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ABSTRACT

The locations, times, and mechanisms by which heat and salt are transported
through and within the Nordic Seas are discussed. The analysis is based on
a regional, high resolution coupled sea ice-ocean numerical model, a clima-
tological hydrographic data set, and atmospheric reanalysis. The model and
climatology are broadly consistent in terms of heat loss, water masses, and
mean geostrophic currents. The model fields are used to demonstrate that the
dominant exchange between basins is an export of warm, salty water from
the Norwegian Sea into the Greenland and Iceland Seas, with both the mean
cyclonic boundary current system and eddy fluxes playing important roles. In
both the model and the climatology, approximately 2/3 of the heat loss to the
atmosphere over the Nordic Seas is found over the mean cyclonic flow and
1/3 takes place within the closed recirculations in the interior of each of the
basin gyres, with the Norwegian Sea having the largest heat loss. The sea-
sonal cycle is dominated by local air-sea heat flux within the gyres while it
is dominated by lateral advection in the cyclonic boundary current, particu-
larly in the northern Norwegian and Greenland Seas. The freshwater flux off
the east Greenland shelf is correlated with the local winds such that in win-
ter, when winds are generally towards the southwest, freshwater is advected
onto the shelf and in summer, when winds are weak or towards the northeast,
freshwater is advected into the Greenland Sea, which leads to salinification in

winter and freshening in summer.
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1. Introduction

The Nordic Seas refers to the collection of basins that lie between the Greenland-Scotland Ridge
to the south and Fram Strait between Greenland and Svalbard to the north. The Barents Sea is
sometimes considered as part of the Nordic Seas (e.g., Hansen and @sterhus 2000), but for our
analysis we consider only the Norwegian, Greenland, and Iceland Seas (Fig. 1). Approximately
8 Sv (1 Sv=10°m?3 s~ !) of relatively warm, salty water flows northward from the eastern subpolar
North Atlantic into the Norwegian Sea (Mauritzen 1996b; Hansen and @sterhus 2000; @sterhus
et al. 2019). This water progresses poleward in two separate currents (Orvik and Niiler 2002): the
Norwegian Atlantic Slope Current along the Norwegian coast and the Norwegian Atlantic Front
Current offshore over the Mohn-Knipovich Ridge. There is also a comparatively small transport
(1-2 Sv) by the North Icelandic Irminger Current along the west coast of Iceland into the Iceland
Sea (Jonsson and Valdimarsson 2012; Casanova-Masjoan et al. 2020). After crossing Denmark
Strait, roughly half of this current recirculates back to the Irminger Sea while the remainder merges
with the East Icelandic Current north of Iceland (Casanova-Masjoan et al. 2020).

The circulation within the Nordic Seas is strongly coupled with the bottom topography (Voet
etal. 2010). It is dominated by a baroclinic cyclonic boundary current system and more barotropic
cyclonic recirculation gyres over each deep basin. The existence of these gyres was originally
inferred by Helland-Hansen and Nansen (1909), and later confirmed by several studies based on
surface drifters (e.g., Poulain et al. 1996; Orvik and Niiler 2002; Jakobsen et al. 2003) and sparse
deep water measurements (Hansen and @sterhus 2000). The boundary current in the eastern basin
(Norwegian Atlantic Slope Current) splits at the Barents Sea opening with approximately 2 Sv
flowing into the Barents Sea (Ingvaldsen et al. 2002) and the remainder flowing northward as the

West Spitsbergen Current. Roughly half of this transport recirculates near Fram Strait while the
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rest enters the Arctic Ocean and circumnavigates the different basins before exiting the Arctic
Ocean through Fram Strait and the Canadian Arctic Archipelago. The southward flow through
Fram Strait, along with a small fraction of Pacific-origin Water (Woodgate et al. 2006, 2012) and
recirculated Atlantic Water, forms the East Greenland Current that flows equatorward along the
western boundary of the Nordic Seas.

Along this cyclonic loop through the Nordic Seas and Arctic Ocean the warm, salty Atlantic
Water is cooled by lateral mixing and heat loss to the atmosphere, and freshened by river runoff,
precipitation, and the Pacific Water emanating from Bering Strait. Although the largest heat loss
occurs over the broad, relatively warm Norwegian Sea, the densest waters are found within the
closed recirculation gyres that lie over the deep basins in the Greenland and Iceland Seas. Early
analysis pointed to these regions as the locations for the formation of the dense waters that overflow
through Denmark Strait and the Faroe-Bank Channel (Swift et al. 1980; Aagaard et al. 1985; Strass
et al. 1993). Subsequent studies emphasized the role of the cyclonic boundary current system in
the bulk of water mass transformation (Mauritzen 1996a,b; Eldevik et al. 2009). It is now known
that the densest overflow waters in the Denmark Strait are supplied by the North Icelandic Jet,
which originates over the north slope of Iceland (Jonsson and Valdimarsson 2004; Vage et al.
2011, 2013; Semper et al. 2019), while the Faroe Bank Channel overflow is fed by the Iceland-
Faroe Slope Jet flowing eastward along the north side of the Iceland-Faroe Ridge (Semper et al.,
2020). The hydrographic properties of both currents suggest that the waters were last in contact
with the atmosphere in the central Greenland Sea (Huang et al. 2020). Brakstad et al. (2019)
estimated that the intermediate water mass formed by convection in the Greenland Sea accounts
for at least 20% of both the North Icelandic Jet and the Faroe-Bank Channel Overflow.

