
1. Introduction
The East Greenland Current (EGC) provides a primary pathway of freshwater between the Arctic and North 
Atlantic (Haine et al., 2015). The freshening of the Arctic Ocean and the increase in ice-mass loss due to climate 
change on Greenland are additional sources of freshwater to the subpolar North Atlantic (SPNA) (Böning 
et al., 2016; Haine et al., 2015). Modulations in salinity can have far reaching impacts in the North Atlantic as 
changes affect the density stratification. This in turn may affect deep convection as additional freshwater input 
increases buoyancy, leading to a dampening of deep convection which in turn reduces aspects of the overturning 
circulation strength (Bakker et al., 2016; Böning et al., 2016; de Steur et al., 2016; Dickson et al., 1988; Tesdal 
et al., 2018; Zou et al., 2020).

While Greenland ice sheet melt has sharply accelerated during the recent decades, the contribution from melt 
alone is insufficient to explain the freshening trend in the SPNA (Friedman et al., 2017; Holliday et al., 2020) 
as there likely has not been sufficient freshwater input from Greenland to the regions that would directly affect 
deep convection and eventually the Atlantic Meridional Overturning Circulation (AMOC) strength (Böning 
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et al., 2016; Dukhovskoy et al., 2019; Jackson & Wood, 2018; Luo et al., 2016; Rahmstorf et al., 2015; Swingedouw 
et al., 2012). Recent high-resolution model comparisons show that the effect on meltwater redistribution and local 
response patterns is strongly dependent on eddy-resolving capabilities (Martin & Biastoch, 2023; Swingedouw 
et al., 2022). From the Greenland coastline to the open ocean, the main export pathway of liquid freshwater from 
Greenland melting sources and particularly Arctic export is manifested in the total freshwater content (FWC) 
flowing with the EGC south of Fram Strait (de Steur et al., 2018).

The freshwater pathways from the EGC to the deep convective sites in the Irminger and Labrador Sea are still 
not fully understood. Observational data shows that freshwater primarily flows along the boundary currents 
such as the EGC, the West Greenland Current, and following the Labrador Current (Bacon et al., 2002; Dickson 
et al., 2006; Dukhovskoy et al., 2015; Myers et al., 2009; Sutherland & Pickart, 2008). Cold and fresh waters 
originating from the EGC is found in the vertical structure of the West Greenland Current, where eddies form 
and shed along the West Greenland transporting heat and freshwater toward the interior Labrador Sea (Fischer 
et al., 2018; Rieck et al., 2019). South of Greenland at Cape Farewell, (Holliday et al., 2007) observed a retroflec-
tion which provides a direct pathway for freshwater to enter the interior of the gyre. Strong wintertime northeast-
erly wind and tip jet events can also export freshwater from East Greenland into the interior Irminger Sea (Duyck 
et al., 2022; Moore, 2012). As the EGC is a major conduit of freshwater from the Arctic and Greenland melt, it 
is of importance to unravel the complexities of the EGC system and better understand the fate of freshwater and 
its impact on the SPNA.

The EGC system has been observed to flow southward in two velocity cores (Le Bras et al., 2018), confirmed 
by moorings along the Overturning in the Subpolar North Atlantic Program (OSNAP, (Lozier et al., 2019)) East 
section, that extends from the Greenland shelf to Scotland through the central Irminger Sea (Le Bras et al., 2018; 
Lozier et al., 2019). The East Greenland Coastal Current (EGCC) is surface-intensified and carries cold and fresh 
water on the shelf (Le Bras et al., 2018). South of Denmark Strait, the EGCC is a well-known feature (Bacon 
et al., 2002; Foukal et al., 2020; Håvik et al., 2017; Sutherland & Pickart, 2008).

Just offshore is the shelfbreak branch of the EGC which separates fresh, cold shelf waters from warmer, saltier 
waters of the interior basin (Bacon et al., 2002; Håvik et al., 2017; Le Bras et al., 2018; Sutherland & Pickart, 2008). 
North of 71°N, Håvik et al. (2017) observed an offshore velocity core which they term the “outer EGC.” South 
of 64°N where the EGC and Irminger Current merge and flow at the shelfbreak, Le Bras et al. (2018) refer to 
that current branch as the slope current. In order to avoid confusion between these terms, slope current and outer 
EGC, we will refer to EGC flowing along the slope, beyond the shelfbreak, as the outer EGC.

Freshwater transport (FWT) along the EGC system has a strong seasonality, reaching a maximum during winter 
in concurrence with strong northerly, downwelling-favorable winds along the shelf (Foukal et al., 2020; Le Bras 
et al., 2018; Luo et al., 2016). Downwelling favorable winds induce onshore Ekman transport which constrains 
the low salinity water near the shelf, while upwelling is associated with offshore transport and eventually allow 
for freshwater to intrude into the interior basin (Castelao et al., 2019; Håvik & Våge, 2018; Luo et al., 2016; 
Oltmanns et al., 2018; Sutherland & Pickart, 2008).

In summer, winds weaken and are less downwelling-favorable, increasing the likelihood for intermittent offshore 
FWT (Håvik & Våge, 2018; Våge et al., 2018) which coincides with Greenland melt during summer. As the 
potential for extreme Greenland summer melt episodes may increase in the future, it is of interest to determine 
the role onshore and offshore transport plays on freshwater.

In this study we focus on the EGCC and outer EGC from Fram Strait (78.5°N) to Cape Farewell. We take 
cross sections along East Greenland and isolate the EGCC/outer EGC to investigate the FWC variability from a 
high-resolution model (1/20°) and reanalysis product (1/12°). We look at the effect of Ekman transport and analyze 
the evolution of freshwater in the East Greenland boundary current system, considering associated sources that 
is, Greenland and sea ice melt and Arctic export. We break down the overarching question of whether Greenland 
Ice Sheet melting and its recent increase (i.e., (Hanna et al., 2008; Rignot et al., 2011)) adds a significant amount 
of freshwater into the Greenland boundary current system into the following subtopics: the imprint of Greenland 
runoff and freshwater propagation along the East Greenland shelf, processes which drive salinity changes and 
FWT along the EGC system, and the significance of freshwater sources and temporal changes.

Section 2 describes the ocean model, reanalysis, and in situ observations, as well as the methods to compute 
FWC and EGCC/EGC variability. Section 3 starts with potential imprints of anomalous Greenland runoff in 
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the EGC system in southeast Greenland, the investigating the role of different freshening sources, such as Fram 
Strait export, propagation along the Greenland shelf, sea ice melt, runoff and wind regimes concluding with a 
composite analysis contrasting the different contributions on FWC. Lastly Section 4 considers the context and 
implications of freshwater variability along East Greenland.

2. Data and Methods
2.1. Description of Data Sets

2.1.1. Ocean Model

Freshwater variability along the East Greenland shelf is investigated using the ocean general circulation 
model VIKING20X (Biastoch et al., 2021) an updated version of the original VIKING20 model configuration 
(Behrens, 2013; Böning et al., 2016). VIKING20X employs the NEMO3.6 ocean (Madec et al., 2016) and LIM2 
sea-ice models (Fichefet & Morales Maqueda, 1997) on a tripolar Arakawa C grid. The model uses two-way nest-
ing with Adaptive Grid Refinement in Fortran (AGRIF, (Debreu et al., 2008)) with a global host model at 1/4° 
(ORCA025) and regional horizontal grid refinement to 1/20° extending from the Nordic Seas to the southernmost 
tip of the African continent (34°S–70°N). The northern boundary of the nest is indicated by the black dashed 
line in Figure 1 where any latitudes south of the dashed line have a resolution of 1/20° and north is at 1/4° (see 
Biastoch et al., 2021, their Figure 1). There are 46 depth levels increasing from 6 m thickness near the surface to 
250 m in the deep ocean. The higher, eddy-rich resolution enables significant improvements in explicitly simu-
lating mesoscale variability, which improves, for instance, Labrador Sea deep convection and AMOC variability 
(Biastoch et al., 2021; Rühs et al., 2021).

