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ARTICLE INFO ABSTRACT

Keywords: The Atlantic Water, entering the Arctic through the Barents Sea and Fram Strait, is the main source of
Nutrient fluxes nutrients in the Arctic Ocean. The Barents Sea is divided by the Polar Front into an Atlantic-dominated domain
Barents Sea in the south, and an Arctic-dominated domain in the north. The Polar Front is a thermohaline structure,

Polar front which is topographically-steered at sub-surface, and influenced by the seasonal sea ice edge near the surface.

Exchanges of nutrients between the inflowing Atlantic Water and the surrounding waters are key for the
primary production in the Barents Sea. In October 2020, we measured nutrients (nitrate, phosphate and
silicic acid), dissolved inorganic carbon (DIC), ocean stratification, currents and turbulence in the vicinity
of the Polar Front in the Barents Sea within the framework of the Nansen Legacy project, allowing estimates
of horizontal and vertical advective fluxes and turbulent fluxes of nitrate and DIC. We studied the autumn
situation when primary production was declining. We found a substantial transfer of nitrate and DIC across
the Polar Front from the Atlantic domain to the Arctic domain. Up to one quarter of the replenishment of
the nitrate in the mixed layer during winter could be attributed to vertical mixing during wind events, shared
approximately equally between advective and turbulent fluxes. The vertical turbulent fluxes bring nutrients
from the subsurface Atlantic Water to the surface. We also identified an export of nitrate and DIC from the
Barents Sea to the Nordic Seas occurring along the eastern shelf of Svalbard. Our study shows the role of
vertical fluxes in fall and winter to precondition for the following spring bloom.

1. Introduction domain in the north. Those two regions are separated by the polar front,
typically located along the 200 m isobath (Oziel et al., 2016; Barton
The Barents Sea and eastern Fram Strait are gateways of Atlantic et al., 2018). The location of the front in the upper 50 m of the water is
Water inflow into the Arctic Ocean (Fig. 1). The Atlantic Water is an influenced by the sea ice edge, while the sub-surface front is relatively
important source of heat, salt, dissolved inorganic carbon (DIC) and stationary, but varies with tides and eddies.
nutrients in the Arctic. Torres-Valdés et al. (2013) found that one of With ongoing climate change and Atlantification of the Barents
the major net source of nutrients in the Atlantic-influenced Arctic is the Sea (Arthun et al., 2012) and more generally of the Arctic Ocean
inflow through the Barents Sea Opening (34 kmol s~1, which represents (Polyakov et al., 2017), the Barents Sea is warming (Smedsrud et al.,
about 37% of the total import into the Arctic). 2013; Skagseth et al., 2020) and is already largely ice-free in sum-
Atlantic Water flows through the Barents Sea and enters the Arctic mer (Onarheim et al., 201 8): This has implications for. the stratificat%on
Ocean through the St Anna Trough (Schauer et al., 2002). The circu- and the supply of nutrients into the surface layers, primary production

and the marine ecosystems in the Arctic Ocean and in the Barents
Sea (Ingvaldsen et al., 2021). For example, recent increases in Atlantic
Water transport through the Barents Sea have resulted in an increased
supply of nutrients, which could explain the observed increase in
primary production and concentrations of chlorophyll a (Lewis et al.,
2020).

lation in the Barents Sea is complex with several branches of Atlantic
Water circulating around different banks of the Barents Sea (Ingvald-
sen et al., 2002; Loeng, 1991). Complexity is added to this general
circulation by relatively strong tidal currents and eddies that add sig-
nificant variability (Vage et al., 2014). The Barents Sea is divided into
an Atlantic-dominated domain in the south and an Arctic-dominated
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Fig. 1. (a) Arctic map with the Barents Sea shown by the black box. (b) Atlantic Water inflow and polar water circulation in the Barents Sea. The red lines illustrate the Atlantic
Water branches, the blue arrow is the Polar Water branches. The white line highlights the location of the Polar Front. Background is the bathymetry. The green box is the study
region shown in panel c. (c) Close-up of the sampling in sections B and D. WS: Water sampling, CTD: Conductivity-Temperature-Depth profiles, and MSS: Microstructure profiles.

Bathymetry is from IBCAO-v4 (Jakobsson et al., 2012).

Biological processes play a major role in the Arctic carbon cycle
and the oceanic CO, uptake of atmospheric CO, (Chierici et al., 2011,
2018). High pH and low partial pressure of CO, (pCO,) in surface
waters in spring and summer are mainly due to CO, uptake by primary
producers during the growing season (Chierici et al.,, 2018; Jones
et al.,, 2021). About 70% of the total CO, uptake in the Barents Sea
is a result of biological CO, uptake (Fransson et al., 2001). Since the
surface waters beneath sea ice are typically under-saturated in CO,
relative to the atmospheric levels, increased areas of open water can
lead to enhanced ocean uptake of atmospheric CO,, particularly in
combination with strong winds that increase the potential of oceanic
CO, uptake, i.e. a sink for atmospheric CO, (Fransson et al., 2017).
Storm events and ice-free, open water also promote vertical mixing
and reduce stratification of the water column (Graham et al., 2019;
Meyer et al., 2017). With weaker stratification in the northern Barents
Sea (Lind et al., 2018), leading to increased exchange of heat and gas
between the ocean and atmosphere (Fer, 2009), substantial changes can
be expected in CO, sink capacity of the ocean when combined with
reduced sea-ice cover.