Heat loss in the Nordic Seas is much larger compared to the subpolar North Atlantic between

Greenland and Scotland, and the Labrador Sea combined (Chafik and Rossby 2019). Therefore,
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water mass transformation within the Nordic Seas plays a central role in the downwelling limb
of the meridional overturning circulation, both in density space and in depth space. A total of
roughly 5.5 Sv of dense overflow water, the main source for North Atlantic Deep Water (Dickson
and Brown 1994), leaves the Nordic Seas east and west of Iceland. The two major overflows
pass through Denmark Strait (3.2-3.5 Sv; Harden et al. 2016; Jochumsen et al. 2017; Lin et al.
2020) and the Faroe-Bank Channel (~2 Sv; Borends and Lundberg 2004; Hansen et al. 2016;
@sterhus et al. 2019). Turbulent entrainment just downstream (south) of the Greenland-Scotland
Ridge roughly doubles these overflow transports while reducing their density anomaly relative to
the ambient water (Price and Baringer 1994; Dickson and Brown 1994). The northward flow of
warm water and southward flow of cold water reflects the net meridional heat transport by the
cyclonic current system that flows through the Nordic Seas. Part of this overturning is in the
vertical (warm, northward shallow; cold, southward deep) and part is in the horizontal (warm,
northward in the east; cold, southward in the west). This northward heat transport is important for
the regional climate (Oliver and Heywood 2003) and also keeps much of the Nordic Seas ice-free
to a higher latitude than in the Pacific Ocean, enhancing air-sea exchange in winter. Variability
in heat transport through the Nordic Seas also influences the surface air temperature, geostrophic
winds, and ice extent in the region on interannual (Schlochtholz 2013) and decadal (Arthun and
Eldevik 2016) time scales.

Most prior studies of the heat and freshwater budgets in the Nordic Seas have focused on where
heat is lost to the atmosphere (e.g., Mauritzen 1996a,b; Simonsen and Haugan 1996; Segtnan et al.
2011; Latarius and Quadfasel 2016). While this is clearly important, our interest is not only where
the heat is lost but also how heat and salt are advected from the inflows in the south and north to
the individual basins and gyres. We combine analysis of a high-resolution regional model of the

Nordic Seas with a climatological hydrographic data base and atmospheric reanalysis products to
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estimate the relative influences of air-sea exchange and mean and eddy lateral advection between

basins as a function of depth and time.

2. A regional model of the Nordic Seas

We set up a high-resolution, realistic general circulation model of the Nordic Seas. The dy-
namics are simulated using the Massachusetts Institute of Technology General Circulation Model
(MITgcm; Marshall et al. 1997). The model solves the hydrostatic Navier-Stokes equations under
the Boussinesq approximation for an incompressible fluid with a nonlinear free surface (Campin
et al. 2004). The equation of state by McDougall et al. (2003) and the K-profile parameterization
(KPP; Large et al. 1994) are implemented. The ocean model is coupled with the MITgem sea ice
model (Losch et al. 2010).

The model domain (Fig. 1) covers a larger area compared to previous configurations targeting
Denmark Strait (Almansi et al. 2017, 2020). It includes the entire Iceland, Greenland, and Nor-
wegian Seas. The numerical domain is discretized with an unevenly-spaced rectilinear grid. The
horizontal resolution is about 2 km over the Iceland Sea and decreases moving toward the edges
of the domain. The lowest resolution in the region of interest for this study is about 4 km. The
bathymetry is obtained from RTopo-2.0.4 (Schaffer et al. 2019) and is accurately represented by
partial bottom cells. The vertical grid uses the re-scaled height coordinates z* (Adcroft et al. 2004).
The vertical resolution at rest linearly increases from 2 to 19 m in the upper ~200 m and is 19 m
thereafter.

After an 8-month spin up starting in January 2017, we stored the numerical solutions from
September 2017 to August 2018 every 6 hours. This time period encompasses the Iceland Green-
land Seas Project (IGP), an atmosphere-ocean field campaign carried out in February—March 2018

to investigate the ventilation of dense water in the western Nordic Seas (Renfrew et al. 2019). The
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model solutions are publicly available on the Johns Hopkins SciServer system (Medvedev et al.
2016). Additional fields, such as the tendency terms for tracer budgets, have been computed using
OceanSpy v0.1 (Almansi et al. 2019).

The initial conditions for the oceanic component are obtained from HYCOM + NCODA GOFS
1/12° Analysis (Cummings 2005; Cummings and Smedstad 2013; Helber et al. 2013), whereas
the sea ice fields are initialized using the TOPAZ4 reanalysis (Xie et al. 2017). The products used
to initialize the model also provide the lateral boundary conditions (3-hourly and daily frequency
for the oceanic and sea ice fields, respectively). Sea surface temperature is relaxed with a 10-day
timescale to the global analysis OSTIA (Donlon et al. 2012). The surface heat flux in the Nordic
Seas is in general 1-3 orders of magnitude larger than this relaxation heat flux and so it does not
have a significant influence on the present analysis.