The JRA55-do reanalysis is applied for atmospheric forcing, available at a 3-hourly temporal resolution on a 
1/2° horizontal grid (Tsujino et al., 2018). JRA55-do version 1.4 also provides spatially and monthly varying 
meltwater runoff and iceberg discharge in terms of freshwater fluxes (FWFs) from Greenland based on (Bamber 
et al., 2018), elsewhere daily river runoff at 1/4° resolution is applied. As the FWF data does not extend beyond 
2016, JRA55-do v1.4 repeats the FWF from Greenland of 2016 thereafter. In the VIKING20X simulations solid 
discharge is assumed liquid and applied as a combined field with river runoff. Runoff is assumed to have sea 
surface temperature, that is, any heat flux associated with solid discharge or liquid runoff is omitted. Sea  surface 
restoring is also applied based on the World Ocean Atlas 2013 (Locarnini et  al.,  2013; Zweng et  al.,  2013) 

Figure 1. (a) Mean freshwater content for the years 1993–2019 computed from VIKING20X output based on a reference salinity of 34.8 psu. White to green dots 
encircling the Greenland coast show the integrated annual freshwater flux (FWF) estimates (Bamber et al., 2018) over the same period. The major current pathways of 
the East Greenland Current system are represented with yellow lines. Black arrows indicate cross sections discussed in the manuscript. The seven Overturning in the 
Subpolar North Atlantic Program mooring stations are marked as stars off of Cape Farewell, with an inset zooming into the Cape Farewell region. The red dots indicate 
the locations at Kangerlussuaq (68.63°N) and Helheim glaciers (66.35°N). The white contour shows the 1000 m isobath used to define the offshore boundary of the two 
regions of focus: the entire east Greenland shelf (59–80°N) and southeast Greenland shelf (59–69°N). The black dashed line indicates the extent of the regional nest, 
with the ocean grid refined to 1/20° south of the line. (b) Summer (June–August) FWFs along southeast Greenland (blue) and the entire east Greenland shelf (orange). 
The dashed blue and orange lines show the decadal running mean over the respective regions. The two extreme summers (2010 and 2012) are highlighted by the vertical 
blue thick lines.
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climatology at a rate of 12.2 m/yr (timescale of 183 d for the 6 m thick surface layer). The restoring flux is not 
applied in an 80 km radius from Greenland to avoid a local, instant compensation of the enhanced runoff from 
ice-sheet melt. The coastal mask and the relatively weak salinity restoring facilitate a most realistic representation 
of Greenland-sourced freshwater in the SPNA while maintaining stability of the simulation.

We analyze monthly output of the VIKING20X-JRA-short run (Biastoch et  al.,  2021) from January 1993 to 
December 2019, the overlap period with the GLORYS12 reanalysis (see Section 2.1.2). Figure 1a provides an 
overview of the general FWC in the model over this period. Runoff from the major glacier and fjord outlets is 
indicated by the white to green dots, the size signifying the magnitude of the cumulative FWF over the same 
period. Note, FWF is used synonymous with runoff throughout the study and includes the “liquified” discharge 
flux.

To illustrate the recent increase in runoff, its total over the southeastern shelf and entire east Greenland from 
summers (June–August) of 1980–2016 is shown in Figure 1b. We define the East Greenland shelf to be bounded 
offshore by the 1000 m isobath with a latitudinal extent from just north of Fram Strait (78.5°N) to Cape Farewell at 
59°N (Figure 1a). The southeastern Greenland region is defined in agreement with (Sutherland & Pickart, 2008) 
and its FWF contributes ∼50% to all runoff entering the ocean from East Greenland. In both regions the runoff 
steadily increased starting in 1995 up to 2005 with strong interannual variability thereafter and two maxima in 
2010 and 2012.

2.1.2. Ocean Reanalysis

As Greenland meltwater enters the shelf and then interacts dynamically with the EGC system on local scales, 
high resolution observational data and coverage on the shelf would be needed but is sparse because of access 
limitations and shallow depth. High latitude—cold and ice covered—seas and, in particular, coastal and shelf 
regions are less well represented in remote sensing products (Garcia et al., 2017; Koehler et al., 2014; Olmedo 
et al., 2018), highlighting the importance of using high-resolution models to capture hydrodynamical instability 
processes in the SPNA for example, (Handmann, 2019). As a consequence, available ocean reanalysis products 
such as EN4 (Good et al., 2013) and ARMOR3D (Guinehut et al., 2012; Mulet et al., 2012) are also limited in 
their representation of the shelf seas around Greenland. They also lack in resolution for sampling the dynamical 
EGC system. Only the Copernicus Marine Environment Monitoring Service (CMEMS) global ocean physical 
reanalysis GLORYS12V1 (referred to as GLORYS12 throughout the manuscript) provided on a 1/12° grid is an 
assimilation model offering a holistic, near-eddy resolving estimate of global salinity, temperature, and velocities 
(Lellouche et al., 2021) and is used here for cross-validation with the eddy-resolving VIKING20X simulation. 
In addition both VIKING20X and GLORYS12 are validated with Overturning in the Subpolar North Atlantic 
Program moored data, see Text S2 in Supporting Information S1.

GLORYS12 contains 50 vertical levels at 1/12° horizontal resolution, covers the period 1993 to present, and 
assimilates in situ measurements and along-track satellite data via a Kalman Filter with a 3D multivariate modal 
decomposition of the background error into the model. The model component is based on NEMO driven at 
the surface by atmospheric conditions from ERA interim reanalysis output. In situ measurements include sea 
surface temperature data from NOAA, sea ice concentration from Ifremer/CERSAT, and the salinity and temper-
ature vertical profiles are from CMEMS Coriolis Ocean Database for ReAnalysis (CORA) database which 
includes various in situ data (Argo profilers, moorings, underwater gliders, surface drifters, ship data) (Lellouche 
et al., 2021). In general, Argo floats from 2003 onward improve the reanalysis above 2000 m; however there are 
no Argo floats on the East Greenland shelf. Very few in situ measurements are included in the assimilation near 
the shelf, for example, OSNAP East mooring measurements are excluded. However when an in situ measurement 
is present, spatial and temporal correlation scales are used to define a sphere of influence around that grid point 
where the observation is present. A multivariate bias correction is added to enhance any observations that are 
within this bubble of influence, for example, if there is an available observation of sea level then the temperature 
and salinity increments can be deduced. It is only when observational coverage is completely insufficient or there 
is no direct constraint from the correlation scales based on proximity to an observation, then the ocean state is 
based on the numerical model (Drévillon et al., 2021; Lellouche et al., 2021).

Some regional biases exist in GLORYS12 where the largest, cooler temperature bias lies in the 50–100 m layer in 
the North Atlantic. Sea surface salinity is generally fresher than when compared to the World Ocean Atlas (WOA) 
climatology, except in the Arctic where salinity tends to be higher than individual profiles suggest. While a slight 
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fresh bias exists, there are positive trends of sea surface salinity over most parts of the global ocean, with negative 
salinity trends found in the Arctic. Biases against all in situ observations decrease significantly with time as the 
density and number of observations increase (Lellouche et al., 2021).

GLORYS12's freshwater forcing differs from that applied to VIKING20X, particularly when replicating the addi-
tional freshwater input from ice sheet mass loss. In GLORYS12, there were two corrections made to the salinity 
field in order to avoid sea surface height drift from discrepancies in closing the water budget: first, the surface 
freshwater global budget was set to a seasonal cycle including 100 major rivers based on (Dai et  al.,  2008); 
second, a linear trend was imposed to the surface mass budget to replicate the freshwater sources from glaciers 
and ice sheet loss (Lellouche et al., 2021). For the period 1993–2001 the trend is 1.31 mm/yr and is increased to 
2.2 mm/yr from 2002 onwards. These trends are implemented as a uniform surface FWF in ocean areas populated 
with observed icebergs (Lellouche et al., 2021), which for Greenland is based on the CERSAT Altiberg database 
for small and giant icebergs provided by Tournadre et al. (2015).

There intentions differ between the high-resolution ocean-only model VIKING20X and observation-assimilated 
reanalysis GLORYS12. VIKING20X is used to run a hindcast simulation (for sensitivity and process studies) 
based on ocean physics and constrained by surface fluxes providing a consistent though somewhat biased ocean 
state by construction. GLORYS12 aims to provide a holistic picture of the actual ocean state using a physical 
model but minimizing model biases by assimilating observations.

2.1.3. In Situ Observations

In order to examine the state of the northern boundary of our East Greenland delimited region (Figure  1a), 
VIKING20X and GLORYS12 are compared with 16 years of in situ salinity and velocity measurements at Fram 
Strait from September 2003 to August 2019 (de Steur et al., 2018; Karpouzoglou et al., 2022). The salinity and 
velocity measurements were collected from moorings at 78.5°N extending from 8° to 2°W by the Fram Strait 
Arctic Outflow Observatory (de Steur et al., 2018). The measurements are provided as monthly means on a 1/4° 
grid with the vertical resolution varying in depth (Karpouzoglou et al., 2022). While measurements at Fram Strait 
began in 1997, the mooring line was adjusted from 79°N to 78.5°N in 2002 where increased FWT was observed 
at the latter location. The coverage of the southward recirculating branch of the Return Atlantic Current also 
improved at the shifted mooring location (de Steur et al., 2018). Mooring measurements at OSNAP East were 
cross-validated with VIKING20X and GLORYS12 (Text S2 in Supporting Information S1).

