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Abstract

The Arctic climate is changing dramatically, especially in terms of sea ice loss, with potentially large downstream impacts
on the Nordic Seas and the North Atlantic Ocean. The East Greenland Current (EGC) transports substantial amounts of
freshwater (in liquid and solid states) southward along the east Greenland continental slope. To increase our understanding of
the drivers of surface salinity changes in the interior Nordic Seas, we investigate the diversion of freshwater from the EGC into
the Nordic Seas. To this end, we analyse the outcomes of an ocean model hindcast for the period 1973-2004 with a horizontal
resolution of 0.25 degree. We find that sea ice contributes large amounts of freshwater to the interior Nordic Seas. On an
interannual time scale, this sea ice diversion has a high and significant correlation with surface salinity in the Greenland and
Iceland Seas (correlation < -0.7). On a seasonal time scale, the model hindcast and observations demonstrate a clear signal in
surface salinity: a lateral migration of the Polar Front position occurring along all of east Greenland. In the model hindcast,
these lateral shifts in the front are consistent with seasonal changes in the westward wind-driven Ekman transport. Thus, this
climate model study indicates that there are two main causes of seasonal and interannual surface salinity changes; wind-driven

Ekman transport and sea ice diversion from the EGC, respectively.
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Key Points:

 Lateral shifts in the Polar Front occur along all of east Greenland controlled largely
by seasonal changes in the westward Ekman transport

41 percent of the solid freshwater transport in Fram Strait is diverted from the
East Greenland Current into the interior Nordic Seas

 Interannual changes in the solid freshwater diversion is a key driver for surface salin-
ity changes in the Greenland and Iceland Seas
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Abstract

The Arctic climate is changing dramatically, especially in terms of sea ice loss, with po-
tentially large downstream impacts on the Nordic Seas and the North Atlantic Ocean.

The East Greenland Current (EGC) transports substantial amounts of freshwater (in
liquid and solid states) southward along the east Greenland continental slope. To increase
our understanding of the drivers of surface salinity changes in the interior Nordic Seas,

we investigate the diversion of freshwater from the EGC into the Nordic Seas. To this
end, we analyse the outcomes of an ocean model hindcast for the period 1973-2004 with

a horizontal resolution of 0.25 degree. We find that sea ice contributes large amounts of
freshwater to the interior Nordic Seas. On an interannual time scale, this sea ice diver-
sion has a high and significant correlation with surface salinity in the Greenland and Ice-
land Seas (correlation < —0.7). On a seasonal time scale, the model hindcast and ob-
servations demonstrate a clear signal in surface salinity: a lateral migration of the Po-

lar Front position occurring along all of east Greenland. In the model hindcast, these
lateral shifts in the front are consistent with seasonal changes in the westward wind-driven
Ekman transport. Thus, this climate model study indicates that there are two main causes
of seasonal and interannual surface salinity changes; wind-driven Ekman transport and
sea ice diversion from the EGC, respectively.

Plain Language Summary

The main export pathway of freshwater from the Arctic Ocean to the North At-
lantic Ocean is the East Greenland Current that flows southward along the east Green-
land continental slope. The freshwater is transported both in liquid and solid (as sea ice)
states. In this study, we use a global climate model to investigate freshwater diversion
from the East Greenland Current and find that 41% of the sea ice export through Fram
Strait melts in the interior Nordic Seas. This freshwater inflow may substantially impact
where and how much dense water is formed. On an interannual time scale, the model
results suggest that this sea ice diversion is an important regulator for the surface salin-
ity across the western Nordic Seas. On a seasonal time scale, large-scale surface salin-
ity changes in the western Nordic Seas are controlled by another process, namely wind-
driven westward transport in the upper layers of the ocean.

1 Introduction

One of the main exits of freshwater from the Arctic Ocean is via the western part
of Fram Strait, both on the shallow east Greenland shelf and via the East Greenland Cur-
rent (EGC), which is tied to the shelf break (Fig. 1, e.g., Havik et al., 2017). The fresh-
water is transported in the ocean either in liquid or in solid phase (as sea ice). The im-
pact of freshwater can be substantial in key dense-water formation regions, such as the
Greenland and Iceland Seas, as it may reduce the depth and density of winter convec-
tion and thereby affect the ocean circulation (e.g., Tkeda et al., 2001; Brakstad et al., 2019).
The impact of freshwater on the large-scale ocean circulation has been investigated in
a number of studies, especially because of the possible future weakening of the merid-
ional overturning circulation in the Atlantic Ocean (Weijer et al., 2020) resulting from
an additional freshwater input at high latitudes (e.g., IPCC, 2019; Ionita et al., 2016;
Sgubin et al., 2017). However, the impact that increased freshwater input in the Nordic
Seas may have on the circulation is highly dependent on where it is geographically dis-
tributed (Lambert et al., 2016, 2018).

In this study, we focus on mechanisms or processes that divert freshwater from the
EGC into the western Nordic Seas in a climate model. Both the solid and liquid fresh-
water transports through Fram Strait are potential sources of freshwater in the Nordic
Seas. Dodd et al. (2009) found, using tracers (salinity, oxygen isotope ratio, and dissolved
barium concentration), that a significant amount (80%) of the sea ice exported through
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Fram Strait escapes into the interior Nordic Seas. In the Labrador Sea, mechanisms by
which freshwater can be transported from the boundary current to the interior have re-
cently been investigated. There coastal upwelling winds play an important role in trans-
porting freshwater away from the coast (Schulze Chretien & Frajka-Williams, 2018; Caste-
lao et al., 2019). Here we investigate in particular the relation between variations in winds,
the associated Ekman transport and the surface salinity in the Greenland and Iceland
Seas for a relatively long time period (1973-2004). Based on observations, it has been
suggested that seasonal variability in the onshore Ekman transport in the western Ice-
land Sea regulate the location of the Polar Front, which subsequently impacts ventila-

tion in this region (Vage et al., 2018). A recent high-resolution modelling study also found
a strong relation between winds and salinity changes in the Greenland Sea, and that such
changes occur also on a shorter time scale than the seasonal cycle (Spall et al., 2021).

In the present study, we focus also on longer time scales and explore how variations in
both winds, through Ekman transport, and sea ice impact salinity variations in the Green-
land and Iceland Seas, using a 32-year long climate model simulation. With a better un-
derstanding of the mechanisms that divert freshwater into the interior Nordic Seas, we
can better predict future changes in key dense-water formation regions, and potentially
subsequent changes in the overturning circulation.

The solid freshwater transport through Fram Strait brings substantial amounts of
freshwater southward (e.g., Smedsrud et al., 2008). Annually, about 10% of the sea ice
area within the Arctic Basin is exported via this route; the sea ice export through the
other Arctic gateways is an order of magnitude smaller (Kwok, 2009). The ice export
is largely driven by local winds (Vinje, 2001). Exploiting the fact that there is a high
correlation between wind and sea ice area export in Fram Strait, the annual mean sea
ice area export was estimated to 0.75%10°% km? /year for the period 1957-2005 using NCEP
data (Langehaug et al., 2013). In the 1990s the mean sea ice thickness in Fram Strait
was 3.4 m (Hansen et al., 2013). Using this thickness, the annual mean sea ice export
in Fram Strait is estimated as 62 mSv (1 mSv = 1x10% m?3/s) of freshwater, slightly higher
than the estimate for the period 2000-2010 (60 mSv; Haine et al., 2015). The solid fresh-
water transport through Denmark Strait is much lower than that through Fram Strait,
amounting to less than 20 mSv according to a high-resolution modelling study (Behrens
et al., 2017).