The oceanic and sea ice components are forced at the surface with heat, freshwater, and momen-
tum fluxes derived from the atmospheric reanalysis ERAS (Copernicus Climate Change Service
(C3S) 2017). The bulk fluxes are computed using hourly air temperature and specific humidity
at 2 meters height, downward shortwave and longwave radiation, solid and liquid precipitation,

evaporation, and wind velocities at 10 meters height.

3. Hydrographic climatology of the Nordic Seas

Historical hydrographic data from 2013-2018 were used to construct the climatology of hydro-
graphic sections in the Nordic Seas used in the study. The majority of the data were obtained from
the Unified Database for Arctic and Subarctic Hydrography (UDASH). Additional data outside the
time period and spatial domain of UDASH, come from various archives (see Huang et al. 2020,
for the description of individual data sources). In addition to the quality control already performed

on each data source, duplicates between the different archives were removed. Data outside the
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expected range in the Nordic Sea [—2-20°C for potential temperature, 20-36 for practical salinity]

3 were excluded. Additional details of the

and data with density inversion exceeding 0.05 kg m™
final combined dataset are provided in Huang et al. (2020).

The composite vertical sections of temperature and salinity discussed in the following section
were constructed from profiles with lateral distances less than 50 km from the selected line, using
Laplacian-spline interpolation (Pickart and Smethie 1998). The positions of profiles along the
section were determined by the distance between their projected location and the origin of the
section (the western boundary). The resulting climatological vertical sections have a horizontal
resolution of 25 km and a vertical resolution of 50 m.

As the coverage of hydrographic data over 2013-2018 is not sufficient to construct gridded dy-
namic height in the Nordic Seas, the climatology of dynamic height (1986-2018) from Huang et al.
(2020) was used to determine the locations of Greenland Sea and Iceland Sea gyres (the out-most
closed contours of surface dynamic height relative to 500 m). The relative geostrophic veloci-
ties referenced to the sea surface were computed from the dynamic height field. The absolute
geostrophic velocities were obtained by using satellite-derived mean surface geostrophic velocity

from 1993 to 2018 as the reference, which can be accessed at Copernicus Marine Environment

Monitoring Service (CMEMS).

4. Mean hydrography, circulation, and seasonal cycle

The basic hydrographic structure and circulation in the Nordic Seas are briefly presented. The
Nordic Seas have been divided into three regions: the Norwegian Sea; the Greenland Sea; and
the Iceland Sea. These regions are largely defined by the bottom topography and the northern and
southern limits of the basin. Fig. 1 shows the bottom topography and the boundaries defining the

three basins. The coastal limit of the basins is defined as the 650-m isobath, roughly in accord with
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the sill depth in Denmark Strait. The northern limit is placed at 77°N, just north of the deepest
part of the Greenland Sea. The southern limit of the Norwegian Sea is 62.9°N, just south of the
deepest part of the Norwegian basin. The western limit of the Iceland Sea is at 20°W, just west of
the Kolbeinsey Ridge. Within the Nordic Seas, the Norwegian Sea is separated from the Greenland
Sea by the Mohn Ridge and from the Iceland Sea by the eastern edge of the Iceland Plateau. The
boundary between the Greenland Sea and the Iceland Sea is approximately the West Jan Mayen

Ridge.

a. Hydrography

The mean temperature and salinity are presented along two sections that cross the Nordic Seas,
one to the south through the Iceland Sea and one to the north through the Greenland Sea (Fig. 1).
These are two of the transects analyzed by Huang et al. (2020). These model sections have been
interpolated to the same horizontal and vertical grid as was used in the climatological hydrogra-
phy. The reader should keep in mind that the model depicts 2017-18, whereas the observations
represent a 2013-2018 climatology that is biased towards more sampling during the summer and
fall. However, the main point of this comparison is not a detailed evaluation of the model for that
year but rather a demonstration that the model represents the dominant hydrographic features on
the basin scale, which are always present.

The southern section is dominated by warm, saline water along the eastern boundary, associated
with the inflow of subtropical-origin water into the Nordic Seas (Fig. 2). This warm, salty wa-
ter extends towards the west until it encounters the Jan Mayen Ridge separating the Iceland and
Norwegian Seas. The thermocline in the Norwegian Sea is located at approximately 600 m depth,
with cold, weakly stratified water below. This depth is approximately set by the sill depths to the

south (Spall 2010). The model is slightly cooler and fresher than the climatology, likely related
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to cold, low salinity water fluxed off the north Icelandic shelf into the southern Norwegian Sea.
Although there is observational evidence for such an exchange (Perkins et al. 1998), it appears to
be too strong in the model. There is a strong baroclinic front located over the Jan Mayen Ridge
where the thermocline rises to near the surface in both the model and the climatology. This is the
hydrographic signature of the Norwegian Atlantic Front Current. There is also warm and salty
water banked up against the east coast of Greenland, associated with the East Greenland Current,
although in the model this water is slightly warmer, fresher, and deeper than in the climatology.
There is also very cold and fresh polar-origin water located over the east Greenland shelf.