2.2. Methods

We compute the FWC following (Haine et al., 2015; Marshall et al., 2017) using a reference salinity of 34.8 psu, 
which is consistent with previous studies and separates well between polar and Atlantic-origin waters (de Steur 
et al., 2016; Sutherland & Pickart, 2008). The FWC is presented for zonal cross-sections of specified latitude and 
horizontal maps, where for the latter it was integrated over the upper water column down to 200 m. For a single 
grid cell the FWC was computed as:

FWC = ∭
𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑆𝑆(𝑡𝑡𝑡 𝑡𝑡𝑡 𝑡𝑡𝑡 𝑡𝑡)

𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟

𝑑𝑑𝑡𝑡 𝑑𝑑𝑡𝑡 𝑑𝑑𝑡𝑡𝑡 (1)

where S is the salinity and Sref is the reference salinity. FWC represents the amount of zero-salinity water 
that would be required to reach the observed salinity, relative to a given reference salinity (Fuentes-Franco & 
Koenigk, 2019; Haine et al., 2015). A positive FWC implies that the salinity is fresher than the defined reference 
salinity. Given a cross section over a particular width and depth, the FWC is defined as the amount of freshwater 
present within that cross-sectional area.

We also investigate the FWT perpendicular to a cross section, in particular at Fram Strait to determine the amount 
of freshwater that is exported from the Arctic (discussed further in Section 3). Freshwater transport across a 
section is defined as:

𝐹𝐹𝐹𝐹 𝐹𝐹 = ∬ 𝑣𝑣⟂(𝑥𝑥𝑥 𝑥𝑥) ⋅
𝑆𝑆(𝑥𝑥𝑥 𝑥𝑥) − 𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟

𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟

𝑑𝑑𝑥𝑥 𝑑𝑑𝑥𝑥 (2)

where v⊥(x, z) corresponds to the velocity normal to the section specified by distance x and depth z. FWT differs 
from FWC in that it describes the volumetric flow rate at which freshwater is exported from upstream of the 
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section whereas FWC represents cumulative salinity variations below a given threshold. The FWT across a 
section further upstream can impact the FWC downstream.

Further, we compute Ekman transport components using the modeled wind stresses:

𝑈𝑈𝑒𝑒𝑒𝑒 =
𝜏𝜏𝑦𝑦

𝑓𝑓𝑓𝑓0
, 𝑉𝑉𝑒𝑒𝑒𝑒 =

−𝜏𝜏𝑥𝑥

𝑓𝑓𝑓𝑓0
, (3)

where τx,y is the wind stress provided by the ocean model, ρ0 = 1027 kg/m 3 is the density of sea water, and 
f = 10 −4 s −1 is the Coriolis parameter.

The method to distinguish between the EGCC and the outer EGC velocity cores at the cross sections is described 
in Supporting Information S1 (see Text S1).

2.2.1. Composite Analysis

In Section 3.4, we perform a composite analysis to determine the impact of Greenland FWFs, alongshore wind 
stress, and sea ice production on the FWC using VIKING20X output. GLORYS12 has no wind stress or sea ice 
production output available. We refrained from computing the wind stress with ERA-interim reanalysis due to 
uncertainty about the exact bulk formulae used in GLORYS12.

We high pass filter Greenland FWFs, sea ice production, and FWC subtracting a 5-year Hamming-windowed 
running mean from the original time series to remove any decadal trends. This removes the signal of increasing 
Greenland FWFs from the early 1990s to mid-2000s (see Figure 1b), the recent eastern North Atlantic freshening 
(Holliday et al., 2020) and Great Salinity Anomaly of the 1990s (Belkin, 2004), and instead highlights seasonal to 
interannual variability. To illustrate the temporal variability of runoff, sea ice production, and winds stress along 
southeast Greenland, we take the gridcell area weighted mean of alongshore wind stress and spatially integrate 
the FWFs and sea ice production.

Then a cumulative sum of the monthly data is computed each year starting in January (FWFs and sea ice produc-
tion) and June (wind stress). The different start date for wind stress is selected to allow comparability with 
Castelao et al. (2019). The result is then used to obtain the members (individual years) for the FWC composites. 
Different months are chosen for each quantity to decide on the composite members: August for Greenland FWFs, 
May for sea ice production, and December for wind stress. These months are at or right after the peak of the 
cumulative sum of each quantity; only wind forcing continues to strengthen but we decided to focus on December 
for comparability with earlier studies.

For the respective months, each variable is grouped into categories of particularly anomalous years (15th 
and 85th percentile of the respective distribution). While these thresholds are too inclusive to consider the 
associated magnitudes as “extreme” (thresholds for cold spells/heat waves range from 10th/90th to 1st/99th 
percentiles (Frölicher et al., 2018; Hobday et al., 2018; Perkins-Kirkpatrick & Alexander, 2013)), some of the 
years included match such conditions. We determine the composite years for Greenland FWFs and sea ice 
production by subtracting: strong melt years minus reduced melt and weaker minus stronger alongshore wind 
stress. These composite years are used to compute the monthly FWC anomalies with implications discussed 
in Section 3.4.

3. Results
The following analysis aims at providing model-based evidence for a significant influence of glacial meltwater 
on the FWC of the EGC system in recent years. We begin with discussing variability of the FWC on the southeast 
Greenland shelf, where major outlet fjords are located. As internal variability proves large compared to such 
signal, we discuss the time varying export of freshwater from the Arctic Ocean through Fram Strait as an ulti-
mate source of freshwater in the EGC, its southward propagation to Cape Farewell, the influence of local sea-ice 
melt, and the effect of the Ekman transport induced by differing wind stress magnitudes along the Greenland 
shelf. Lastly, a composite analysis looking at anomalous years of runoff, sea-ice melt and cumulative wind stress 
provides insight on magnitude and spatial distribution of these sources and factors driving low-salinity anomalies 
in the EGC system.
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3.1. Does Extreme Greenland Runoff Leave an Imprint on the East Greenland Shelf Hydrography?

3.1.1. Model Cross-Sections

Guided by the temporal evolution of the local runoff in southeast Greenland (Figure 1b), we select cross sections 
at Fram Strait (Arctic export gateway), Denmark Strait (south of Kangerlussuaq glacier), Helheim (south of 
Helheim glacier and at Sermilik trough), Bernstorff (south of Bernstorff Isfjord), and OSNAP East just off of 
Cape Farewell. These are all located within the nested area at 1/20° resolution, only Fram Strait at 78.5° is outside 
of the nest.

The major current pathways of the EGCC and outer EGC are marked in yellow in Figure 1. Foukal et al. (2020) 
observed that the EGCC intensifies as it passes through Denmark Strait. Surface drifters also revealed the 
presence of the EGCC further north, flowing all the way from Fram Strait to Cape Farewell. However in both 
VIKING20X and GLORYS12, the EGCC was detectable only south of Denmark Strait, based on the criteria for 
two distinct, along stream velocity cores to be present at the shelf and beyond the shelfbreak (Text S1 in Support-
ing Information S1). Figure 1a only depicts the model state.

A seasonally varying mask based on salinity and southward-only velocity thresholds is applied (method described 
in Text S1 in Supporting Information S1). The annual summer (July–September) FWC variability in the EGCC 
and EGC per cross section are shown in Figure 2. Most of the freshwater in summer is contained within the 
EGCC, seen in both VIKING20X and GLORYS12 (Figures 2a and 2c). The total FWC decreases southward 
for various reasons: the narrower shelf leads to larger meridional current speeds facilitating a faster export of 

Figure 2. Time series of freshwater content (FWC) for VIKING20X and GLORYS per cross section. Panels (a) and (b) show the FWC from 1993 to 2019 for 
VIKING20X in the East Greenland Coastal Current (EGCC) and the outer East Greenland Current (EGC). The dashed lines indicate the EGCC, while the solid lines 
represent the outer EGC. Panels (c) and (d) show the same for GLORYS12. Note, y-axis ranges differ between left and right subfigures. The cross sections are south of 
Kangerlussuaq glacier at Denmark Strait (brown), south of Helheim glacier (blue), south of Bernstorff fjord (orange), and Overturning in the Subpolar North Atlantic 
Program East (purple). The two extreme runoff summers (2010 and 2012) are highlighted by the vertical blue thick lines.
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freshwater and an increased exchange with saltier waters from the interior basin. The shelf boundary is indicated 
by the 1,000 m isobath nearing the coastline south of 65°N in Figure 1a.