A substantial amount of liquid freshwater is also carried southward with the EGC.
The liquid freshwater in Fram Strait has been monitored over several decades. The long-
term annual mean is about 69 mSv (Karpouzoglou et al., 2022). Thus, the solid and lig-
uid freshwater transports are almost equal in magnitude in Fram Strait. In Denmark Strait,
the liquid freshwater transport has been estimated to 94 mSv, based on an 11-month moor-
ing record just north of the strait (de Steur et al., 2017). This showed a large variabil-
ity in the freshwater transport over the year, where values in fall were found to be higher
than 170 mSv (de Steur et al., 2017). The increase in liquid freshwater transport between
the two straits, in the downstream direction, seems to suggest that most of the liquid
freshwater transport in Fram Strait feeds into Denmark Strait. The liquid freshwater trans-
port in Denmark Strait is further strengthened by a sizeable amount of freshwater orig-
inating from sea ice melt between the two straits (Dodd et al., 2009). How much fresh-
water does reach the interior Nordic Seas? The studies above may imply that little lig-
uid freshwater from Fram Strait enters into the interior Nordic Seas. Whether this is in-
deed the case is the focus of the present study; we investigate primarily how solid fresh-
water and wind influence salinity in the Greenland and Iceland Sea. We note that ocean
currents and eddies can also bring liquid freshwater from the EGC into the interior Nordic
Seas. It has been estimated that approximately 10 mSv of freshwater flows eastward with
the Jan Mayen Current (Dickson et al., 2007), while 3.4 mSv is carried southeastward
with the East Icelandic Current (Macrander et al., 2014). The latter value is the annual
mean over a 10-year period (2002-2012). These narrow currents and eddies, neither of
which are properly resolved by the model, are not a focus in this study, but we discuss
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results from a high-resolution model in the Nordic Seas to better understand the exchange
of liquid freshwater from the shelf to the interior (Spall et al., 2021).

Dense-water formation in the Greenland and Iceland Seas has been studied for a
long time (e.g., Helland-Hansen and Nansen 1909, Swift & Aagaard, 1981; Karstensen
et al., 2005; Vage et al., 2015; Brakstad et al., 2019). The dense water formed in the Nordic
Seas is an important source to the large-scale Atlantic Meridional Overturning Circu-
lation (e.g., Chafik & Rossby, 2019), as a substantial part of the dense water spilling across
the Greenland-Scotland Ridge on either side of Iceland likely originates in the Green-
land and Iceland Seas (e.g., Olsson et al., 2005; Jeansson et al., 2008; Eldevik et al., 2009;
Mastropole et al., 2017). In this study, we are not investigating dense-water formation
itself in detail. Rather, we focus on how freshwater diversion impacts changes in surface
salinity in the Greenland and Iceland Sea. As Brakstad et al. (2019) showed, in this re-
gion surface salinity exerts substantial influence on dense-water formation.

As global climate models are frequently used to explore both regional near-term
climate predictions and long-term future projections in the Atlantic-Arctic region (e.g.,
Weijer et al., 2020; Khosravi et al., 2022), it is important to assess how these relatively
coarse-resolution models represent key features (e.g., large-scale ocean circulation, sea
ice transports, wind forcing) in this region. However, the western Nordic Seas is chal-
lenging to study both numerically and observationally. Numerically it is challenging be-
cause of the small Rossby radius of deformation (4-5km; Nurser & Bacon, 2014), which
implies that 1/25°%-resolution model is needed to properly resolve eddy activity in the
western Nordic Seas (Hallberg, 2013). In this study, we use an eddy permitting, 1/4°-
resolution, global ocean-sea ice model with realistic atmospheric forcing for the period
1973-2004. In the western Nordic Seas, this resolution (about 25 km) is not high enough
to resolve the Rossby radius and associated mesoscale processes. However, the horizon-
tal resolution is better than classical IPCC type climate models with resolution of 1° in
the ocean. While instabilities and eddies in the boundary current are clearly important
for freshwater diversion into the interior (e.g., Spall et al., 2021), large-scale mechanisms
such as wind-driven Ekman transport also matter. These can be investigated at the res-
olution of climate models. Observationally, the westernmost part of the Nordic Seas is
severely under-sampled (e.g., Behrendt et al., 2018) due to its harsh conditions and sea
ice cover, especially during winter. Thus, it is to some extent challenging to assess the
performance of models in this region. At the same time, models are needed as they can
contribute to enhanced understanding of dominant processes or mechanisms. In lack of
observational estimates of freshwater diversion from the EGC into the interior, we later
discuss results from a recently published study, simulating the Nordic Seas for a seasonal
cycle using a high-resolution regional model (2-4km; Spall et al., 2021).

Using the global climate model, we address seasonal and interannual variability of
large-scale features in the western Nordic Seas over the 32-year long simulation. This
long time span is a great advantage, as it better allows us to identify statistically sig-
nificant relationships, e.g., between wind forcing and hydrography. In Section 2, we first
introduce the model, secondly, we assess the horizontal distribution of large-scale cur-
rents, eddy kinetic energy, and salinity in the western Nordic Seas, and finally, we de-
scribe how liquid and solid freshwater fluxes are calculated. In Section 3, we first present
and evaluate the simulated freshwater transports through Fram Strait and Denmark Strait,
then we assess the freshwater diversion into the interior of the Nordic Seas. In Section
4, we investigate the relation between wind forcing and surface salinity in the Greenland
and Iceland Seas. We find that increased surface salinity in the Greenland and Iceland
Seas is associated with increased westward Ekman transport in the same region, and that
these fluctuations have a clear seasonal cycle. On an interannual time scale, we find that
increased surface salinity in the Greenland and Iceland Seas is associated with less sea
ice entering the interior Nordic Seas. Finally, we discuss the results and draw the main
conclusions from this study in Section 5.
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2 Model, observations, and methods
2.1 Description of the model simulation

We use the ocean sea-ice components of the Norwegian Earth System Model (NorESM,
Bentsen et al., 2013), where the atmospheric component is replaced with realistic inter-
annual COREv2 atmospheric forcing (Large & Yeager, 2009) for a 60-yr period (1948-
2007). Surface fluxes are calculated using the bulk formulae as described in Large & Yea-
ger (2004; 2009). This 1/4°-resolution version of NorESM has been utilized in previous
studies (Guo et al., 2016; Langehaug et al., 2019), but not the current simulation. The
main difference in this simulation compared with Langehaug et al. (2019) is that the present
simulation includes a sub-grid mesoscale eddy parameterisation.

NorESM was run for one cycle (i.e., 60 years) due to the costly integration of the
model. We primarily investigate the last part of the cycle, i.e., the time period 1973-2004
(model years 26-57), to avoid model drift and a salinity outlier at the end of the simu-
lation. In climate models, which integrate on longer time scales, monthly averages are
typically saved. From the simulation, we thus consider only monthly mean values.

The ocean component (MICOM, Miami Isopycnic Coordinate Ocean Model) in NorESM
uses an Arakawa C-grid in the horizontal and 51 density layers as the vertical coordi-
nate (Bentsen et al., 2013). For a more realistic response to atmospheric forcing, a sur-
face mixed-layer is represented by two model layers, where potential density can evolve
freely. The 51 density layers range from oy = 28.202 to o2 = 37.800 kg/m? (o2 is po-
tential density referenced to 2000 dbar; Bentsen et al., 2013). The mixed-layer depth in
the model is parameterised by a turbulent kinetic energy balance equation based on Oberhuber
(1993), extended with parameterised mixed-layer re-stratification according to Fox-Kemper
et al. (2008) with a coefficient of 0.06. This represents the amount of sub-mesoscale ed-
dies in a grid cell, where 0.06 is the canonical value given in Fox-Kemper et al. (2008).

The parameterised diapycnal mixing consists of several components: Parameterised
shear-induced mixing depends on a two-equation turbulence closure scheme (k-epsilon)
with Canuto-A stability function (Ihcak et al., 2008); a fraction of the energy extracted
from the mean flow by bottom drag drives mixing in the lowermost isopycnic layers (Legg
et al., 2006); tidal-induced mixing is parameterised according to Simmons et al. (2004);
the background mixing is latitude-dependent and vertically constant (Gregg et al., 2003),
giving a gradual decrease of diffusivity towards the equator with a value of 105 m?/s at
30° latitude.

