anomaly over Svalbard strengthens
the WSC (Figure 8b). This increase in northward flow is then circulated westwards by the northern and middle
branches (Figures 8b and 10). The corresponding anomalous SSH gradients in central Fram Strait represents a
northerly migration in the circulation branches, which causes more RAW to recirculate at higher latitudes. These
results bear strong similarities to those obtained by Heukamp et al. (2023). Using an ocean-sea-ice model, they
found that wind anomalies near Svalbard significantly impacted the AW recirculation in Fram Strait. In their
model study, an anomalous cyclonic wind forcing was imposed in the Barents Sea, associated with multi-decadal
sea-ice retreat in northern Barents Sea, and a corresponding southwards migration of the recirculation pathways
was found. Mechanically, the southwards component of the wind anomaly over Svalbard shifts the WSC west-
wards, down the continental shelf, and causes an increase in the SSH in central Fram Strait which extends up to
80°N. They argued that the offshore migration of the WSC then reduces the amount of AW reaching the more
northern recirculation pathways, and instead causes the AW to recirculate at lower latitudes. As a result, AIW
temperatures on the NEG continental shelf were generally lower compared to a control experiment (F. Heukamp
et al., 2023, personal communication). The wind stress curl can also explain the temporal variability of the
southern circulation branch (de Steur et al., 2014) as it is composed of AW from the wind-driven cyclonic gyre
in the Nordic Seas. Anomalous wind stress therefore modifies its strength by inducing SSH anomalies which
affect the circulation pattern (Chatterjee et al., 2018), and in turn the southern branch. Therefore, it is proposed
that the regional wind forcing not only promotes variability in the WSC that is advected westwards, but also
affects the strength and behavior of RAW pathways through which all AIW passes. Heukamp et al. (2023) also
found that because more AW was transported westwards along more southerly pathways, less heat entered the
Central Arctic Ocean. This suggests that both the AW temperature anomalies in the WSC and the behavior of
the recirculation pathways by which AW is advected across Fram Strait ultimately controls the AIW on the NEG
continental shelf. It also implies that the regional atmospheric circulation can directly impact the heat that enters
the Arctic Basin through Fram Strait.

6.3. East Greenland Current

All three of the recirculation branches join the southwards flowing EGC along the Greenland continental shelf
(Figure 8a), and their variability affects the boundary current. The pronounced northern and middle RAW path-
ways lead to enhanced southwards velocities (Figure 8b) and increased AIW temperatures (Figure 7b) in the

MCPHERSON ET AL.

18 of 23

85UB0!7 SUOLUWIOD BAITERID 3|edtjdde Uy Aq peuenob a1e Sep1Le WO ‘8sN J0 S9N J0 AReIgIT BUIUO AB]IM UO (SUORIPUOD-PUE-SLLBYLIOD" B IM AR U |UO//SARU) SUORIPUCD PUe SWB L 83 385 *[7202/70/70] Uo ARIq1T8UIIUO ABIIM ‘IMY BunyasI0SeRe N "N ~RI0d "4 IMsu| eusBem Pely|v Ad STEETOOCEZ0Z/6Z0T OT/10p/wI0d AB] 1M ARe.q1jeutuo sandnfe//sduy oy papeojumoq ‘0T ‘€202 ‘T6Z669TZ



A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Oceans 10.1029/2023JC019915

offshore branch of the EGC into which they feed. The enhanced westward flow also brings more and warmer
AIW to the NEG continental shelf at higher latitudes (Figure 10). The increase in thickness of the AIW layer
along the NEG continental shelf break north of 79°N (Figure 7¢) illustrates clearly that the AW from the RAW
branches reaches the more northern parts of the NEG continental shelf edge and moves further westwards onto
the continental shelf (Figures 7a and 7b). At the same time, the southwards flow of the colder AAW exported in
the onshore branch EGC along the continental shelf edge is reduced (Figures 8b and 10).