The EGCC FWC in VIKING20X in Figure 2a shows an increasing annual FWC and interannual peaks resem-
bling those of the Greenland runoff forcing applied in the model, notably at Denmark Strait and Helheim cross 
sections. In Figure 1b, there is a steady increase in the FWF over southeast Greenland starting in the 1990s until 
the early 2010s. The FWC increases up to 2012 in VIKING20X's EGCC south of Denmark Strait and Helheim 
glacier. Thereafter, Greenland FWFs appear to decline after 2012 and level off as does the annual FWC in the 
EGCC in the VIKING20X simulation.

There are interannual extremes in the FWC occurring in 2010 and 2012 in the EGCC in VIKING20X which coin-
cide with the extremes in Greenland runoff imposed in the model (see Figures 1b and 2a). Interannually varying 
runoff included in the JRA55-do atmospheric forcing ends in 2016 and consequently the melt event reported for 
2019 (Slater et al., 2021b) is not present in this VIKING20X simulation. For the 2010 extreme it was observed that 
an early onset of melting was triggered by anomalously warm near surface air temperatures which reduced surface 
albedo (Tedesco et al., 2011). The high air temperatures persisted throughout the summer resulting in a posi-
tive  albedo feedback loop and caused additional melting in west Greenland (Tedesco et al., 2011). The summer of 
2012 was a year marked by exceptional Greenland melt runoff due to negative North Atlantic Oscillation (NAO) 
conditions which advected warm southerly winds resulting in widespread surface melting (Hanna et al., 2014).

In contrast, GLORYS12 lacks a realistically varying runoff as a surface boundary condition and shows an overall 
decrease in FWC (Figure 2c). The EGCC is identifiable in GLORYS12 but is saltier near the shelf and surface, 
suggesting increased lateral mixing with the interior basin. Similar to VIKING20X, the northernmost cross sections 
are fresher than those downstream. Although subtle, there is a slight decrease in FWC from the early 1990s to 
mid-2010s for the sections south of Denmark Strait. This may be due to a consequence of the weaker constrain from 
actual in situ data for the assimilation process due to lack of observations close to the coast and at lower resolution.

The annual summer FWC in the outer EGC (Figures 2b and 2d) for both VIKING20X and GLORYS12 show a 
strong reduction in FWC presumably caused by mixing with saltier, warmer waters from the interior basin. In 
particular, the FWC decreases over time in the outer EGC at the Helheim cross section. There is a clear differ-
ence in interannual variability and patterns on a decadal time scale in GLORYS12. Compared to VIKING20X 
GLORYS12 only has a weak representation of the freshening after 2015 in the outer EGC. This increase in FWC 
in the outer EGC may be related to the recent eastern North Atlantic fresh anomaly (Holliday et al., 2020), as 
discussed by Rühs et al. (2021).

It is in particular the presence of sea ice and icebergs on the Greenland shelf that limits obtaining observational 
data in this region, including near surface waters (top 50 m). This holds true for mooring data from the OSNAP 
East array which provides no data above 50 m depth. As most of the freshwater is contained with the upper water 
column, near surface measurements remain critical (Karpouzoglou et al., 2022) and likely reflects in the skill of 
the reanalysis from GLORYS12. When excluding the top 50 m for the FWC in the EGCC at the Helheim section, 
the FWC decreases by 30% for VIKING20X. The reduction in FWC is even greater for GLORYS12, decreasing 
by 70%. The outer EGC for both models undergoes an even greater difference with a 70% reduction in FWC, 
highlighting the importance of the thin, near-surface layer above 50 m depth, as the freshest water is contained 
there.

The analysis of the cross sections along East Greenland reveals significant differences in FWC near the shelf 
between VIKING20X and GLORYS12. For VIKING20X, the EGCC FWC contains an increasing pattern with 
two interannual extremes which correspond to strong Greenland melt years of observed runoff. Meanwhile the 
FWC along the EGCC and outer EGC for GLORYS12 shows the FWC generally decreasing with time. The outer 
EGC shows a minimal freshwater imprint, demonstrating that most of the freshwater is constrained to the shelf 
and upper water layer.

3.2. How Does Freshwater Propagate Along the East Greenland Shelf?

3.2.1. Arctic Freshwater Export

A large source of freshwater in the EGC system is the export of polar water from the Arctic Ocean through 
Fram Strait. Arctic-sourced freshwater comes in two forms: liquid and solid sea ice flowing both on the shelf 
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and continental slope in the EGC (Holfort & Hansen, 2005). Sea ice export is primarily driven by alongshore, 
local winds (Smedsrud et al., 2008; Vinje, 2001). We investigate the FWT at Fram Strait as Arctic export sets the 
amount of low salinity polar water flowing south with the EGCC (Rudels et al., 2004). FWT differs from FWC 
in that it represents the volume of freshwater that is fluxed through the cross-sectional area, determined by both 
the flow velocity and salinity.

We compare the FWT estimates at Fram Strait between interpolated moored observations (Karpouzoglou 
et al., 2022), VIKING20X, and GLORYS12. The mooring line begins just off the shelfbreak from 8°W–2°W at 
78.5°, but for both models we extend the region from the shelf to 2°W, due to the availability of the shelf extent 
and that the freshest water is contained near the coastal branch of the EGC system (Bacon et al., 2014; Foukal 
et al., 2020; Le Bras et al., 2018).

The long term annual means for liquid FWT of polar water at Fram Strait is approximately 69 mSv given a refer-
ence salinity of 34.9 psu (Karpouzoglou et al., 2022). We recompute the FWT using the 34.8 psu and excluding 
any northward velocities, where the transport is calculated by Equation 2 to obtain a mean FWT of 68 mSv. Note 
that the Fram Strait cross section is outside the high-resolution nest in VIKING20X remaining on the global host 
model at 1/4° resolution. Figure 3 shows the monthly and annual FWT for the observations, VIKING20X, and 
GLORYS12. The FWT is integrated from the shelf to 2°W (limit of the mooring array) for VIKING20X and 
GLORYS12, while the observations begin at the shelfbreak (Figure S3 in Supporting Information S1).

In Figure 3b, observational estimates from mooring data show an increased amount of FWT flowing across the 
section than VIKING20X and GLORYS12, particularly from 2003 to 2007. The long-term annual mean for the 
observations is 68 mSv, while VIKING20X and GLORYS12 have 62.7 and 41.4 mSv. GLORYS12 has lower 
FWT estimates due to freshwater reaching shallower depths in comparison to VIKING20X and the observations 
(Text S3 in Supporting Information S1). While closer to the observations in magnitude, the simulated temporal 
variability of VIKING20X resembles that of GLORYS12 more than that of the observations for the period 2003–
2019 with correlation coefficients for monthly mean FWT of 0.64 to GLORYS12 and 0.45 to observations, while 
that for GLORYS to observations is only 0.27. The FWT estimates depend not only on salinity and velocity but 
also on the respective grid resolution. Freshwater does not extend as deep in the water column where the vertical 
grid cell sizes coarsen with increasing depth. Large grid cells may carry significant amounts of freshwater even 
when exceeding the constant threshold salinity only marginally; using partial grid cell volumes is not considered 
here.

On the other hand, the FWT for VIKING20X is comparable with the observations when the section includes 
the shelf (coastline to 2°W). There are deviations in interannual variability, particularly in Figure 3a, but the 
magnitudes appear consistent with observations. When the shelf is included, the FWT increases for VIKING20X 
suggesting that freshwater along Fram Strait remains near the shelf but freshwater offshore reach increased depths 
than GLORYS12.

Both models show an increase in the annual FWT from 2003, particularly in VIKING20X, which is not as evident 
in the observations as they begin in 2003 (Figure 3b). Although both models slightly underestimate the mean 
FWT at Fram Strait, in particular GLORYS12, there are differing biases in the models. VIKING20X has lower 
southward current speeds just off the shelfbreak at Fram Strait (Figure S3 in Supporting Information S1) but 

Figure 3. (a) The monthly Freshwater transport (FWT) from in situ observations at Fram Strait (78.5°) (blue), VIKING20X (orange), and GLORYS12 (green). (b) The 
annual mean FWT for the observations and models. Note the change in y limits on the vertical axis for the annual means.
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comparable salinities to the observations across the section. Freshwater is transported downstream via Fram Strait 
closer onshore rather than offshore beyond the shelfbreak. Due to observational measurements lacking onshore, 
it is unclear if observations would result in an increased FWT provided on-shelf measurements were available 
however it would be of interest to see how magnitudes may vary if the entire shelf were included.