The section to the north shows similar features (Fig. 3). The Norwegian Sea is dominated by a
warm, salty upper ocean, a thermocline around 700 m depth, and a weakly stratified, cold and fresh
Greenland Sea. The model is more stratified in the middle of the Greenland Sea than in the Iceland
Sea. In the Norwegian Sea the model thermocline is a little cooler, fresher, and shallower than the
climatology. Some of the difference in the Greenland Sea may be attributed to the relatively
mild winter in 2017/2018, which would not be reflected fully in the 5 year climatological mean.
Unfortunately, there was not sufficient data coverage during that winter to construct hydrographic

sections.

b. Circulation

The depth integrated transport streamfunction from the model, from the surface to 692.5 m, re-
flects the topographic features that define the basins (Fig. 4). The circulation is dominated by a
cyclonic rim current and closed cyclonic gyres within each basin. The northward flow in the Nor-
wegian Atlantic Slope Current along the eastern boundary is about 7 Sv, on par with the observed
mean transport of 5.2 Sv (Mauritzen et al. 2011; Orvik et al. 2001). The maximum transport of

the cyclonic gyre in the Norwegian Sea is approximately 6 Sv. The closed anticyclonic Lofoten
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Eddy is also evident, with a mean transport of approximately 12 Sv. Approximately 5 Sv flows
northward to Fram Strait along the eastern boundary, into the Arctic, and returns southward along
the western boundary. The Greenland Sea exhibits a large region of closed cyclonic recirculation
with maximum transport of 3 Sv. Of the remaining 5 Sv flowing southward along the western
boundary of the Greenland Sea, approximately 3 Sv continues to the south along the boundary and
2 Sv flows to the east just to the north of the Jan Mayen Ridge (forming the Jan Mayen Current) to
eventually exit the domain to the east of Iceland. Within the Iceland Sea there is a small cyclonic
gyre with 3 Sv transport. There is also a loss of about 1 Sv from the East Greenland Current in the
southern Iceland Sea, forming the East Icelandic Current.

In general, the Nordic Seas are characterized by a northward flow of warm, salty water into
the Norwegian Sea, an export of cooler, fresher water to the Arctic Ocean, an import of colder
and even fresher water from the Arctic Ocean, and an export of both this cold, fresh Arctic-origin
Water and the cooler, fresher remnants of Atlantic-origin Water to the south. The Nordic Seas are
a region of heat loss and freshwater gain. The surface buoyancy forcing is dominated by the heat
flux, as the net evaporation minus precipitation contributes relatively little to the densification and
water mass transformation by air-sea fluxes.

The three basins are characterized by regions of closed mean recirculations and a cyclonic
boundary current. The closed gyres in the model are defined by the outermost closed transport
contour within each basin, indicated by the yellow lines in Fig. 4. Within these closed gyres the
heat loss is balanced by lateral eddy fluxes from the cyclonic flow. Heat loss from the boundary
currents, through these lateral eddy fluxes and by direct atmospheric forcing, is balanced by mean
advection. The relative importance of the closed gyres and the cyclonic circulation to the total heat
exchange with the atmosphere is indicated by the integrated surface heat flux within each region

shown in Table 1. 55% of the heat loss in the model Nordic Seas occurs in the Norwegian Sea,
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35% occurs in the Greenland Sea, and only about 10% of the total heat loss occurs in the Iceland
Sea. Within each basin, the heat loss outside the region of closed gyres is larger than that within
the closed gyres, especially for the Norwegian and Iceland basins. Overall, heat loss from within
the gyres accounts for about 1/3 of the total heat loss and the remaining 2/3 occurs outside the
gyres, primarily in the cyclonic boundary current. This is consistent with the dominant role of the
cyclonic boundary current in water mass transformation proposed by Mauritzen (1996a).
Analysis of the climatological ERAS surface heat fluxes for the same IGP year as the model run
yields a similar result, where the gyres are identified using the hydrographic climatology (Table 1).
In particular, in the Greenland and Iceland Seas the gyres are defined by regions of outer-most
closed surface dynamic height (relative to 500 m). As there are no closed surface dynamic height
contours in the Norwegian Sea, a transport streamfunction of absolute geostrophic velocity over
the upper 700 m was calculated from the sea surface height field and the thermal wind derived
from the dynamic height, which results in a closed cyclonic recirculation gyre in the Norwegian
Sea, as also seen in the model. (The locations of these closed gyres is indicated in Figs. 6b, d.) This
points to the importance of the deep cyclonic circulation in the Norwegian Sea. The climatology
indicates more total heat loss over the entire Nordic Seas (8.2 x 10'3W compared to 6.6 x 1013W
in the model) with 72% occurring in the Norwegian Sea, 22% in the Greenland Sea, and 6% in
the Iceland Sea. The lower heat loss in the model Norwegian Sea is due to the surface cold bias
in the model. The observations also show a dominance of the regions outside the closed gyres
compared to the heat loss within the closed gyres. The most significant difference is in the lesser
importance of the Greenland Sea gyre in the observations, which may in part be due to the smaller
region of closed recirculation compared to that in the model. While the total heat fluxes and their

distribution are somewhat different, the overall message is the same: most of the heat loss occurs
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in the Norwegian Sea and the cyclonic boundary current accounts for approximately twice as much

heat loss as the regions of closed recirculations.