However, the change in flow conditions does not correspond to an onshore migration or broadening of the veloc-
ity field of the EGC itself (Figures 7a and 7b). Other processes must then transport AIW from the EGC and across
the NEG continental shelf edge. Havik and Vage (2018) suggested that episodic wind-driven upwelling leads to
across-shelf currents that lift warm AIW onto the NEG continental shelf. However, they also found that the region
of most upwelling-favorable wind conditions tends to occur further south; that is, south of 72°N, near Denmark
Strait. In the case of our study region in contrast to those areas further south along the EGC, the offshore subsur-
face core of AIW is located at depths shallower than the depth of the continental shelf break (Figure 7a). There-
fore, simple lateral eddy mixing is sufficient to flux AIW onto the continental shelf of NEG, especially during
times of a strengthened northern recirculation branch when the upper AIW boundary is displaced upwards by up
to 60 m compared to mean conditions (Figure 7c). In support of this statement, Schaffer et al. (2017) hypothe-
sized that AIW in the EGC may be transported onto the continental shelf via eddy- and tidally driven mixing, and
eddy overturning has been observed to play an important role in cross-shelf exchanges in Fram Strait (Tverberg
& Nost, 2009) and elsewhere (Cherian & Brink, 2018). The substantial mesoscale activity in the AIW layer of the
EGC (Havik, Vage, et al., 2017) supports this theory. Miinchow et al. (2020) showed that strong winds acting over
the steep slope of the continental shelf edge near the mouth of Norske Trough would generate topographic Rossby
waves from the Ekman pumping. These baroclinic waves would then propagate across the continental shelf and
into the trough system, and might be associated with additional cross-shelf edge heat fluxes. This, however, is
a phenomenon that acts at weekly to monthly time scales. It is unclear, if it is also relevant on interannual time
scales. While it remains unclear which processes drive the across-shelf flow, the interannual signals in the WSC
that are carried westwards and join the EGC before reaching the NEG continental shelf, are well preserved during
the cross shelf-edge exchange.

6.4. Northeast Greenland Continental Shelf

The AIW anomalies are driven from the EGC across the NEG continental shelf break and circulate through the
trough system. The weak local variability of the AIW temperature signals over the length of Norske Trough and
their lagged response (Figure 5c) implies that the interannual variability originates from the outer shelf and AIW
is advected by the bottom-intensified boundary current toward the inner shelf and 79NG (Figure 4). A dominant
monopole-like first EOF mode shows that interannual AIW temperature changes occur through the whole trough
system (Figure 6a), indicating a shelf-wide circulation of AIW. The westward shift of AIW across the continental
shelf break (Figures 7a and 7b) increases the volume of the AIW that enters into the anti-cyclonic circulation from
the continental shelf edge (Figure 5a) and ultimately propagates through Norske Trough (Figures 6d and 10). A
subsurface anticyclonic circulation regime along the trough system was first inferred based on mooring obser-
vations in Westwind Trough (Topp & Johnson, 1997) though Budéus et al. (1997) proposed that there was not a
one-directional through-flow of deep waters in the trough system. A subsurface boundary current that transports
AIW from the continental shelf edge toward 79NG was first proposed by Schaffer et al. (2017) using velocity
observations in Norske Trough (Figure 1), and was resolved at sub-annual scales by Miinchow et al. (2020).
Higher frequency signals on timescales of days to weeks observed in the boundary current in Norske Trough were
attributed to Rossby waves, generated by offshore Ekman pumping over the steep topography of the shelf break
(Miinchow et al., 2020).

Variability at these timescales was also found at the 79NG calving front and below the ice tongue (Lindeman
et al., 2020; Schaffer et al., 2020). It was proposed that the Rossby waves on the continental shelf drove oscil-
lations in the AIW isopycnals, which then modulated the inflow strength at the 79NG cavity. This is further
supported by results from moored observations at 79NG which demonstrated that the sub-annual heat flux
below the glacier is determined by the AIW conditions on the continental shelf (Lindeman et al., 2020; Schaffer
et al., 2020; von Albedyll et al., 2021; Wilson & Straneo, 2015). In the results presented here, the interannual
variability of the AIW temperature in Norske Trough has a standard deviation that is almost double that of the
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seasonal signal (Figure 5c). Therefore, the interannual variability of AIW temperatures, which originates in the
WSC, can act to significantly modify the rates of warm AIW inflow to the cavity of the 79NG and ultimately melt
rates occurring at the glacier base.