These discrepancies between the models and observations, particularly the reanalysis, highlight the need of 
obtaining a realistic representation of Fram Strait export, especially as this sets the amount of polar water flowing 
south with the EGCC (Rudels et al., 2004). The remaining analysis focuses on the origin and propagation of fresh 
anomalies and thus holds despite the described FWT biases at Fram Strait.

3.2.2. Downstream Freshwater Propagation From Fram Strait to Cape Farewell

As freshwater exported from the Arctic via Fram Strait plays a significant role in determining the initial low 
salinity near surface water of the EGC system, we investigate how freshwater propagates along the shelf from 
Fram Strait to Cape Farewell. Figure 4 shows Hovmoeller diagrams of the zonally integrated FWC on the east 
Greenland shelf for VIKING20X and GLORYS12. Given that Greenland FWFs enter through the surface and 
along the coastline, we determine the changes in FWC along the shelf computed from Equation 1 and integrated 
over the top 200 m. The mean FWC climatology over the EGC region (59–80°N) is calculated based on the 
reference period 1993–2019 and then the FWC anomalies are linearly detrended. The detrended FWC is used 
to focus on the salinity variations that arise from local melt and upstream freshwater sources on an interannual 
basis rather than any long-term evolution in Greenland runoff or Arctic export as discussed above (Figures 1b 
and 3b). Since  the zonal extent of the 1000 m isobath varies in distance per latitude, the anomalies are stand-
ardized by dividing the total horizontal grid cell area per latitude, which reduces the overestimation of the FWC 
from changes in shelf width.

The righthand top panel of Figure 4a and the lower panel b show the monthly FWC anomalies for VIKING20X 
and GLORYS12, where positive FWC signifies fresher water than the climatology. There is strong interannual 
variability in VIKING20X and GLORYS12 with a period of greater salinities from 2003 to 2006. Since FWC was 
detrended, these do not originate from the long-term increase of Fram Strait FWT. Other differences between the 
models are in 2010 and 2012 when exceptional Greenland runoff occurred during those summers but the positive 
anomalies in FWC are not seen in GLORYS12.

In Figure 4a, the dashed lines indicate major runoff locations, displayed by the bar diagram of the land-sourced 
FWF (Bamber et al., 2018) per ≈0.2° latitude in 4a. The monthly FWFs are accumulated per year and then averaged 

Figure 4. (a) The lefthand panel shows the annually integrated freshwater fluxes averaged over the period 1993–2016 from Greenland liquid and solid ice discharge 
(Bamber et al., 2018) per latitude. The dashed lines in purple, blue, green, and red indicate the top four largest runoff locations. The righthand top panel shows the 
evolution in freshwater content (FWC) anomalies over the reference period 1993–2019 per latitude for VIKING20X. (b) The FWC anomalies for GLORYS12.
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over 1993–2016. There is a maximum of FWF from Greenland at ≈68°N at Kangerlussuaq glacier; one of the 
largest glaciers along East Greenland. The next largest freshwater input comes from Helheim glacier (≈66°N) 
and at 79°N where the 79°N glacier and Zachariae Isstroem glacier is located (Rignot & Mouginot, 2012). In 
GLORYS12, coastal runoff is represented by a spatially varying climatological FWF in combination with an 
additional, uniformly distributed FWF in regions of observed iceberg occurrence.

FWC anomalies propagate south but considerable local variability imprints on this signal, where the anomalies 
are generally larger in VIKING20X than in GLORYS12. The advective time scale from Fram Strait to Cape 
Farewell ranges between 4 and 8 months. Thus freshwater anomalies leaving the Arctic Ocean in mid-winter to 
spring can potentially interfere with and mask runoff anomalies in southeast Greenland, which peak in summer 
(July–August). Local offshore advection and mixing with saltier interior waters in the Nordic and Irminger seas 
contribute to the erosion of the anomaly along the way. The maximum in Greenland meltwater input occurs at 
the Kangerlussuaq glacier (68°N), just north of Denmark Strait. (Foukal et al., 2020) observed that freshwater 
flowing southward along the EGC tended to converge at Denmark Strait where downwelling-favorable winds 
drive onshore flow due to widening of the shelf north of Denmark Strait. This suggests that any meltwater output 
from the Kangerlussuaq glacier likely mixes with the initial low-salinity polar waters propagating southward 
from Fram Strait and would explain why there is not a strong positive FWC anomaly south of 68°N (Figures 4a 
and 4b).

Recirculation occurs at the deeper Kangerlussuaq trough at ≈67°N where studies show that a net input of fresh-
water splits into the EGCC south of Denmark Strait with a return flow out of the trough (Foukal et al., 2020; 
Sutherland & Pickart, 2008). Arctic freshwater export and recirculation at the trough just south of the Kangerlus-
suaq glacier both contribute to FWC variability but likely obscure any additional signal from Greenland runoff.

After recirculation at the trough and freshwater convergence along the shelf due to strongly downwelling-favorable 
winds, meridional current speeds increase south of 65°N, reaching values up to 0.4 m/s in both models (Figure S1 
in Supporting Information S1), which occurs where the 1,000 m isobath and shelfbreak steadily narrows. Given 
the high current velocities and the reduced distance freshwater travels, advection of freshwater from 65°N to 
59°N happens within 1 month and hence the propagation of freshwater anomalies is not resolved by the monthly 
mean output of the models used here. This explains why in the Figures 4a and 4b Hovmoellers there are these 
vertical, instantaneous-like positive and negative FWC anomalies, implying a divergence of freshwater south of 
64°N.

3.3. What Are the Processes Driving Salinity Variations and Freshwater Transport in the EGC?

3.3.1. Sea Ice Melt and Greenland Runoff

Apart from polar water and Greenland runoff, a significant freshening source is sea ice melting along the east 
Greenland shelf. We analyze the sea ice production output from VIKING20X (local freezing, when >0, and 
melting rates, <0), a quantity not provided for GLORYS12, which includes sea ice thickness as a variable but not 
thermodynamic thickness change, that is, melt or freezing. A provisional reconstruction of such an ice production 
field based on month-to-month sea ice thickness changes is prone to failure because sea ice thickness change is 
dominated by advection in this region. Further analysis concentrates on VIKING20X output.

Figure 5a shows the seasonal cycle of sea ice production (blue colors imply meltwater input) per zonal section 
(meridional resolution of 10–20 km, ORCA025 grid) from VIKING20X. Sea ice production is zonally integrated 
over the east Greenland shelf within the 1,000 m isobath. For comparison, the seasonal cycle of runoff along east 
Greenland is shown per coastline gridpoint (Figure 5b). There is primarily sea ice formation throughout winter 
and early spring from 67 to 80°N. Sea ice melt occurs from summer to late fall peaking in June (67–70°N) and July 
(north of ∼71°N). North of ∼71°N runoff begins to increase in late May, reaching a maximum in June/July then 
reduces in September. South of 70°N, there are some latitudes which have a positive Greenland FWF year-round 
(Figure 5b). The wintertime runoff is attributed to outlet glacier calving where solid ice discharge can enter the 
open ocean (Bamber et al., 2018) but have relatively lower magnitudes compared to summer runoff. Freshwater 
from sea ice melt coincides with the runoff peak but typically exceeds the latter, suggesting that additional fresh-
water from summertime sea ice melt further north propagating downstream can mask the local runoff signal.

Further south, from 65 to 67°N, sea ice melting occurs from late fall (November) to early summer (June). As there 
is no sea ice present in summer and early fall, most of the ice melting in this region originates further north and is 

 21699291, 2023, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JC

019890 by H
G

F G
E

O
M

A
R

 H
elm

holtz C
entre of O

cean, W
iley O

nline L
ibrary on [19/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Oceans

SCHILLER-WEISS ET AL.

10.1029/2023JC019890

12 of 21

imported by the southward flow with only little formed and melted locally. This timing does not overlap with the 
runoff seasonal cycle featuring a marked summer peak. The melting of sea ice south from Cape Farewell (59°N) 
to Denmark Strait (66°N) during the late winter and early spring including the region of enhanced southward 
current speeds on the narrower shelf explains the persistent positive and negative freshwater volume anomalies 
that occur during early winter/spring in Figure 4.

South of Denmark Strait, we find that there has been a reduction in sea ice meltwater flux in the last 13 years 
with a linear trend of −40.48 km 3/year for the period 2006–2019. Interannual variability has strongly reduced 
from 217.6 km 3 (1993–2005) to 73.5 km 3 (2006–2019), likely from a reduction in the amount of sea ice avail-
able to melt. In VIKING20X sea ice export through Fram Strait declined from 1993 to 2019 by 11.86 km 3/yr 
with a stronger trend of 42 km 3/yr over the last 13 years, which matches recent observational estimates (Spreen 
et al., 2020; Wang et al., 2021).