c. Seasonal evolution

The seasonal evolution of the basin-averaged temperature and salinity over the upper 692.5 m
in the model is shown in Fig. 5. This is an average over the regions defined by the red lines
in Fig. 1. The seasonal cycle in temperature is dominated by heating in summer and cooling in
winter. The heat loss in winter results in convective overturning that is deepest within the closed
gyres in the interior of the basins. Convection reaches 800 m in the Greenland Sea Gyre and
400 m in the Iceland Sea Gyre. By way of comparison, using 30 years of data Brakstad et al.
(2019) found mean wintertime mixed layer depths in the central Greenland Gyre to be order 500
m. However, the climatology used here indicates that, for individual profiles, mixed layers can
exceed 1500 m. Long-term average winter mixed layers in the Iceland Sea Gyre are observed to
be order 150 m (Vage et al., 2015), while our climatology reveals that individual mixed layers can
exceed 300 m. In the model, the deepest convection events are found on relatively small scales
of 10’s of kilometers and hence are not evident in the basin-averaged hydrography. There is also
convection extending down to 800 m in the Norwegian Sea, but these events are isolated within
relatively light-density anticyclonic eddies and do not represent the formation of dense waters that
contribute to the dense overflows. In summer, the regions of deep convection in the Greenland and
Iceland Seas are restratified by a combination of atmospheric heating and lateral eddy advection.
Each of the basin averages shows a similar pattern of warming and freshening in the upper 100
m in summer, followed by cooling and convective mixing over the upper 200-300 m in winter.
Each of the basins also shows a change in the water properties throughout the water column over

the year of the model simulation: The Norwegian Sea becomes cooler and fresher, while the
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Greenland and Iceland Seas become warmer with little trend in salinity below the upper 100 m. In
the upper 200 m the seasonal evolution is much larger than the trend but below this depth the trend
exceeds the seasonal evolution. These deep trends are unique to this specific year of integration,
2017-2018. Other model runs with similar configurations but forced with reanalysis from different
time periods do not produce such trends (Almansi et al. 2017, 2020).

The relative importance of advection to local surface fluxes in the seasonal restratification is
characterized by the ratio of the magnitude of the annual mean heat loss to the atmosphere to the

heat input into the ocean (Q > 0) during the heating season, which we call Qg.

o 10 [0
[#(Q)0dt  QF

where ¢ is the Heaviside step function, defined as 57’ (Q) = 1 for Q > 0 and 7 (Q) = 0 for Q < 0.

ey

This allows for a measure of the importance of oceanic advection based solely on the surface heat
flux. For Qg < 1 the amount of surface heat loss in winter is close to the amount of heat gain in
summer and so the seasonal cycle is dominated by local air-sea exchange and advection is not very
important for restratification. However, when Qr > 1 the amount of heat gain in summer can not
compensate for the large heat loss in winter and thus oceanic advection must be important. This
analysis of course assumes that the heat budget is closed over the mean annual period.

The annual mean surface heat flux in the model is shown in Fig. 6a, where negative values
indicate heat is lost to the atmosphere. There is cooling over most of the Nordic Seas with the
strongest heat loss over the cyclonic boundary current and in the Norwegian Sea (again consistent
with Mauritzen 1996a). The model shows a net heat gain just north of Iceland and over the Iceland-
Faroe ridge. This is related to the cold, fresh water that flows from the north shelf of Iceland to
the east along the Iceland Faroe Ridge, resulting in a cold surface bias in the model and too

much heat uptake by the ocean. The ratio Qg (Fig. 6¢) shows that seasonal restratification due
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to lateral advection is an order of magnitude larger than local heating in the northern Norwegian
and Greenland Seas, particularly along the cyclonic boundary current. On the other hand, local
heating is more important than advection for seasonal restratification in the Greenland and Iceland
Sea gyres and in the southern Norwegian Sea.

The same quantities calculated from the ERAS reanalysis for the period 2017 to 2018 show a
similar, albiet more smoothed, pattern (Fig. 6b, d; keep in mind that the spatial resolution of ERAS
is 30 km). There is strong heat loss along the cyclonic boundary current and in the Norwegian
Sea. The ERAS reanalysis shows stronger heat loss over the central and southern Norwegian Sea
because of the cold bias in the model. The reanalysis also shows a region of heat flux into the
ocean just north and east of Iceland, where the model has somewhat wider spread heat gain. There
is more heat loss in the central and northern Norwegian Sea in the ERAS reanalysis than in the
model as well. Despite these differences, the model reproduces the same strong cooling over the
cyclonic boundary current and the weaker heat loss in the interior of the Greenland and Iceland
Seas. The Qg from ERAS shows a similar dominance of advection around the periphery of the
basins and local atmospheric heating in the southern Greenland, Iceland, and Norwegian Seas for
the seasonal restratification, as found in the model. ERAS5 shows advection being stronger across

the northern Norwegian Sea, again likely related to the model cold bias.

5. Advection between basins

In order to highlight the depth- and time-dependence of advection on the evolution of tem-
perature and salinity within each of the basins, the advective tendency is defined relative to the
basin-averaged property as a function of depth and time. The tendency is calculated through each
of the sections shown in Fig. 1, where the along-track coordinate is s and the velocity normal to

the section at depth level k, positive directed inward, is Vj.
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aa—Tt" = / Vi(Ti(s,2,8) — Ti(z,1)) Azt ds/VOL, (2a)
% = / Vie(Sk(s,2,1) — S(z,1))Azx ds/VOL. (2b)