This configuration of NorESM uses the thickness diffusivity parameterisation com-
monly known as Gent and McWilliams (1990) to remove the available potential energy
due to unresolved mesoscale eddies. The thickness diffusivity values are computed us-
ing Eden and Greatbatch (2008). Isoneutral diffusion values are set equal to thickness
diffusivity values, and they are turned off if the model resolves the Rossby radius of de-
formation locally (similar to the method described by Hallberg, 2013). NorESM also em-
ploys a biharmonic Smagorinsky viscosity operator to damp high-frequency grid noise
(Smagorinsky, 1993).

Sea Surface Salinity (SSS) restoring (using World Ocean Atlas climatology) is ap-
plied globally to avoid local salinity drift. The restoring is applied with a relaxation time
scale of 300 days within the first 50 meters of the water column. This value is consid-
ered mild relaxation compared to the CORE2 protocol (Danabasoglu et al., 2014). SSS
restoring is turned off if the absolute bias is larger than 0.5.

2.2 Observations

The salinity observations used in this study are described in (Huang et al., 2020).
In Fig. 2, we show the surface salinity in the Nordic Seas for the period 1986-2004. The
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western Nordic Seas with the Greenland and Iceland Seas is known as the Arctic domain
and separates the low-salinity Polar Water to the west from the high-salinity Atlantic
Water to the east (Helland-Hansen and Nansen, 1909). The Polar Front separates the
Polar and Arctic water masses (Swift & Aagaard, 1981). Following Swift and Aagaard
(1981), we define the Polar Front as the 34.5 isohaline. A seasonal migration of the Po-
lar Front is clearly shown in the observations (black line; Fig. 2). In summer (Jul-Sep),
the Polar Front has its easternmost position, while the front shifts towards Greenland
in fall and winter (Oct-Mar). In spring (Apr-Jun), the front migrates back to the east.
In a recent study, Vage et al. (2018) found that the lateral extent of Polar Water varies
seasonally in the northwest Iceland Sea. They hypothesized that these lateral shifts are
linked to seasonal changes in wind forcing and Ekman transport. The observations used
herein demonstrate, for the first time, that the seasonal east-west migration of the Po-
lar Front occurs not only in the Iceland Sea but along all of east Greenland.

2.3 Evaluation of the model simulation

In terms of surface salinity, NorESM shows large variability in the western Nordic
Seas, our focus region, in contrast to the eastern Nordic Seas (Fig. 3). The variance is
particularly high in the central Greenland and Iceland Seas during summer (Jul-Sep).
The modelled surface salinity is compared with that of observations further below.

First, we address how the general circulation is represented in NorESM (Fig. 4a).
In the Nordic Seas the large-scale circulation is cyclonic, and the mid-depth circulation
is strongly topographically steered (Ngst & Isachsen, 2003; Voet et al., 2010). Near the
surface the EGC transports low-salinity Polar Water from the western Fram Strait to
Denmark Strait (e.g., Rudels et al., 2005; Havik et al., 2017). On the opposite side of
the Nordic Seas, the Norwegian Atlantic Current and the West Spitsbergen Current trans-
port saline Atlantic Water northwards (e.g., Mauritzen, 1996; Koszalka et al., 2011).

The EGC is clearly evident in NorESM with its high velocities mostly along the
Greenland shelf break (Fig. 4a). Along the 1200m isobath, the simulated mixed-layer
velocity is about 15-20cm/s. This is lower than what observations indicate (e.g., Havik
et al. (2017) found the EGC to have a core speed between 20-40cm/s). In NorESM, south
of about 75°N, the highest velocities are seen on the Greenland shelf (Fig. 4a), which
is contrary to observations, where the velocities peak along the continental shelf break
(e.g., Havik et al., 2017). These differences may be a manifestation of limited horizon-
tal resolution of the model. Note that the model data are long-term averages over the
period 1973-2004. However, the representation of the EGC in a 1/4°-resolution (eddy-
permitting) global ocean simulation is improved over a 1°-resolution, with a stronger and

narrower EGC in the higher resolution version (Marsh et al. (2010); using NEMO, Langehaug

et al. (2019); using NorESM).

Secondly, we assess the eddy kinetic energy (EKE) in the model (Fig. 4b). EKE
is the kinetic energy of the time-varying component of the velocity field, and thus rep-
resents a range of processes from mesoscale to large-scale motions (Martinez-Moreno et
al., 2019). As described earlier, the horizontal resolution of NorESM is not high enough
to resolve the Rossby radius and associated mesoscale processes in the western Nordic
Seas. The EKE from the model therefore likely represents mainly the time-varying com-
ponent of the large-scale motions. The EKE is often calculated based on sea surface height,
but to use sea surface height from satellite data is difficult in the western Nordic Seas
due to sea ice (Trodahl & Isachsen, 2018). We therefore compare eddy kinetic energy
(EKE) in NorESM with that in a higher resolution model (4 km horizontal resolution;
Trodahl & Isachsen, 2018). We define EKE, as in Trodahl & Isachsen (2018): EKE =
0.5%(u?+0"2)%5. In Fig. 4b, we show the simulated EKE calculated from mixed-layer
velocities. The simulated EKE uses v’ and v’ that are monthly velocity anomalies with
respect to annual mean velocities. Only monthly velocities are available from the model
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to calculate EKE. As a consequence, the EKE that we present here is expected to be lower
than if we were to use daily velocities from the model. The simulated pattern of EKE
resembles the pattern of EKE based on the 4 km resolution model in Trodahl & Isach-

sen (2018; their Fig. 2). The highest values in NorESM (around 0.1 m/s) are found be-
tween Greenland and Iceland. EKE is also relatively high along the EGC (around 0.05
m/s) and then decreases towards the interior Nordic Seas. However, EKE in our sim-
ulation is reduced by a factor of about 2 compared to the higher resolution model. The
underestimation of EKE is likely the result of using monthly values and due to the hor-
izontal resolution of the model.

Thirdly, we provide a detailed examination of the salinity differences between NorESM
and the observations (Fig. 5). The simulated east-west gradient across the western Nordic
Seas differs substantially from the observations, especially during summer (Jul-Sep; Fig.

5). The largest difference between the model and the observations is on the Greenland
shelf between Fram Strait and Denmark Strait, with NorESM being too saline (salin-

ity differences of up to 2 in some locations). In winter (Jan-Mar; Fig. 5), the shelf is ice-
covered and it is difficult to observe salinity. In the interior Nordic Seas, the simulated
salinity agrees much better with the observations. Only in the Iceland Sea and the north-
ern Greenland Sea is the simulated salinity lower by up to 0.8-1 in summer. These dif-
ferences between the simulated and observed salinities are consistent with a previous study,
comparing a range of different CORE forced ocean models (including NorESM) in the
Nordic Seas and Arctic Ocean (Ihicak et al., 2016), that all have low horizontal resolu-
tion (typically 1° x 1°). Both the magnitude and the pattern of the model differences
that were found is similar to what is seen in Fig. 5, with a generally too saline Green-
land shelf, too fresh Nordic Seas interior, and too saline Atlantic Water in the east. This
suggests that the typical biases that exist in coarse-resolution models persist in the 1/4°-
resolution model used here.

Lastly, we compare the simulated Polar Front with that of observations. Because
of the salinity differences of about 0.2 along the continental slope between the model sim-
ulation and observations, it is more appropriate to choose the 34.3 isohaline than 34.5
to mark the Polar Front in the model (solid magenta line; Fig. 2). A seasonal migration
of the Polar Front is simulated in NorESM. In summer, the Polar Front has its eastern-
most position, while the front shifts towards Greenland in fall and winter. In spring, the
front migrates back to the east. The position of the front in the model is not fully aligned
with that of observations, but shows overall a similar seasonal migration (compare the
solid magenta and black lines; Fig. 2).