Sea ice melt remains a significant source of freshwater entering the ocean locally but also being advected along 
the EGC. Freshwater from Greenland, Arctic export through Fram Strait, and sea ice melt on the Greenland shelf 
all contribute as freshwater sources to the EGC and EGCC systems, which carries the anomalies into the SPNA. 
Disentangling the individual signals remains a challenge, but the sources provide insight into how freshwater is 
transported and seasonally changes along the East Greenland shelf.

3.3.2. Effect of Wind Stress on Volume and Freshwater Transport

Alongshore winds play a large role on modulating cross-shelf transport of freshwater (Luo et al., 2016). The 
shallower EGCC in particular is observed to be both wind and buoyancy driven (Sutherland & Pickart, 2008). 

Figure 5. (a) Hovmoller plot showing the climatology of sea ice production (m/month) from VIKING20X over the reference period 1993–2019. Positive values 
indicate sea ice growth, while negative values signify melting. (b) Mean seasonal cycles of Greenland freshwater fluxe (FWF) (m/month) from Bamber et al. (2018) 
averaged over 1993–2019 per latitude band. The zonally integrated FWFs (km 3/month) are divided by the ocean model's grid cell area to convert to m/month for 
comparison with sea ice production depicted in panel (a). The white to blue colors indicate increasing FWFs per latitude (15° resolution). The dashed colored lines 
indicate the major Greenland runoff sources (see Figure 4a) showing the mean annual FWFs integrated over 1993–2016.

 21699291, 2023, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JC

019890 by H
G

F G
E

O
M

A
R

 H
elm

holtz C
entre of O

cean, W
iley O

nline L
ibrary on [19/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Oceans

SCHILLER-WEISS ET AL.

10.1029/2023JC019890

13 of 21

We investigate the role of alongshore wind stress as being a driver of the EGCC and outer EGC transport vari-
ability in VIKING20X, as hypothesized by Le Bras et al. (2018). We focus on VIKING20X since surface wind 
stress  is not provided for GLORYS12. GLORYS12 is forced with ERA-interim reanalysis wind speeds, but with-
out detailed information on the bulk formulae used in GLORYS12 wind stress estimates would be associated with 
large uncertainty. Thus we only use VIKING20X output.

The OSNAP East EGCC and outer EGC monthly volume transport correlation is evaluated with the alongshore 
wind stress from 1993 to 2019 following similar analysis by Le Bras et al. (2018). We also evaluate the corre-
lation of the FWT with the wind stress to investigate the effect of alongshore winds on salinity along the shelf. 
The correlation between the monthly alongshore wind stress and volume/FWT is computed at zero lag expecting 
no lag greater than 1 month between transport and wind forcing. We apply the method described in Section 2 to 
isolate the EGCC from the outer EGC at the location of OSNAP East. The correlations are evaluated at zero lag, 
where a one-tailed student t-test is used to determine the 99% confidence interval.

Figures 6a and 6b show the correlations between volume transport and alongshore wind stress for the EGCC 
and EGC. The correlation patterns agree well with those presented by Le Bras et al. (2018), (their Figure 10). 
The volume transport of the outer EGC shows further offshore correlations south of 65°N extending south of 
Cape Farewell. Upstream reaching positive correlations are explained by coherent high-speed northeasterly 
surface winds, which are maintained along the extent of the southeast Greenland coast (Moore, 2014). Le Bras 
et al. (2018) also noted that upstream wind stress may be transmitted southward by coastally trapped waves. The 
positive correlations between volume transport and alongshore winds show consistency with the mechanism that 
northerly alongshore winds result in primarily downwelling, where strong onshore Ekman transport steepens 
isopycnals, and southward flowing current velocities accelerate (Bacon et al., 2014; Harden et al., 2014; Le Bras 
et al., 2018; Sutherland & Pickart, 2008).

In VIKING20X, we find a larger spatial extent and higher positive correlations (r ≥ 0.5) for the EGCC than 
reported by Le Bras et al. (2018). The correlation pattern of the EGCC presented here appears more similar to 

Figure 6. The following correlations are between the alongshore wind stress and the volume and Freshwater transport (FWT) at the Overturning in the Subpolar 
North Atlantic Program (OSNAP) East mooring line indicated by the black arrow. (a) Correlation between East Greenland Coastal Current (EGCC) volume transport 
from VIKING20X at OSNAP East mooring line location and alongshore wind stress. (b) correlation between alongshore wind stress and outer East Greenland Current 
(EGC) volume transport. For panels (a) and (b), the black contour shows coefficients greater than 0.5. (c) correlation between EGCC FWT with the wind stress. Note 
the change in colorbar limits. The black contour shows coefficients greater than 0.2. (d) Correlation between outer EGC FWT and alongshore wind stress. The gray 
contour indicates the southeast Greenland partition. Black dots indicate areas that are not significant.
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that of the outer EGC in Le Bras et al. (2018), (their Figure 10). The EGCC's volume transport at OSNAP East 
is highly correlated with the alongshore wind stress further upstream and over the entire east Greenland shelf up 
to about 70°N. Interestingly, the correlation is not statistically significant directly at the mooring line. (Le Bras 
et al., 2018) noted that the mooring array may underestimate the EGCC volume transport, since the near-shelf 
velocity core is not consistently located below the CF1 mooring. There is only one CTD station located onshore, 
while in VIKING20X the entire shelf area is relatively well represented. On the other hand, VIKING20X may 
under-represent local, coastal processes, which could explain comparatively high and far upstream correlations 
with the wind stress.

To examine the wind's impact on freshwater anomalies, we present corresponding correlation maps with the 
FWT at OSNAP East in Figures 6c and 6d. Note that FWT contains volume transport and salinity anomalies 
(Equation 2). For the EGCC we find a similar correlation pattern but about 50% lower than for volume transport. 
Positive, significant correlation values extend just north of the OSNAP East cross section to north of Denmark 
Strait, indicating that alongshore winds strengthen the connectivity on the shelf. Stronger alongshore winds 
cause stronger onshore Ekman transport leading to a narrowing and acceleration of the EGCC. In consequence, 
freshwater is flushed faster downstream. There are positive correlations that reach south of 65° where the shelf 
is much narrower which is associated with further acceleration of the current. This is also evident in Figure 4 
where the advective time scale for freshwater anomalies to travel downstream reduces to less than 1 month in both 
VIKING20X and GLORYS12 south of 65°N.

In contrast, FWT in the outer EGC is not significantly correlated with the wind stress. We find a rapid decrease 
from sparse positively correlated locations at the coast to widely negative ones in the interior Irminger Sea. Since 
FWT is a combination of volume transport and salinity anomalies, we conclude that FWT in the EGCC is partly 
wind- and partly salinity-driven whereas in the outer EGC it is mostly a function of salinity variations originating 
from mixing with either the fresher EGCC or the saltier Irminger current water adjacent to the outer EGC. FWC 
is larger on the shelf and increases toward the coast in both VIKING20X and GLORYS12 (see Figure 2) making 
the EGCC a significant freshwater conduit in southeast Greenland with alongshore winds influencing freshwater 
anomalies and their propagation around Cape Farewell.

3.4. What Is the Relative Importance of Freshwater Sources and Is It Changing Over Time?

Given the various freshwater sources along East Greenland, we will determine their relative impact on interan-
nual variations in FWC in the EGC system. Please note that the following analysis focuses on VIKING20X, as 
neither wind stress nor sea ice production are available from GLORYS12. A composite analysis is done based on 
the cumulative Greenland runoff fluxes and sea ice production accumulated over the seasonal cycle (January–
December) with alongshore wind stress accumulated from June–December (Castelao et  al.,  2019) (method 
described in Section 2).

We focus the composite analysis on southeast Greenland due to the immediate impact of additional freshwater 
input into the Irminger (Duyck et  al.,  2022; Holliday et  al.,  2007) and Labrador seas (Castelao et  al.,  2019; 
Gillard et  al.,  2016). This is justified by coherent large-scale atmospheric conditions, a short advective time 
scale and similar sea ice conditions (see sections above). The composite member years to determine the years 
of strong/weak meltwater from Greenland FWFs and sea ice melt alike are selected based the respective month 
in which the seasonal-based increase in freshwater input concludes that is, August for Greenland FWFs and 
May for sea ice production along southeast Greenland. The alongshore winds composite years are determined 
from December, as alongshore winds strengthen in winter and often drive near-surface FWT variability (Duyck 
et al., 2022; Sutherland & Pickart, 2008). The cumulative integral over the seasonal cycle for Greenland FWFs, 
sea ice production, and alongshore wind stress over southeast Greenland is shown in Figures 7a, 7c, and 7e. 
Resulting differences in FWC based on the composite analysis is presented in Figures 7b, 7d, and 7f. Additional 
information on a potential influence on stratification as preconditioning to deep convection later in January is 
provided in Text S4 in Supporting Information S1.