The vertical grid spacing for level k is Az; and VOL is the volume of the basin from the surface
to depth 692.5 m, which captures the dominant inter-basin fluxes of temperature and salinity. The
basin-averaged temperature and salinity, 7' (z,¢) and S(z,¢), are shown in Fig. 5. This approach
is best interpreted as the tendency for lateral advection to change the basin-averaged temperature
and salinity. It is not the same as the advective flux divergence tendency because there may be
vertical transport within the basin, which is not accurately represented in (2) because the reference
temperature and salinity are functions of depth. However, if the same calculation is carried out
with a constant reference temperature or salinity the advective tendency is dominated by either the
seasonal cycle (in time) or the mean stratification (in depth). The advantage of the present approach
is that these effects are removed, so the tendencies are indicating how advection is changing the

properties of the basin at that time and depth.

a. mean advective tendencies

The cumulative tendencies as a function of depth and distance show where the heat and salt
exchanges take place between the basins and higher/lower latitudes (Fig. 7). Regions where the
tendency changes rapidly with distance are the locations where the fluxes enter/leave the basin.
We show the cumulative tendency, rather than the tendency, because the integral along the sec-
tions results in smoother fields that more clearly demonstrate where exchange is taking place.
Each section starts at the open white circle located at -7°W, 71.3°N in Fig. 1 and proceeds coun-
terclockwise around each basin. The colored lines in Fig. 7 indicate the distance along the section

that corresponds to the colored circles in Fig. 1.
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The Norwegian Sea gains heat at the eastern side of the southern boundary from the surface
down to 400 m from the Norwegian Atlantic Slope Current. This current also carries salty water
below 100 m but anomalously fresh water in the upper 100 m, likely due to runoff from Norway to
the south and perhaps low salinity water advected eastward from the north Icelandic shelf. There
is little heat exchange through the eastern boundary, although the upper ocean does freshen along
the coast. At the northern boundary the Norwegian Sea warms a little in the near surface due to
the export of cold water but cools and freshens throughout the rest of the water column, especially
below 200 m, along its western boundary with the Greenland Sea.

The Greenland Sea gains heat throughout the water column along its eastern boundary with the
Norwegian Sea, while it gains salt mainly in the upper 100 m. The irregular nature of the advective
fluxes along this section are likely due to aliasing of individual eddies that are shed from the frontal
current along the ridge system, which are large but infrequent. The deep Greenland Sea warms
along the northern boundary but the upper 100 m cools and freshens along the western end of this
section due to the inflow of Arctic-origin waters. There is little change along the western boundary
due to exchanges with the east Greenland shelf (it is demonstrated below that the seasonal signal
is large even though the annual mean is small), while the export of warm, fresh waters to the south
cools and salinifies the basin slightly.

The Iceland Sea imports cold, fresh water near the surface, and warm water below 100 m, from
the north. There is little change along the western and southern boundaries while there is a large

influx of heat, and some salt, below 100 m from the east (distance greater than 2000 km).

b. mean and eddy decomposition

These advective influences can be further decomposed into mean and eddy fluxes, where the

mean is taken as the time average and the eddy is perturbations relative to the time mean. The time
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series were summed in the vertical so the net influences of advection through each of the basin
boundaries can be summarized in a single graph (Fig. 8). For each section the advective influence
is presented as the mean contribution (on the left) and the eddy contribution (on the right). The
Norwegian Sea is warmed by mean advection from the south and cooled primarily by both mean
and eddy advection to the west and heat loss to the atmosphere. The sum of all these bars leads
to a net cooling over the year, as reflected in the depth-time basin-averaged temperature in Fig. 5.
The salinity in the Norwegian Sea is increased by advection from the south and decreased by both
mean and eddy fluxes through each of the other boundaries, although the dominant loss is by mean
advection to the west.

The Greenland sea imports heat and salt from the east, with both mean and eddy contributions
being important. The heat is lost primarily to the atmosphere while salinity is reduced by mean
advection from the north. The increase in salinity due to advection through the southern boundary
is driven by the export of water fresher, on average, than the Greenland Sea as a whole. The
Iceland Sea shows a very similar profile with heat and salt imported from the east, atmospheric
cooling, and freshwater imported from the north and exported to the south. Mean advection is
as large or larger than eddy fluxes all across the Nordic Seas, emphasizing the importance of the
cyclonic boundary current system in the lateral redistribution of heat and salt. Within the closed
gyres the net heat loss to the atmosphere is balanced by lateral eddy fluxes (not shown), although
it is ultimately mean advection that supplies the heat along the cyclonic boundary current system

that then spawns the eddies.

c. time dependence

The advective tendencies integrated in depth and around each of the basins are plotted in Fig. 9

as a function of time. The contributions are broken down into influences from the south, east,
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north, west, and atmospheric forcing. The location and depth of these inter-basin exchanges are
are shown in Fig. 7. The Norwegian Sea is made warmer and saltier by advection of Atlantic Water
from the south. The seasonal variability in this advective tendency is relatively small, especially
for temperature. The basin is cooled by exporting warm, salty water to the west, nearly in phase
with the influence from the south. The basin is also cooled and freshened by exporting water to
the north, although the influence is much less than the exchange to the west. Heat loss to the
atmosphere is strong in the winter, partially offset by weaker warming in the summer. Surface
forcing is negligible for salinity.