In this study, we are interested in the liquid freshwater diversion from the EGC to
the interior Nordic Seas. However, we have seen that the east-west salinity gradient in
the model differs substantially from the observed gradient. This might be related to the
limited ability of the model to properly represent eddies and ocean currents. At the same
time, there are too few observations to provide a reliable quantitative estimate of the lig-
uid freshwater entering the interior. For comparison with our model simulation, we there-
fore discuss results from a very high-resolution regional model (2-4km; Spall et al., 2021).
The Nordic Seas was simulated for one seasonal cycle from 2017-2018. Using daily mean
values, they investigated the exchange of salt and heat between the shelf and the inte-
rior of the Greenland Sea. More specifically, they quantified how oceanic advection changes
the properties of the Greenland Sea basin. Considering the annual mean, they found a
small impact along the western boundary of the Greenland Sea basin due to shelf-interior
exchange. However, on seasonal time scales they found that oceanic advection has a large
impact; increasing the salinity in winter and reducing the salinity in summer. The NorESM
results are consistent with this; increased surface salinity in the Greenland Sea during
winter is associated with increased westward Ekman transport, and reduced surface salin-
ity in summer is associated with reduced westward Ekman transport. This will be shown
in Section 3. Spall et al. (2021) further decomposed the small annual mean oceanic ad-
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vection along the western boundary into mean advection and eddy advection. The mean
advection was larger than the eddy advection and the two components worked in dif-

ferent directions; the mean advection acted to increase the salinity, whereas the eddy ad-
vection acted to decrease it. So, in summary, Spall et al. (2021) showed that seasonal
exchanges between the shelf and the interior are large and related to the wind stress, whereas
the annual mean exchanges are small. We will come back to this when describing the

results from NorESM, considering both seasonal and interannual time scales (see Sec-

tion 3).

Regarding the liquid freshwater transport in Fram Strait and Denmark Strait, we
compare NorESM against estimates based on available observations. We find that the
model underestimates the liquid freshwater transports in both of these straits (see Sec-
tion 3).

2.4 Calculation of the combined liquid and solid freshwater transports

In this study we have chosen to use freshwater transports for two practical purposes:
1) we combine the solid and liquid freshwater transports to look at the total impact of
freshwater on the surface conditions in the Greenland and Iceland Seas, and, 2) we com-
pare the liquid freshwater transport in the model with the observed liquid freshwater trans-
port in Fram Strait and Denmark Strait (de Steur et al., 2009, 2017, 2018; Karpouzoglou
et al., 2022). Currently, freshwater transports is a topic of debate. It is argued that salin-
ity transports, without the need of a salinity reference value, would give results that is
comparable from one study to another. Schauer and Losch (2019) have therefore ques-
tioned whether freshwater is useful in understanding changes in the ocean. However, when
applying a model, we can check for mass balance in the targeted region to ensure that
the budget is closed.

We consider the budget of the total (liquid + solid) freshwater transport (FWT)
across the boundaries of the enclosed area (see Section 3), where mass is conserved within.
To calculate the liquid freshwater transport, we use a similar definition and the same ref-
erence value (34.9) as de Steur et al. (2018). The solid freshwater transport is the sea
ice volume transport converted to liquid freshwater transport. More details on the cal-
culations of the freshwater transports are given in the Appendix. In the following, liq-
uid freshwater transport refers to freshwater transport in the ocean, and solid freshwa-
ter transport refers to transport of sea ice.

2.5 Sections and budget calculations

We have defined four sections that enclose the EGC (Fig. 1). The sections in Fram
Strait and Denmark Strait have similar locations to the moored arrays used by de Steur
et al. (2017, 2018). To capture the freshwater diversion into the interior Nordic Seas, we
have defined a section that is outside the core of the EGC. The section is located along
the base of the Greenland continental slope from Fram Strait to Denmark Strait (defined
by mean velocities between 7 and 11 cm/s at locations deeper than 1200m; see Fig. 4a).
This section is referred to as the outer EGC section. It ends in the Iceland Sea where
the 1200m isobath makes a sharp turn toward the west, just north of the Spar Fracture
Zone, which bisects the Kolbeinsey Ridge. The location of the Iceland section is chosen
to enclose the region. All sections are aligned with the model grid cells.

The mass transport through Fram Strait is mainly balanced by the combined mass
transports through the outer EGC section and Denmark Strait. The mass transport through
the Iceland section is very small.



378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

402

403

405

406

407

408

409

410

412

413

415

416

417

418

419

420

422

423

424

425

426

427

3 Assessing freshwater transport in the western Nordic Seas

In this section, we address the long-term mean and seasonal cycle of the simulated
freshwater diversion into the interior Nordic Seas. We compare the long-term mean and
seasonal FWT in Fram Strait and Denmark Strait in NorESM with observations.

3.1 Long-term mean freshwater budget

We quantify the total freshwater (liquid 4 solid) diversion into the interior in NorESM
as described in Section 2.3 (across the outer EGC section; Fig. 6). The long-term an-
nual mean for the time period 1973-2004 is 17 mSv out of the domain. The solid fresh-
water diversion (19 mSv) amounts to 41% of the solid freshwater transport entering through
Fram Strait (46.2 mSv). Interestingly, all of the freshwater diverted from the EGC into
the interior in the model is sea ice, while the liquid part has a small negative contribu-
tion (Fig. 6). This supports the findings of Dodd et al. (2009), that sea ice is the main
source of freshwater to the interior Nordic Seas. The NorESM results are also consistent
with Spall et al. (2021) for the Greenland Sea, showing that the annual mean exchanges
of salt between the shelf and the interior are small (a more detailed description of their
results are given in Section 2.2). Across the Iceland section, there is only a small liquid
freshwater transport of 1 mSv out of the domain (Fig. 6), into the southern Iceland Sea.
The freshwater transport across this section therefore plays a minor role in the overall
EGC freshwater budget for this model and is not further discussed.

In NorESM, the solid freshwater transport across Fram Strait is much larger than
the liquid component (46.2 mSv compared to 10.3 mSv; Fig. 6). In Denmark Strait, the
size of the two components are more comparable (20.1 mSv and 18.6 mSv, respectively;
Fig. 6). The liquid freshwater transports across Fram and Denmark Straits have pre-
viously been quantified based on observations, and amounts to 70 mSv and 94 mSv (more
details are provided in the following paragraphs; Table 1), respectively (de Steur et al.,
2017, 2018). Although the model underestimates the long-term annual mean of the lig-
uid freshwater transport, the underestimation is of similar magnitude in the two straits.
The low values are likely due to the positive salinity bias in the model (too saline wa-
ter on the Greenland shelf; Fig. 5). An underestimation of liquid freshwater transport
in Fram Strait also appears to be a challenge in ocean reanalyses (both 1 degree and 0.25
degree resolution) and also for a finer scale model with 18km resolution (Fuentes-Franco
& Koenigk, 2019; Condron et al., 2009).

The observation-based liquid freshwater transport in Fram Strait has been estimated
from velocity and hydrography since 1997 (de Steur et al., 2009). The long-term annual
mean liquid freshwater transport for the time period 1998-2008 is about 34 mSv (with
a reference salinity of 34.8, de Steur et al., 2009), but this value does not include the lig-
uid freshwater transport on the shelf. de Steur et al. (2009) include the shelf (with use
of modelling) in their estimate, yielding 62 mSv for the total liquid freshwater transport.
More recent estimates covering the period 2003 to 2015, which include the shelf, give a
similar annual mean of about 64 mSv (de Steur et al., 2018). With a reference salinity
of 34.9, this gives a value of 70 mSv (Table 1). A recent update gives a value of 68.6 mSv
for the period 2003-2019 (Karpouzoglou et al., 2022).

North of Denmark Strait, the observation-based liquid freshwater transport was
estimated based on moored velocity and hydrographic measurements from September
2011 to July 2012 (de Steur et al., 2017). The mean over that period was estimated to
94 mSv, which includes a contribution from the shelf of about 20 mSv (Table 1). The
liquid freshwater transport in Denmark Strait could have been even larger, as Novem-
ber 2011 was a particularly anomalous month. The observational data indicate that a
large eddy passed through the mooring array, which caused a temporary reversal of the
flow, and therefore gave a relatively low liquid freshwater transport (de Steur et al., 2017).
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In NorESM, the long-term annual mean solid freshwater transport in Fram Strait
(46.2 mSv) is also underestimated, but to a much lesser extent than the liquid compo-
nent. Observational studies find that the solid freshwater transport is expected to be of
comparable size to the liquid freshwater transport (Dodd et al., 2009), amounting to about
1900 km3 /year or 60 mSv, where the latter is the equivalent freshwater volume stored
in sea ice between 2000 and 2010 using a reference salinity of 34.8 (Haine et al., 2015).