The cumulative time series from January to December for Greenland runoff shows strong seasonality with most 
runoff occurring from June to August indicated by the steeper, positive slope between those months (Figure 7a). 
Both the following winters after summers with exceptionally strong melt, 2010 and 2012, are included in the 
anomalously high runoff years. Notably, in southeast Greenland, the runoff in the summer of 2010 was greater 
than in 2012 (Figure 1b).
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The spatial pattern of FWC composite differences (Figure 7b) shows enhanced FWC around the southeast Green-
land shelf for strong runoff years compared to low years. There are patches of higher FWC anomalies particularly 
around Denmark Strait from 65 to 69°N, where the Kangerlussuaq glacier is located and where the EGC system 
is observed to converge at Denmark Strait and recirculation occurs at Kangerlussuaq trough. The composite 
difference reveals that this fresh anomaly is carried around Cape Farewell by the EGCC and outer EGC. The West 
Greenland Current, subsequent boundary current outlining the subpolar gyre, and further north along the shelf 
by Baffin Bay appear fresher in August just after the summertime peak in Greenland runoff. Years of increased 
freshwater release from the Greenland coastline show enhanced, positive FWC anomalies localized near the shelf 
and boundary current along southeast and West Greenland.

Figures 7c and 7d show the monthly cumulative sea ice production and the associated May FWC composite 
difference. In southeast Greenland region, sea ice melt occurs predominantly in winter and subsides in May 
(Figure 5a). Therefore, we find cumulative sea ice melt growing (steeper, negative slope) from November (strong 
melt years, blue lines in Figure 7c) and January (weak melt, orange lines) over winter. Interestingly, while both 
summers of 2010 and 2012 resulted in anomalous runoff, neither 2010 or 2012 is included in the composite years 
for sea ice production. We conclude there is no coherence between runoff and sea ice production. Instead, local 
sea ice melt is dominated by ice being advected into the southeast Greenland region.

For May we find a positive FWC anomaly from Cape Farewell up to Fram Strait for years of strong sea ice melt in 
southeast Greenland, suggesting that this is driven by a large-scale coherent forcing. There is a patch of positive 
anomalies by Denmark Strait, and south of 65°N where there are higher FWC anomalies along the boundary 
current which then follow along the west Greenland current and intrudes the northern Labrador sea. Sea ice melt 
results in increased FWC along the east and southwest Greenland shelf, reiterating that sea ice melting and forma-
tion plays a significant role in setting the FWC along the East Greenland shelf (de Steur et al., 2015). In contrast 
to the runoff composite, the positive, blue FWC anomaly on the southwest Greenland shelf is enhanced and 
connects to a fresh anomaly in the northern Labrador Sea, which otherwise is characterized by slightly reduced 
but comparable FWC anomaly magnitude.

We focus on the immediate impact on local FWC rather than freshwater having propagated from further upstream. 
It takes about 1 month for freshwater to be advected southward from 65°N but 4–8 months for freshwater to 

Figure 7. Panels (a), (c), and (e) show the cumulative Greenland melt, sea ice, and alongshore winds given the seasonal cycle starting over January/June–December. 
The gray line indicates the respective month which the composite to determine the freshwater content (FWC) anomalies are based on. The extreme years determined by 
a 15th percentile threshold are highlighted in yellow and blue. Panels (b), (d), and (f) show differences in FWC based on a composite analysis of Greenland freshwater 
fluxe and sea ice production (negative for melt) in August and for alongshore wind stress in December. Composite differences are computed by subtracting low runoff/
melt years (orange lines in panels (a), (c)) from years with high rates (blue lines); for the wind stress based composite the mean of strong wind stress years (orange 
lines) is subtracted from weaker years (blue lines). The black contour shows the southeast Greenland partition. In panel (f) black vectors depict Ekman transport 
anomalies of December.
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propagate from Fram Strait to Cape Farewell (Figure 4). From the fast advection within a single month around 
Cape Farewell, southeast Greenland runoff anomalies will show as FWC anomalies on the southwestern shelf 
indicative of the known, strong influence of east Greenland runoff on the Labrador Sea. Similar for the wind, we 
look at the cumulative effect on FWC right at the end of its strengthening season in fall. Wind plays a dominant 
role in driving much of the near-surface freshwater on and offshore (Håvik & Våge, 2018).

Cumulative wind stress grows linearly from September onwards and hence contributes to FWC anomalies in 
December (Figure 7e) Negative alongshore wind stress values indicate primarily downwelling favorable winds 
(onshore Ekman transport), while values close to zero or positive indicate the potential for upwelling-favorable 
winds (offshore or weaker onshore transport). The December FWC anomaly is computed by subtracting the 
stronger alongshore winds from weaker northerly winds yielding anomalous offshore Ekman transport.

The December FWC and Ekman transport anomalies are shown in Figure 7f. We find a fresher EGC system 
particularly south of 65°N. Close to the shelfbreak, the FWC anomaly difference becomes minimal; over the 
interior Irminger and Labrador Sea it is weakly positive and negative. As indicated by the arrows, the associated 
Ekman transport anomaly points offshore, showing a weakening of the predominant onshore Ekman transport. 
This slackening of the wind forcing allows the fresh polar waters of the EGCC to expand over the shelf, and 
occasionally offshore across the shelf break. The composite shows that reduced onshore Ekman transport relaxes 
the EGCC and extends the width along which freshwater travels southward along the current. Meanwhile, strong 
onshore transport results in a steepening of isopycnals close to the shelf, restricting the freshwater and narrowing 
the boundary current, but allows for saline and warmer water from the interior basin to intrude on the outer EGC 
due to the strong winds pushing the water toward the shelf. Interestingly, we find 2005 and 2010 among the years 
with anomalously weak cumulative wind stress (favoring fresh conditions on the shelf), years that are also char-
acterized by anomalously large runoff (cf. Figure 7a), which however occurred in summer prior to the wind stress 
anomaly. Here, we can only speculate that climate modes, such as the NAO, occasionally provide a link between 
these two factors in the EGCC freshening.

The Ekman transport anomalies show coherent behavior south of 71°N, which relates to the overlying large-scale 
atmospheric conditions but points at a different regime dominating farther north in the Greenland Sea. Here, the 
shelf is wider and eddy-driven mechanisms have been observed to dominate transport changes rather than the local 
wind stress, as westward transport of Atlantic water from the West Spitsbergen Current merges with  the  EGC 
via topographically steered eddies (Gascard et al., 1995; Richter et al., 2018). Approaching Cape Farewell, south 
of 63°N, Ekman transport anomalies tend to reduce. More importantly, on the southwestern side of Greenland 
the anomaly is rather onshore suggesting that in winters, in which the southeast Greenland shelf freshens due to 
anomalous winds, less freshwater actually enters the interior northern Labrador Sea under the same wind regime. 
We find a negative FWC anomaly off the shelf break in the northern Labrador Sea—the opposite signature of a 
sea ice melt freshened southeastern shelf (cf. Figures 7d and 7f).

The composite analysis reveals that a direct attribution of FWC anomalies to runoff, sea ice melt and wind stress 
and their implications for deep convection remains a challenge, because (a) FWC anomalies of different origin 
or cause have similar magnitudes, (b) years of anomalous runoff may also feature anomalous sea ice melt and/
or wind conditions causing a similar freshening, and (c) runoff and sea ice melt peak long before the next deep 
convection season and varying wind regimes moderate their advection along and export from the boundary 
current into the interior Labrador and Irminger Seas.

4. Discussion and Conclusions
In this work we use the GLORYS12 reanalysis, an observational-assimilated model-based product, along with the 
high resolution, eddy-rich ocean model VIKING20X to compare freshwater propagation and variability along the 
east Greenland shelf and test their potential for identifying imprints of accelerated Greenland ice sheet melt. A 
mandatory requisite of the data being used for this is a well-resolved EGCC because freshwater is contained on 
and close to the shelf and surface. We find that the improvement of surface boundary conditions including inter-
annually and seasonally varying, local estimates is crucial to realistically simulate the redistribution of meltwa-
ter  and changes in FWC in the EGCC, which contains the first imprints of Greenland runoff. In line with earlier 
studies (Castelao et al., 2019; Gillard et al., 2016) we conclude that a sufficiently high spatial resolution should be 
used to simulate the dynamical interaction between the EGCC and outer EGC and the freshwater pathway along 
east Greenland and find 1/20° suitable to achieve this.