The Greenland Sea is made warmer and saltier by advection through its eastern boundary, this
is some of the water that was exported to the west from the Norwegian Sea. Other advective
influences for temperature are much smaller than this import from the east. Although there is a
weak net cooling from the north, the tendency is strongly depth-dependent with strong cooling
over the upper 100 m and weaker heating between 100 m and 700 m. These are the influences
of Polar Water and recirculated Atlantic Water, respectively. The warming tendency is largely
offset by heat loss to the atmosphere from October through May. The salinity is decreased by
advection from the north. This is the influence of fresh waters exported from the Arctic. Some of
this is then exported to the south. There is a seasonal signal in the salinity influence from the west,
with increasing salinity in winter and decreasing salinity in summer. There is a small increase
in salinity from surface forcing in winter due to brine rejection when ice forms in the western
Greenland basin.

There is a major event in May that increases the salinity of the Greenland Sea by advection
through the southern boundary. There is a corresponding decreasing tendency in the Iceland Sea.
This is the signature of an export of a large region of low salinity water in the upper 100 m from

the Greenland Sea into the Iceland Sea. It is nearly coincident with a large decrease in salinity
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coming from the western shelf in the Greenland Sea. However, this large flux from the west is not
the only such event and this section is dominated by distinct, large amplitude events throughout
the year. A comparison between the salinity tendency of the Greenland Sea from the west and
the wind stress to the northeast, averaged within 3 degrees longitude of the 650 m isobath, shows
that when the wind is strong and to the southwest the salt flux across the 650 m isobath tends
to increase the salinity of the Greenland Sea and when winds are weaker than normal or to the
northeast the flux tends to decrease the salinity in the Greenland Sea (Fig. 10). The two time series
are correlated at -0.50, which is statistically significant at greater than 95%. This is consistent
with a rapid response to the Ekman transport: winds towards the southwest will have an onshore
Ekman transport and advect low salinity water towards the coast, increasing the salinity in the
interior, while winds towards the northeast will advect low salinity water off the shelf. Vage et al.
(2018) demonstrated that, on the seasonal timescale, this process impacts the ventilation of water
in the East Greenland Current. Weak winds also correspond to freshening periods because it is not
just an active Ekman transport that carries low salinity water offshore. The East Greenland Current
is baroclinically unstable and eddies act to transport low salinity water offshore. Ekman transport
during periods of southwest winds oppose this offshore flux but during periods of weak wind the
eddies are able to progress offshore. Most of this offshore flux occurs in the southern Greenland
Sea, close to the Iceland Sea. This mechanism was also proposed as a means to flux low salinity
water offshore near the Blosseville Basin (69°N) and form the Separated East Greenland Current
(Vage et al. 2013), although in that case the change in wind was due to a change in the coastal
orientation rather than time-dependence. This offshore flux of low salinity water is also connected
to advection from the Greenland Sea into the Iceland Sea. The low-salinity water is advected to the
south in the form of meanders of the East Greenland Current, mesoscale eddies, and smaller-scale

filaments. The correlation between the salinity tendency from the west and the export to the south
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1s -0.53 and the strongest correlation is found when the salinity tendency from the west leads that
to the south by 4 days. So while the mean salinity tendency from the shelf into the interior of the
Greenland Sea is small (0.019 psu/yr), the offshore flux of low salinity water in summer is rapidly
exported to the south, indicating the importance of this wind-driven exchange to the stratification
of the larger region.

The Iceland Sea is also warmed and made saltier from the east and made fresher from the north,
similar to the Greenland Sea. It is also made slightly warmer from the north, which is due to the
recirculated Atlantic Water. Heat loss to the atmosphere is the dominant source of cooling in the

Iceland basin.

6. Summary

The Nordic Seas are a key region for water mass transformation and the downwelling limb
of the meridional overturning circulation. The circulation is dominated by a cyclonic boundary
current system and closed recirculation gyres within the Norwegian, Greenland, and Iceland Seas.
Warm, salty water is advected from the south while cold, fresh water is advected from the north.
Understanding the means by which heat and salt are redistributed and balance air-sea fluxes is
essential for understanding the general circulation, hydrography, and water mass transformation
within the Nordic Seas.

A regional, high-resolution coupled sea ice - ocean model and a hydrographic climatology were
used to assess the mean state and seasonal cycle within the Norwegian, Greenland, and Iceland
Seas. Although the model has biases, it reproduces the major water masses and currents in the
region and so provides a useful tool with which to investigate lateral advection of heat and salt
that is not possible with the spatially and temporally limited direct observations. Air-sea heat flux

was used to infer that lateral advection dominates the seasonal cycle in temperature in the cyclonic
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boundary current system, particularly in the northern Norwegian and Greenland Seas. On the
other hand, local air-sea exchange dominates over lateral advection for the seasonal cycle within
the closed recirculation gyres and across the southern Nordic Seas.

There is strong heating of the Norwegian Sea from the south and a freshening of the Greenland
Sea from the north. The heat flux into the Norwegian Sea is redistributed within the Nordic Seas
and lost to the atmosphere locally within the Norwegian Sea. The freshwater imported from the
north is partially exported to the south and partially balanced by the import of salty waters into the
Norwegian Sea that is then redistributed across the Nordic Seas. The dominant exchange between
the basins is a westward flux of warm, salty water from the Norwegian Sea into the Greenland and
Iceland Seas, with approximately 50% due to mean advection and 50% due to eddy fluxes. This
westward flux may be too strong in the model, however, since the model Norwegian Sea is slightly
cooler, and the Greenland Sea is warmer, than in the climatology. The recirculated Atlantic Water
along the western side of the Greenland Sea in the model is also too warm and salty compared to
climatological observations. This warm bias may be a result of too little heat loss in the Norwegian
Sea, which appears to be related to low salinity water spreading eastward from the north Icelandic
shelf. It is difficult to determine how much of this stratification bias in the Greenland Sea is due to
the relatively mild winter of 2017/2018, as documented by Renfrew et al. (2019), and how much
is due to bias in the model.