On the other hand, the solid freshwater transport in Denmark Strait (20.1 mSv)
may be somewhat overestimated in NorESM. Because we do not have observation-based
estimates of the solid freshwater transport in this region, we compare NorESM with re-
sults from a higher resolution model (1/20°, Behrens et al., 2017). This model shows sim-
ilar results as NorESM in Denmark Strait: both models have a total (liquid + solid) fresh-
water transport of about 39 mSv and both models underestimate the liquid freshwater
transport. The reason for the underestimation in the higher resolution model is likely
of same origin as in NorESM; a positive salinity bias in the Nordic Seas (Fig. 5). In a
more detailed comparison, we find that NorESM has a solid component that contributes
with 52% of the total freshwater transport (Fig. 6; averaged over 1973-2004), whereas
Behrens et al. (2017) show that the solid component contributes with 43% of the total
freshwater transport (averaged over 1960-2009). Based on this comparison, the solid fresh-
water transport in NorESM may be somewhat overestimated.

A similar amount of sea ice that exits Denmark Strait finds its way into the inte-
rior Nordic Seas (19 mSv; Fig. 6). Due to model biases and scarce observations, it is dif-
ficult to assess if this value is realistic. However, as the solid freshwater transports in Fram
Strait and Denmark Strait are fairly realistic, we further quantify the solid freshwater
diversion into the interior in NorESM. To determine where freshwater diverges into the
interior, the latitudinal distribution of both the liquid and solid components are shown
in Fig. 7. The freshwater diversion has been integrated into bins with a width of one de-
gree of latitude. We find that most of the solid component goes into the Greenland Sea
with a peak contribution in the southern part, at 73-74°N, (close to 7 mSv). At the same
latitude, the liquid freshwater component is less than 1 mSv. In the northern Iceland Sea
(at 70-72°N), both the solid and liquid components are negative (both components are
less than 2 mSv). The results from Fig. 7 seem to partly reflect the large-scale circula-
tion in the Greenland and Iceland Seas in NorESM. In the southern Greenland Sea, the
upper ocean circulation in NorESM shows relatively weak currents (compared to the EGC)
towards the east or southeastward (Fig. 4a). This is consistent with the location of the
peak freshwater diversion into the Greenland Sea. Close to Jan Mayen, the upper ocean
circulation shows typically a stronger westward component compared to further north
(Fig. 4a), consistent with the the total freshwater amount that is negative.

3.2 Seasonal mean freshwater budget

Regarding the liquid freshwater transport in Fram Strait, NorESM shows highest
values in fall (maximum in October) and lowest in spring and summer (minimum in July),
indicated by the magenta curve in Fig. 8a. This compares well with the seasonal cycle
in the observations; de Steur et al. (2018) find that the liquid freshwater transport is high-
est in late fall (November) and lowest during summer (August). North of Denmark Strait,
we also find the timing in the simulated seasonal cycle to be fairly realistic. The high-
est liquid freshwater transport in NorESM occurs in late fall (October and November;

Fig. 8b; magenta curve). After this, the liquid freshwater transport is gradually reduced
to almost zero in July. In the observations (de Steur et al., 2017), the highest liquid fresh-
water transport occurs somewhat earlier; in September and October, which is then fol-
lowed by a clear reduction from December to July. We emphasize that the NorESM re-
sults are averaged over a long time period (32 years; 1973-2004), in contrast to the ob-
servational data that were obtained over less than one year (Sep 2011-July 2012). Thus,
differences in the timing of the seasonal cycle are expected, as a single seasonal cycle might
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differ from one year to another. We find that NorESM has large interannual variability
in the seasonal cycle of the freshwater transport (grey error bars; Fig. 8b). In Table 1,
we have listed observational studies that estimate liquid freshwater transport. Note that
several of these have taken place during summer, likely before the timing of the max-
imum liquid freshwater transport.

In terms of the solid freshwater transport, the seasonal cycle in NorESM is also fairy

realistic. In Fram Strait, we compare the solid freshwater transport in NorESM with observation-

based sea ice volume transport shown in Zamani et al. (2019) (the solid freshwater trans-
port is dependent on the sea ice volume transport; see the Appendix). We find that the
simulated and observation-based seasonal cycles are fairly similar; the highest solid fresh-
water transport occurs in winter (Dec-Apr) and the lowest in summer (Jun-Aug; light
blue curve in Fig. 8a), same as in Zamani et al. (2019). In Denmark Strait, the seasonal
cycle of solid freshwater in NorESM compares fairly well with that shown in Behrens et
al. (2017). The highest solid freshwater transport occurs during winter and the lowest
during summer (with values close to zero; light blue curve in Fig. 8b).

We further investigate the seasonal cycle of the freshwater diversion into the in-
terior in a similar way as for Fram Strait and Denmark Strait (Fig. 8c). Considering only
the uppermost part of the ocean (the mixed-layer; strongly influenced by winds), we find
that the liquid freshwater diversion has a seasonal cycle (red dashed line; Fig. 8c). This
is further discussed in the following section. The seasonal cycle of the solid freshwater
diversion into the interior has a similar structure to that in Fram Strait and Denmark
Strait, with highest values during winter and lowest during summer (light blue curve;
Fig. 8c). In both the outer EGC section and Denmark Strait, the solid freshwater part
is also low during fall (Sep-Oct; Fig. 8b and 8c). Furthermore, the results display sub-
stantial interannual variability of the freshwater diversion into the interior, both for the
total and solid freshwater diversion (grey and light blue vertical lines, respectively, Fig.
8c).

In summary, we find in NorESM that a substantial amount of solid freshwater is
diverted into the interior Nordic Sea. We also find that the simulated seasonal cycles of
both the liquid and solid components in Fram Strait and Denmark Strait are fairly well
represented. In the following section, we further explore the seasonal variability of SSS
in the western Nordic Seas and the interannual variability of the solid freshwater diver-
sion into the interior.

4 Mechanisms controlling freshwater diversion in the western Nordic
Seas

In this section, we first investigate if there is a link between the seasonal variabil-
ity of SSS and the large-scale wind stress in the western Nordic Seas in NorESM. The
basis for this investigation is the observation-based study by Vage et al. (2018), who hy-
pothesized that there is a link between the two in the Iceland Sea. Secondly, we exam-
ine the interannual relationship between SSS in the western Nordic Seas and the fresh-
water diversion into the interior in NorESM.

4.1 Seasonal relationship between surface salinity and wind stress

Hydrographic observations demonstrate that the Polar Front migrates laterally on
seasonal time scales (black lines in Fig. 2). NorESM simulates a similar seasonal shift
in the location of the Polar Front (magenta lines in Fig. 2). It has been hypothesized
that these lateral shifts are linked to seasonal changes in the Ekman transport (Vage et
al., 2018). In Fig. 9, we show the Ekman transport distance in NorESM, decomposed
to its zonal and meridional components in winter (Jan-Mar). The Ekman transport dis-

tance is estimated as in Vage et al. (2018), and is defined as follows: Xp = i Where
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7 is the monthly mean wind stress, p = 1025kg/m3 is the reference density of sea wa-

ter, f is the coriolis parameter, and h is the depth of the Ekman layer (we assume a depth
of 50m, same as in Vage et al. (2018)). All variables, except the wind stress, are con-
stants, and the Ekman transport distance is thus proportional to the wind stress. The
zonal component of the wind stress results in a substantial westward Ekman transport
during winter (Fig. 9a), while the meridional component of the wind stress gives a large
southward Ekman transport in the northern part of the Greenland Sea (Fig. 9b). Over-
all, NorESM shows that the westward Ekman transport is dominating the western Nordic
Seas in winter.