 21699291, 2023, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JC

019890 by H
G

F G
E

O
M

A
R

 H
elm

holtz C
entre of O

cean, W
iley O

nline L
ibrary on [19/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Oceans

SCHILLER-WEISS ET AL.

10.1029/2023JC019890

17 of 21

In the VIKING20X simulation forced with realistic interannually varying runoff, we find two FWC maxima in 
the EGCC at sections south of major glaciers (Helheim and Kangerlussuaq) in 2010 and 2012 (see Figure 2). 
During these summers, the Greenland ice sheet experiences extreme melt conditions yielding exceptionally large 
runoff (Hanna et al., 2014; Slater et al., 2021b; Tedesco et al., 2011). While similarly extreme conditions were 
observed during 2019 (Sasgen et al., 2020; Slater et al., 2021b), the runoff forcing applied to VIKING20X does 
include interannual variations in Greenland runoff only until 2016 based on the data from Bamber et al. (2018) 
and applies the monthly climatology from 2012 to 2016 thereafter (Tsujino et al., 2018) and thus lacks freshening 
in 2019 comparable to 2010 and 2012. The imprint of strong Greenland meltwater runoff seen in the EGCC is 
highly dependent on the freshwater forcing. Although local salinity observations are assimilated in GLORYS12, 
we could not find a comparable imprint in FWC on the east Greenland shelf and conclude that this is due to the 
runoff forcing applied to GLORYS12 lacking annual estimates of increased Greenland runoff (applying a linear 
trend instead) and the general lack of in situ observations on the shelf in the upper 50 m, where most of the fresh-
water is carried with the EGCC. Reanalysis products like GLORYS12 would greatly benefit from intensified 
Greenland shelf observations and it would be interesting to see whether such observations could compensate a 
lack in surface boundary conditions detail, such as interannually varying meltwater fluxes. Without such obser-
vations, the product relies on the capabilities of the model to simulate shelf processes demanding mesoscale 
dynamics permitting grid spacing.

Low salinity waters near the shelf are well represented in VIKING20X when compared with mooring data 
along the OSNAP East array, while GLORYS12 appears more saline close to the shelf (Figure S2 in Supporting 
Information S1). A significant source of freshwater in the EGC system is determined by Arctic Ocean export. 
GLORYS12 underestimated FWT through Fram Strait when compared to observations shown in Figure 3, while 
VIKING20X was comparable to observations. However model biases such as slower current speeds, freshwater 
export being further confined to the shelf in VIKING20X and higher salinities with freshwater observed at shal-
lower depths in GLORYS12 result in the reduced transport. VIKING20X and GLORYS12 had a mean annual 
FWF of 44–62 mSv, while observational estimates yield 68 mSv. Since Arctic export is such a significant source 
of freshwater in the EGC system (Harden et al., 2014) it is crucial to accurately represent high Arctic sources of 
freshwater and the subsequent export to lower latitudes. Nevertheless, an analysis of freshwater anomalies, such 
as ours, is likely less affected by biases and variations at and upstream of Fram Strait.

We find that freshwater anomalies are advected from Fram Strait to Cape Farewell within 4–8 months, in agree-
ment with Harden et  al.  (2014) observing a lag of approximately 4 months between the FWC seasonality at 
Fram Strait when measured at the mooring array by Sermilik fjord (≈65°N). Therefore, late wintertime fresh-
water anomalies at Fram Strait reach Denmark Strait just at beginning of summer when runoff from Greenland 
picks up (Figure 4). South of 65°N the Greenland shelf narrows and the boundary current velocity increases, 
reducing advective time scales to less than 1 month. Particularly in winter where the alongshore northerly winds 
strengthen, induce onshore transport, and speed up the current.

The overlapping seasonality from freshwater sources highlights the challenge of determining the imprint and 
impact of enhanced Greenland runoff, given the contribution from freshwater sources such as Arctic Ocean 
export and regional sea ice melt. Sea ice melt begins during summer at latitudes greater than 68°N, thus occurring 
at the same time as Greenland runoff is strongest along the coast. However, the VIKING20X simulation shows 
that south of 65°N, melting of sea ice is largest during late winter and early spring (Figure 5a) contributing to the 
FWC further downstream at a time well distinguishable from any runoff peak.

The correlation analysis based on Le Bras et al. (2018) shows the role that alongshore surface winds play in the 
EGCC and outer EGC transport variability. We find a higher correlation at the EGCC than (Le Bras et al., 2018) 
where the discrepancy may be due to mooring availability close to the shelf. When alongshore winds strengthen 
and strong onshore Ekman transport steepens the isopycnals speeding up the EGCC, most of the freshwater is 
constrained within the EGCC. Thus, the FWT variability in the EGCC is more correlated with the changes in 
wind stress versus the outer EGC. The correlations show that the volume transport variability in the EGCC and 
outer EGC is consistent with wind-driven mechanisms discussed in previous studies. The FWT correlation, with 
lower correlation coefficients but still statistically significant, confirmed that the freshest waters are contained 
within the EGCC close to the shelf whereas the outer EGC is more saline due to lateral mixing from warmer and 
saltier offshore waters. Most recently, Duyck and de Jong (2023) showed that any exchanges between the south-
east Greenland shelf and interior seas, particularly at Cape Farewell, are driven primarily by alongshore winds.
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Lastly we investigated the impact on FWC from Greenland runoff, sea ice melt, and alongshore wind stress 
from composites contrasting exceptionally weak and strong conditions (Figure 7). Increased Greenland runoff 
and sea ice melt resulted in a fresher boundary current, but the alongshore winds showed that weaker onshore 
Ekman transport results in a relaxation of the EGCC, where the freshwater constrained to the shelf can widen, 
laterally increasing the maximum extent beyond the shelf. While the opposite occurs during periods of strong, 
downwelling-favorable winds where the freshwater is pushed towards the shelf, narrowing the fresh boundary 
current but allowing saltier water from the interior to mix further with the outer EGC thus resulting in a salin-
ification of the slope and EGCC. After the peak freshwater input from sea ice melt in May, there is a strong 
FWC anomaly along southeast Greenland which appears to follow the west Greenland current and intrudes into 
the northern Labrador sea with the anomaly eroding in the interior but results in a freshening of the interior 
Labrador  sea.

In this study, it is evident that disentangling the signals of freshwater contributions by Greenland ice sheet melt, 
Arctic Ocean export, and sea ice melt still remains a challenge. The potential for enhanced Greenland runoff, 
longer freshening events in the future, and offshore transport of freshwater could all affect stratification in the 
interior subpolar gyre. While most of the freshwater from Greenland and the Arctic Ocean stays within the 
confines of the EGCC and boundary current system after rounding Cape Farewell, its potential to directly enter 
the deep convection sites in the Labrador Sea depends on the local wind regime and baroclinic instability of 
the current itself and is subject to strong interannual variability (Castelao et al., 2019; Rieck et al., 2019). The 
negative mass balance of the Greenland ice sheet has not yet persisted long enough to have a visible impact 
on the salinity budget and stratification, that is, the FWC, of the SPNA and to affect deep convection (Böning 
et al., 2016; Devilliers et al., 2021; Dukhovskoy et al., 2019; Luo et al., 2016). However with much more fresh-
water looming on Greenland (Slater et al., 2021a) or in the Beaufort Gyre of the Arctic Ocean (Proshutinsky 
et al., 2019; Solomon et al., 2021; Zhang et al., 2021), investigating how freshwater is transported along the EGC 
system is vital to understand future responses to global warming in the SPNA.

Data Availability Statement
All (processed) model data and scripts needed for Figures  1–7 are made available using the GEOMAR 
data management platform under the identifier: hdl.handle.net/20.500.12085/fd7a41ce-9cc1-46f9-8ed4-
1339880c3c42 (Schiller-Weiss et al., 2023). The CMEMS global ocean physics reanalysis is made available on 
the Copernicus Marine Service: https://doi.org/10.48670/moi-00021. Fram Strait gridded monthly mean velocity 
and salinity data are available: https://data.npolar.no/dataset/049178d8-9bd3-42b3-a793-606690a5cd8a. OSNAP 
East CTD measurements at Cape Farewell were collected and made freely available by the OSNAP project: 
www.o-snap.org.
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