The exchange between the Greenland Sea and the east Greenland Shelf is largely controlled
by winds. During winter, when the winds are often strong and towards the southwest, the Ekman
transport advects low salinity water onto the shelf, leading to an increasing tendency for the salinity
of the Greenland Sea. During summer, when the winds are weak or towards the northeast, this

freshwater is fluxed across the shelfbreak by eddies and leads to a freshening of the Greenland Sea.
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This exchange takes place predominantly in the southern Greenland Sea, where the anomalous
water 1s quickly advected into the Iceland Sea.

These results emphasize the importance of the exchange between the basins within the Nordic
Seas for balancing surface heat loss and freshwater runoff, and in determining the properties of
the waters that are exported to the south. Both mean and eddy advection are important, with mean
advection dominating within the cyclonic boundary current and eddy fluxes dominating within
the closed recirculation gyres. Approximately 2/3 of the total heat loss occurs over the cyclonic
boundary current and 1/3 occurs within the regions of the closed recirculation gyres in both the

numerical model and the ERAS reanalysis.
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TABLE 1. Surface heat fluxes calculated for the Norwegian, Greenland, and Iceland Seas for the model and

ERAS for the year Sept 1, 2017 through Aug. 31, 2018. The annual mean surface heat flux is broken down into:

total, inside mean gyres, outside gyres, ratio of inside to outside gyre. The area of the gyres in each basin and

their sum are also given. The gyres as defined by the closed circulation contours shown in Fig. 6 and described

in the text.
basin total heat loss Q (10'3 W) | inside gyre Qg(IO13 W) | outside gyre 0,(1013 W) ratio Q,/Q, gyre area (101 m?)
model ERAS model ERAS model ERAS model ERAS5 | model climatology
Norwegian 3.6 59 1.1 1.9 25 40 043 047 41 3.0
Greenland 23 1.8 1.0 05 1.3 13 072 0.36 1.8 1.1
Iceland 0.67 048 0.04  0.09 0.63 0.39 0.06 0.23 0.73  0.65
Nordic 6.6 82 214 25 443 57 046 043 6.6 438
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green lines mark the locations of the southern and northern hydrographic sections discussed
below.

Sections of the model and climatological temperature (color, °C) and salinity (color, psu)
along the southern section from the Norwegian Sea across the Iceland Sea in Fig. 1. The
black contours are potential density (kg m~3).

Same as Fig. 2 except for the northern section from the Norwegian Sea across the Greenland
Sea in Fig. 1

Mean model transport streamfunction (Sv, surface to 692.5 m depth) in the Nordic Seas.
The contour interval is 1 Sv and the yellow contour is the outer-most closed contour within
each basin. The green lines mark the locations of the southern and northern hydrographic
sections shown in Figs. 2, 3.The colored circles indicate the locations of the section ends to
be used later. .

Average model temperature (left column, °C) and salinity (right column, psu) in each of the
basins as a function of depth and time. The basins are defined by the red lines in Fig. 1. The
white lines are at constant depth in order to show more clearly the change in properties with
time.

Model a) annual mean surface heat flux O (W/m?2, zero contour is in black); b)logio Or,
where Qp is defined by (1). The red contours mark the outer limit of the model recirculation
gyres and the white contours are the 1000 and 2000 m isobaths. c) and d) are the same quan-
tities calculated from the ERAS5 reanalysis for years 2017-2018, where the gyre boundaries
are defined from the hydrographic climatology. .

Temperature (left column, °C/yr) and salinity (right column, psu/yr) tendencies as a function
of depth and distance around each basin. Each section starts at the white circle in Fig. 1 and
proceeds counterclockwise. The colored bars correspond to the colored dots on Fig. 1. The
quantity plotted is the cumulative sum of the advective tendency at each depth. Regions of
strong horizontal gradients are the locations where advection is changing the basin-averaged
properties. The bold black line is the zero contour and white regions are topography.

Depth- and time-averaged model tendencies due to lateral advection and atmospheric forc-
ing for temperature (left panels, °C/yr) and salinity (right panels, psu/yr) in each basin. The
advective tendencies have been decomposed into mean (left bar) and eddy (right bar) con-
tributions. The colors correspond to the side of the sea through which the advection occurs,
consistent with Fig. 9.

Time series of the model depth-averaged advective temperature (left column, °C/yr) and
salinity (right column, psu/yr) tendencies and surface forcing as a function of time. The
colors correspond to the side of the basin, as defined in Fig. 1.

Time series of model daily average wind stress parallel to the 650 m isobath in the western
Greenland Sea between 72°N and 77°N (black line, positive to the northeast, N/ mz); the
salt flux tendency across the 650 m isobath (red line from Fig. 9, psu/yr); and the salt flux
tendency due to advection into the Iceland Sea (blue line from Fig. 9, psu/yr). The correla-
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the Iceland Sea (Ry ) is -0.53 when the flux lags the wind by 4 days. .
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