We consider only the western Nordic Seas (defined by the box in Fig. 9a) and in-
vestigate the link between the Ekman transport distance and SSS. The zonal Ekman trans-
port distance displays pronounced seasonal variability (black curve; Fig. 10a). The vari-
ability in the meridional component of the Ekman transport distance is much smaller
(magenta curve; Fig. 10a). The zonal component shows that the Ekman transport is west-
ward during the whole year. It is highest during winter (Jan-Mar) and fall (Oct-Dec),
and has its minimum in summer (Jul). The seasonal cycle in the zonal Ekman transport
distance is strongly correlated to SSS; SSS shows a similar cycle, but delayed by one month
(red curve; Fig. 10a).

A cross-correlation, using all monthly data for the period 1973-2004, confirms a sta-
tistically significant relationship at one month lag between westward Ekman transport
distance and SSS in the western Nordic Seas (black curve; Fig. 10b). Hence, a large west-
ward Ekman transport distance during winter and fall contributes to higher SSS in the
western Nordic Seas. And vice versa, a small westward Ekman transport distance dur-
ing summer contributes to lower SSS. The southward Ekman transport distance shows
a weak and non-significant correlation with SSS.

The NorESM results support the hypothesis of Vage et al. (2018); that the sea-
sonal migration of the Polar Front is linked to the westward Ekman transport. During
summer (Jul-Sep) the Polar Front is at its easternmost position with weak northerly winds.
As the northerly winds intensify in fall and winter, the front and the Polar Water are
pushed towards Greenland, and the front is at its westernmost position during winter
(Jan-Mar). As the winds relax during spring, the Polar Front moves eastward. As a con-
sequence, SSS in the western Nordic Seas has a pronounced wind-driven seasonality.

4.2 Interannual relationship between surface salinity and freshwater di-
version

Analysis of the total freshwater budget in NorESM over the period 1973-2004 demon-
strates a general diversion of freshwater into the interior Nordic Seas, but that there are
large fluctuations in the annual mean from year to year (black bars; Fig. 11a). The changes
in the liquid freshwater component can be of similar magnitude as in the solid freshwa-
ter component, and hence, can contribute to changes in the total freshwater diversion
(magenta and light blue curves; Fig. 11a). Considering only the uppermost layer (i.e.,
Polar Surface Water with salinity < 34.4), we find similar changes in the liquid fresh-
water diversion (dashed line; Fig. 11a). This contribution from the liquid component is
different from the seasonal cycle in NorESM, where the total freshwater diversion was
clearly dominated by the solid freshwater component (Fig. 8c). In addition, we find that
the solid component is always positive, whereas the liquid component changes sign from
year to year. When there is a high negative peak in the liquid component (years 1984
and 2000), the total freshwater transport is also negative (i.e., there is a freshwater trans-
port directed towards Greenland). Although the changes in the solid and liquid compo-
nents can be of similar magnitude, the overall contribution to the total freshwater di-
version comes from the solid component. In the following, we address the impact of the
solid component on SSS in the western Nordic Seas in NorESM.
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580 In NorESM, the temporal evolution of the solid freshwater diversion into the in-
581 terior appears to be anti-correlated with SSS in the western Nordic Seas (Fig. 11b); a

582 large diversion of solid freshwater coincides with low SSS. A cross-correlation between

583 the two variables confirms a statistically significant link between solid freshwater diver-
584 sion and SSS on interannual time scales for the period 1973-2004 (blue curve; Fig. 12).
585 We furthermore find that the solid freshwater diversion is positively and significantly cor-
586 related with the southward Ekman transport distance in the western Nordic Seas (grey
587 curve; Fig. 12). The main portion of the solid freshwater diversion enters into the Green-
588 land Sea (light blue curve; Fig. 7) during winter (light blue curve; Fig. 8c). The south-
589 ward Ekman transport distance is also highest during winter (magenta curve; Fig. 10a)
590 and the highest values are found in the northwestern Greenland Sea (Fig. 9b). This sug-
501 gests that the interannual variability of the solid freshwater diversion is linked in par-

592 ticular to the southward Ekman transport distance in the region where the EGC flows
593 (along the shelfbreak in the northwestern Greenland Sea).

504 To investigate the link between the freshwater diversion into the interior and SSS
505 in the western Nordic Seas in more detail, we use a composite analysis technique. We

596 assess only years related to high or low freshwater diversion, i.e., values above (below)

507 half of the standard deviation (Fig. 13). We find 12 years with high freshwater diver-

598 sion into the interior (blue circles, Fig. 13) and 10 years with either low freshwater di-

599 version or negative freshwater transport (red circles, Fig. 13). Note that we consider the
600 total freshwater transport (same as the black bars, Fig. 11a), as we investigate the com-
601 bined effects of liquid and solid freshwater on the spatial distribution of SSS. Compar-
602 ing the latitudinal distribution of total freshwater transport for high and low cases, we
603 find the largest differences in the freshwater diversion occurring in the Greenland Sea

604 (thin grey curves; Fig. 7). In addition, we find relatively large differences close to Jan

605 Mayen, where the total freshwater transport is typically negative.

606 In NorESM, we find that these large fluctuations in high and low freshwater trans-
607 ports are related to SSS anomalies in a relatively large region across the western Nordic
608 Seas (Fig. 14a and 14b). A high freshwater diversion corresponds to a fresh anomaly in
609 the western Nordic Seas (Fig. 14a). In the opposite case, when the total freshwater di-
610 version is low, the surface of the western Nordic Seas is more saline (Fig. 14b). We show
611 the SSS anomalies in late summer (Jul-Sep), as this season has the highest interannual

612 variability of SSS (Fig. 3). The magnitudes of the anomalies are about half of the stan-
613 dard deviation of SSS (compare Fig. 3 and Fig. 14a/14b). Using annual mean SSS in

614 the composite analysis instead of summer SSS shows a similar pattern as in Fig. 14, but
615 with weaker anomalies.

616 NorESM demonstrates how freshwater diversion into the interior affects SSS in a

617 region covering most of the western Nordic Seas. The clear relationship between high /low
618 freshwater diversion, especially for the solid component, and fresher/more saline surface
619 water in the western Nordic Seas, suggests that solid freshwater diversion is a key driver
620 for salinity changes in the Greenland and Iceland Seas.

621 5 Discussion and Conclusions

622 In this study, we have focused on drivers or mechanisms for surface salinity changes
623 in the western Nordic Seas; the Greenland and Iceland Seas that are influenced by a ma-
624 jor outflow from the Arctic Ocean (Fig. 1). Observations are sparse in this region, es-

625 pecially for analysis on interannual time scales. We have used a 1/4°-resolution global

626 ocean-sea ice model (NorESM) with realistic atmospheric forcing for the period 1973-

627 2004. This model represents a typical ocean component of coupled global climate mod-

628 els, although with higher resolution. This allows us to analyse drivers of salinity changes
620 both on seasonal and interannual time scales. However, the model has biases, such as

630 a too saline Greenland shelf between Fram Strait and Denmark Strait, and too fresh Nordic
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Seas interior (Fig. 5). This results in an underestimation of the liquid freshwater trans-
ports in Fram Strait and Denmark Strait (Table 1). The solid freshwater transport is
underestimated to some extent in Fram Strait, but slightly overestimated in Denmark
Strait. On the other hand, NorESM shows reasonable results for the seasonal shifts in
the surface salinity in the Greenland and Iceland Seas, and the seasonal cycles of both
the liquid and solid components in Fram Strait and Denmark Strait are fairly well rep-
resented.