The long-term warming trend present on the NEG continental shelf, observed in both the model output and obser-
vations, shows a general increase in AIW temperatures of over 0.6°C from 1970 to 2018 (Figures 3b and 3c). This
warming in generally consistent with other estimates on the NEG continental shelf. Schaffer et al. (2016) used an
extensive compilation of CTD profiles to determine a robust AIW warming signal of 0.5°C throughout Norske
Trough from 1997 to 2016, while numerical simulations found similar AIW warming on the NEG continental
shelf of about 0.5°C since the 1970s (Smedsrud et al., 2022). Similar warming of AIW temperatures have also
been observed at the calving front and below the cavity of 79NG (Lindeman et al., 2020; Schaffer et al., 2020),
suggesting that the AW in the WSC as the advective source of the AIW on the NEG continental shelf controls the
thinning and ultimate fate of the NEG outlet glaciers (Khan et al., 2022; Mayer et al., 2018; Mouginot et al., 2015;
Wilson & Straneo, 2015).

7. Summary

A high-resolution ocean-sea-ice model (FESOM2.1) was used to examine the spatio-temporal distribution and
variability of warm AIW on the Northeast Greenland (NEG) continental shelf. It is believed that this warm
water drives the submarine melting of the marine-terminating glaciers in NEG, and the ocean conditions on the
continental shelf itself determine the melt rate. A bottom-intensified boundary current transports AIW through
Norske Trough toward the glaciers as part of an anticyclonic shelf circulation. It was found that the interannual
AIW temperature variability on the continental shelf is largely controlled upstream and not on the NEG conti-
nental shelf itself. The boundary conditions are set in the WSC, in Eastern Fram Strait, and the AW temperature
anomalies are then advected westwards, toward Greenland. As the AIW that arrives on the NEG continental shelf
first goes through the recirculation, the behavior of the pathways of RAW also plays a crucial role in controlling
its variability. Composite maps show that when the AIW temperature anomalies on the NEG continental shelf are
high, the northward transport of AW in the WSC is strengthened, and the AW temperature itself is warmer. The
northern and middle RAW branches which are fed by the accelerated WSC are also more pronounced, and more
AW reaches and migrates onto the more northern parts of the NEG continental shelf edge. There, the increased
volume of warmer AIW enters the shelf circulation regime and is propagated through the trough system.

It was shown that positive AIW temperature anomalies on the NEG continental shelf are connected to an anti-
cyclonic wind anomaly in the Barents Sea and over Svalbard. The anomalous winds drive an anomalous Ekman
transport toward the coast of Svalbard. The resultant SSH gradient then enhances the northward flow of AW in
the WSC, which is then recirculated westwards, and can drive the RAW pathways to higher latitudes.

The fraction of AW that is recirculated in Fram Strait impacts the heat flux on the NEG continental shelf,
which in turn determines the melt rate of the glaciers. It also affects the heat transport toward the Arctic Ocean.
Our improved understanding of the controlling mechanisms of AIW variability on the NEG continental shelf
provides insight into the behavior of the recirculation pathways of AW in Fram Strait and the role of the WSC
in determining the continental shelf conditions. As AW in the Fram Strait and Arctic Ocean are undergoing
multi-decadal warming, it may be assumed that this increase in oceanic heat will be directly translated into further
increasing AIW temperatures and glacier melt rates. However, the persistent sea-ice decline would suggest the
presence of wind anomalies that favor a more southern circulation pathway of AW across Fram Strait (Heukamp
et al., 2023) and thus cooler AIW temperatures. An understanding of the transport pathways of that enhanced heat
may therefore be key to predicting the fate of not only the marine-terminating glaciers in Northeast Greenland,
but also that of the Arctic sea-ice.

Data Availability Statement

The processed CTD data is from Schaffer et al. (2017), Behrendt et al. (2018), OMG (2020), and from the
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across Fram Strait is available from von Appen et al. (2015) and von Appen (2019). Maps based on the
RTopo-2 data set are available from Schaffer et al. (2016). FESOM2.1 model source code can be accessed at
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