Previous studies suggest that some of the liquid and solid freshwater transported
by the EGC is diverted into the interior of the Nordic Seas (Dickson et al., 2007; Dodd
et al., 2009; de Steur et al., 2015; Latarius et al., 2019). In NorESM, we find that solid
freshwater (sea ice volume flux) is the major source of freshwater to the interior (Fig.
6), consistent with the results of Dodd et al. (2009). This result is also consistent with
a recent study by Selyuzhenok et al. (2020), showing that the sea ice volume flux into
the Greenland Sea is dominating the freshwater budget of the Greenland Sea. The an-
nual mean solid freshwater diversion in NorESM (19 mSv) amounts to 41% of the an-
nual mean solid freshwater transport entering through Fram Strait (46.2 mSv). A recent
study using a very high-resolution model in the Nordic Seas (Spall et al., 2021) comple-
ments our NorESM results, finding that the annual mean exchange of salt between the
shelf and the interior in the Greenland Sea is small (considering both mean advection
and eddy advection).

In line with observations, a seasonal migration of the Polar Front is simulated in
NorESM (Fig. 2). However, the position of the front is not fully aligned with that of the
observations, which can probably be attributed to the limited horizontal resolution of
the model. Although our model is relatively coarse, we use the model to test the hypoth-
esis of Vage et al. (2018); that winds regulate the seasonal migration of the Polar Front.
Vage et al. (2018) suggested that a westward displacement of the front in the Iceland
Sea is caused by increased onshore Ekman transport due to enhanced northerly winds
in fall and winter. In our study, we find that the shifts in the Polar Front not only oc-
curs in the Iceland Sea, but all along east Greenland north of Denmark Strait. This is
demonstrated both in observations and in NorESM (Fig. 2). NorESM shows a statis-
tically significant relationship (correlation > 0.5 at one month lag) between westward
Ekman transport distance and SSS in the western Nordic Seas (Fig. 10b), and thus sup-
ports the hypothesis of Vage et al (2018); that the location of the Polar Front is linked
to the wind forcing.

On an interannual time scale, NorESM shows that changes in surface salinity in
the western Nordic Seas is strongly related to changes in the annual mean solid fresh-
water diversion (correlation < -0.7, Fig. 12). Such surface salinity changes take place
all along east Greenland; an increase in the solid freshwater diversion from the EGC co-
incides with a negative salinity anomaly in the western Nordic Seas, and visa versa (Fig.
14a and 14b). The solid freshwater diversion is largest in winter (Dec-Apr, Fig. 8c) and
the largest salinity anomalies occur in late summer (Jul-Aug-Sep, Fig. 3). This suggests
that sea ice reaching the interior Nordic Seas melts there during summer and modifies
the surface salinity in late summer.

We find that the main source of sea ice into the interior comes from Fram Strait
ice export, although another source could also be locally formed sea ice. The observation-
based study of Venegas and Mysak (2000) found that sea ice variability in the Green-
land Sea during 1950-1998 was to a large extent explained by variability in ice export
through Fram Strait and by local wind anomalies during winter. Consistent with that,
in our model simulation we find that the solid freshwater transport through Fram Strait
covary to some extent with the diversion into the interior on interannual time scales (cor-
relation of 0.43 at zero time lag).
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682 On even longer time scales, the drivers of salinity changes in this region are sug-
683 gested to be rooted in the subpolar North Atlantic and decadal changes in the Atlantic
684 inflow into the Nordic Seas (e.g., Glessmer et al., 2014; Lauvset et al., 2018; Kenigson

685 & Timmermans, 2021). Thus, main drivers of salinity changes in the western Nordic Seas
686 appear to depend on the time scales considered; local winds driving seasonal changes,

687 more Arctic-driven interannual changes via sea ice diversion from the EGC, and more

688 Atlantic-driven decadal changes via the Atlantic inflow. The time scales of these differ-
689 ent mechanisms give an indication of how far ahead we can predict changes in surface

690 salinity.

601 Several recent papers demonstrate predictability several years ahead in the upper
692 ocean temperature and salinity in the eastern Nordic Seas — or more specifically the At-

693 lantic domain. This predictability is linked to changes in the properties of Atlantic Wa-

604 ter farther upstream (Chafik et al., 2015; Arthun et al., 2017; Langehaug et al., 2019),

695 although predictability is limited to some extent by local surface forcing (Asbjernsen et

696 al., 2019). Changes in the properties of the Atlantic Water also influence the western Nordic
607 Seas — in the Arctic and Polar domains (e.g., Eldevik et al., 2009; Arthun & Eldevik, 2016;

698 Lauvset et al., 2018), but the signal is diminished for several reasons, such as mixing with
699 the southward-flowing fresh Polar Water (Havik et al., 2017). Furthermore, the predictabil-
700 ity related to the amount of sea ice and liquid freshwater from the Arctic Ocean is lim-

701 ited, with predictability only one year ahead (Schmith et al., 2018). This is consistent
702 with two studies using dynamical prediction models (Germe et al., 2014; Dai et al., 2020),

703 showing some skill in predicting sea ice extent in the Nordic Seas up to only one year
704 ahead. Thus, the predictability beyond one year of the upper ocean and sea ice in the
705 Polar and Arctic domains appears to be low compared to the predictability in the At-
706 lantic domain.

707 Appendix A Calculation of liquid freshwater transport

708 In addition to the freshwater transports, we have also looked at the salinity trans-
700 ports for the same area. The salinity transport gives reasonable values (about 250kt /s)
710 in the western Fram Strait (Schauer & Losch, 2019) and a budget close to balance. The
m incoming salt transport in Fram Strait is balanced by the outgoing salt transport in the
72 outer EGC and Denmark Strait. The salt transport in the Iceland section is very small
73 due to a very small volume transport.

714 The liquid freshwater transport (FWTocean) is calculated in each of the sections
715 shown in Fig. 1. This transport has been calculated in a similar way as in previous ob-
716 servational studies of the FWTocean through a section north of Denmark Strait (de Steur
7 et al., 2017) and through the western Fram Strait (de Steur et al., 2009, 2018). In Equa-
718 tion (1), based on the observational studies, V' is volume transport in Sv, S is salinity,

719 and the reference salinity (Sref) is defined herein as 34.9.

720 However, in this study, we use Equation (2) for the model output. The model out-
o put from NorESM is given as mass flux, M f (kg/s), and salt flux, Sf (kg/s). We ap-
™ ply Equation (2) because the nonlinear terms in the salt flux of the ocean model is not
3 captured by the formulation V' x S in Equation (1). For an instantaneous moment in

724 time, the two equations are the same (i.e., Sf is equal to V' xS). However, the model

5 output is monthly means and monthly Sf does not equal V' x S. In Equation (2) we
726 multiply Sf by 1000 kg/m?, as the modelled Sf has not been multiplied by the density
727 of water during the model run.

x2 z=0

728 FWTocean :/ / V(z, z) x Mdzdw (1)
Sref
z1 z(S=Sref)
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1000 x Sf(z, 2)

2 z=0
FWTocean = Z Z Mf(z,z) Sref

zl z(S=Sref)

(2)

In order to compare with observational values, we further divide FWTocean from
the model by a density of 1000kg/m? to convert to the unit mSv.

In the literature there are studies that calculate the FWTocean as in Equation (2),
but without dividing S f by Sref. In this study we want to calculate the FWTocean in
a similar way to the observational studies in Fram Strait and Denmark Strait, and there-
fore we divide by Sref.

We have compared the resulting FWTocean of using Equation (1) and Equation
(2), and we find that the mean seasonal cycle for the time period 1973-2004 are fairly
similar in Denmark Strait (not shown). However, the results are not that similar in Fram
Strait, probably because of the more complex ocean circulation in that region. Compar-
ing the resulting interannual variability from the two Equations, we find in general larger
variance using Equation (2) and also the timing of the peaks appears to be more real-
istic compared to the observed FWTocean in Fram Strait (de Steur et al., 2009).

Appendix B Calculation of solid freshwater transport (sea ice volume
transport)

The sea ice volume transport, VOLice, is calculated in each of the sections shown
in Fig. 1, and the general formula is as in Equation (3).

VOLice = hi x vel X dzx, (3)

where hi is the grid cell mean ice thickness (m), vel is the ice velocity (m/s), and dz is
size of the grid cell (m).

The sea ice volume transport is converted to a solid freshwater transport, FWTice,
according to Equation (4). This formula is given in (Curry et al., 2014).

FWTice = VOLice x 2-¢L = Sice _pice

(4)

Sref pwater’

where Sice = 5 (sea ice salinity), pice = 900kg/m? (density of sea ice), and pwater =
1000kg/m? (density of freshwater).
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Tables

Table 1. Freshwater transports (only liquid; mSv) in observations and NorESM with the an-
nual mean (M EAN) and the maximum value of the mean seasonal cycle (M AX) given below.
All values using a reference salinity of 34.9 are marked by a star (*). Otherwise, a reference
salinity of 34.8 is used. Most of the observational values include the freshwater transport on the
shelf (shown in bold). The model data includes both and cover the period 1973-2004. The maxi-
mum value of the simulated seasonal cycle is in October (October and November) in Fram Strait
(Denmark Strait).

Strait MEAN s MAX ops MFEAN,,odel MAX odel
Fram Strait® 70%* >80% 10%* 20%*

Fram Strait? 68.6*

Denmark Strait® 94* >130* 19%* 35*
Denmark Strait? 81

Denmark Strait® 55

Denmark Straitf 43-60%*

@ Observational values from the period 2003-2015. The maximum value is the November

value from Fig. 3d in de Steur et al. (2018).

b Observational values are updated for the period 2003-2019 (Karpouzoglou et al., 2022).

¢ Observational values from the period Sep 2011 to Jul 2012. The maximum value is the

September value from Fig. 7a in de Steur et al. (2017). They assume a contribution from
the shelf (20 mSv).

4 Observational values from summer (Jul-Aug) 2012 (Havik et al., 2017, their section 3).

¢ Observational values from summer (Jul-Aug) 2004 (Sutherland & Pickart, 2008).

f Observational values from Oct 1998 and Aug 1999 (Dodd et al., 2009).
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Figure 1. The focus region of this study is the western Nordic Seas; encompassing the East
Greenland Current (EGC), carrying freshwater and sea ice southward, and the Greenland and
Iceland Seas. The three sections marked in black are referred to in the text as the Fram Strait,
the Denmark Strait and the Iceland section. The section in red is aligned with the EGC but
outside of the main core, i.e., outside the location of maximum velocities. The colour shading is
the mean simulated winter (Jan-Feb-Mar) sea ice concentration for the period 1973-2004 from the
forced global ocean-ice model used in this study. The depth contours are 1200 and 2000m (thin
grey lines).
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Figure 2. Seasonal variability in surface salinity (averaged over the upper 50m) based on
observations (Huang et al., 2020) for the period 1986-2016. The solid black line shows the S=34.5
isohaline, which marks the Polar Front. The solid (dashed) magenta lines show the simulated
S=34.3 (S=34.5) isohaline for the period 1986-2004. The depth contours are 500, 1000, 1500,
2000, 3000, and 4000m (thin grey lines).
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Figure 3. Standard deviation of simulated Sea Surface Salinity (SSS) in NorESM for the pe-
riod 1973-2004 for four different seasons (all time series are detrended). The depth contours are
1200 and 2000m (thin grey lines).
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Figure 4. a) Simulated mixed-layer velocity in NorESM, showing the annual average over the
period 1973-2004. The direction of the currents is shown by the black arrows and the mean speed
is shown by colour. The simulated East Greenland Current is shown as a strong southward cur-
rent in the westernmost part of the Nordic Seas. The depth contours are 1200 (black line), 2000,
and 3000m (grey lines). b) Simulated Eddy Kinetic Energy (EKE) using mixed layer velocities.
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Figure 6. Schematic of the freshwater budget in the model simulation for the region enclosed
by the four sections: Fram Strait, Denmark Strait, outer EGC section, and Iceland section (the
two latter are separated at about 69°N). The annual mean liquid and solid freshwater transports
for the period 1973-2004 are shown in black (numbers in mSv), and the total freshwater trans-
port (liquid + solid) across each section is given by the red numbers. The schematic is adopted
after Dodd et al. (2009).
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Figure 7. The total simulated freshwater transport (FWT) across the outer EGC section, as
a function of latitude, given as the annual mean for the period 1973-2004. Positive values mean
that there is a total FWT towards the east (the interior of the Nordic Seas). Negative values
mean that there is a total FWT towards the west (the Greenland shelf). The liquid freshwater
transport (FWTocean) and solid freshwater transport (FWTice) are also shown. In addition, the
latitudinal distribution of the total FWT for two different cases are shown (see the red and blue
points in Fig. 13). The approximate locations for the Greenland and Iceland Seas are indicated,

separated by Jan Mayen. The outer EGC section ends just north of the Spar Fracture Zone.
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Figure 8. Mean seasonal cycles of simulated liquid freshwater transport (FWTocean; magenta
curves) and simulated solid freshwater transport (FWTice; light blue curves) for the period 1973-
2004. The total FWT is shown as black bars. The FWT is shown for all four sections in Fig. 1;
a) Fram Strait, b) Denmark Strait, ¢) outer EGC section, and d) Iceland section. Positive FWT
across Denmark Strait, outer EGC, and Iceland section means that the transport is out of the
closed domain in Fig. 1. Note that the sign of the FWT across Fram Strait is reversed, i.e., pos-
itive FWT across Fram Strait means that the transport is into the closed domain. The standard
deviation (std) of the detrended time series for the period 1973-2004 is added on the black bars
(grey vertical lines). In c), the std is also shown for FWTice (light blue vertical lines), and the
red dashed curve shows the FWT in the mixed layer.
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Figure 9. The simulated Ekman transport distance in winter for the period 1973-2004, where
the magnitude is shown by colour. The direction of a) the zonal component (black) and b) the
meridional component (magenta) of the Ekman transport is shown by the arrows. In the western
Nordic Seas (defined by the box), the zonal component is westward and the meridional compo-
nent is southward. The depth contours are 1200 and 2000m (thin grey lines). The white region
is the area where the sea ice concentration is larger than 90%. Note the difference in the scale of
the magnitude in a) and b).
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Figure 10. a) Mean seasonal cycles of simulated variables in the western Nordic Seas (av-
eraged over the box domain in Fig. 9a). The scale for Ekman transport distance is shown on

the left y-axis, whereas the scale for Sea Surface Salinity (SSS; red curve) is shown on the right
y-axis. The numbers in parenthesis are the maximum correlation with SSS. b) Cross-correlation
between SSS and Ekman transport distance (for each component separately), where we use all
months for the full time period 1973-2004 (32*12 points). The dashed lines mark the 95% signifi-

cance level.
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Figure 11. a) The annual mean total freshwater transport (FWT) across the outer EGC sec-
tion in the model simulation. The liquid freshwater transport (FWTocean) and solid freshwater
transport (FWTice) are also shown. The FWTocean using a salinity limit of 34.4 is also shown
(dashed line), in order to give an estimate of the liquid freshwater transport in Polar Surface Wa-
ter (PSW). Positive values mean that the transport is out of the closed domain shown in Fig. 1.
b) Temporal evolution of FWTice and SSS in the western Nordic Seas (the latter is averaged over
the box domain in Fig. 9a). The scale for FWTice is shown on the left y-axis (blue), whereas the

scale for SSS is shown on the right y-axis (red).
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Figure 12. Cross-correlation between the solid freshwater transport (FWTice) across the
outer EGC section and SSS in the western Nordic Seas (blue curve), and cross-correlation be-
tween FWTice and the southward Ekman transport distance in the western Nordic Seas (gray
curve). We use annual means for the period 1973-2004. The dashed lines mark the 95% signifi-

cance level.
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Figure 13. Time series of the normalized and detrended total freshwater transport (FWT)
across the outer EGC section in the model simulation. Composite analysis is done for years with
values above (below) the value 0.5, marked by blue (red) circles. The years with blue circles are
those with high FWT into the interior of the Nordic Seas, and years with red circles are those
with low FWT into the interior.
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Figure 14. Composites of simulated SSS anomalies in late summer (Jul-Sep). a) and b) show
anomalies associated with the years marked by blue and red circles, respectively, in Fig. 13. The

thin grey lines show the 1200m isobath.
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