Studies north of Svalbard suggest that the relative impact of the sea-
sonal supply of nutrients resulting from winter convection is the most
important process in providing nitrate compared to turbulence-induced
nutrient fluxes (Randelhoff et al., 2016). However, such analysis has
not been performed in the Barents Sea. In this study, we investigated
the exchanges between the Atlantic Water and the surrounding water
masses in the vicinity of the Polar Front in the northwestern Barents
Sea. We computed the vertical and horizontal fluxes of inorganic nutri-
ents and carbon. The goal was to quantify the exchanges between the
Arctic domain and the Atlantic domain of the Barents Sea (advection
and horizontal fluxes), and between the Atlantic water and the mixed
layer (vertical fluxes). The latter controls the transport of nutrients
to the upper water column layer where all the primary production
is taking place. In Section 2 we describe the data used in this study
and how the advective and diffusive fluxes of nitrate and dissolved
inorganic carbon are computed; these estimates are then presented in
Section 3 and discussed in Section 4. Finally, we summarize our results
in Section 5.

2. Data and methods

Data were collected during a cruise (GOS 2020113) onboard the
Norwegian research vessel G.O. Sars (October 6-October 27, 2020)

within the framework of the Nansen Legacy project (Fer et al., 2021).
We present here two main hydrographic sections that were occupied
during the cruise in autumn (Fig. 1). Section B crosses a bathymetric
sill in the Barents Sea (along longitude 30.5°E), where the Polar Front is
located (Fig. 1). This section was repeated five times, but water samples
were taken only during the first occupation (hereafter B, from 14
October 2020 12:15 to 15 October 2020 00:05, all times are given in
the Coordinated Universal Time), and the fifth repeat (hereafter B,
from 17 October 2020 18:30 to 18 October 2020 02:40). The two repeat
sections are separated by 3 days. A second section, section D, was
carried out on 19 October 2020, along latitude 76.75°N, south of the
polar front, crossing two slopes where the Atlantic water flows (Fig. 1).

2.1. Hydrographic and chemistry data

Water column hydrography was investigated using vertical profiles
of temperature and salinity obtained with a conductivity—temperature—
depth (CTD, SBE-911 plus) sensor mounted on a rosette equipped with
24-Niskin bottles used for seawater sampling. The CTD was equipped
with additional sensors for chlorophyll a fluorescence (Chlfluo) (Chelsea
Aqua 3) and dissolved oxygen (DO). Pressure, temperature, and practi-
cal salinity data from the CTD are accurate to +0.5 dbar, +10~3 °C, and
+3 x 1073, respectively. CTD data were processed using the standard
SBE Data Processing software. Salinity measurements were corrected
against water samples that were analyzed using a Guildline Portasal
8410 salinometer. The biogeochemical sensors were calibrated against
values derived from water samples using, for chlorophyll a, spectropho-
tometric (Turner designs, see the sampling protocol: The Nansen Legacy
(2021)) and for DO the Winkler titration method as described in the
cruise report (Fer et al., 2021). CTD measurements from the ship are
available from Fer et al. (2023b).

Water column dissolved inorganic carbon (DIC) and inorganic nu-
trients (nitrate [NO;~], nitrite [NO,~], phosphate [PO43‘], and silicic
acid [Si(OH),]) were investigated from water samples collected from
the CTD-Rosette system at each station for the whole water column.
Nutrient samples were sampled into 20 mL vials, preserved with 250 pL
chloroform and stored dark at 4 °C. Post-cruise analyses were per-
formed using a colorimetric method (Grasshoff, 1983; Gundersen et al.,
2022) at the Institute of Marine Research, Bergen, Norway. The de-
tection limits were 0.5 mmol m~ for [NO5], 0.06 mmol m™3 for
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Fig. 2. (a) Wind arrows and (b) wind intensity (in m s7!) at 77°N, 30°E from ERAS5 (black) during the cruise. Wind intensity from the ship’s weather mast at 25 m height along
the ship trajectory is shown in red. The gray rectangles indicate the duration of hydrographic sections. B, /B,z: First/Second repeat of the B transect respectively, and D: section

D.

[PO,*>~] and 0.7 mmol m~3 for [Si(OH),], respectively. The [NO,~]
concentrations were very low and near zero, thus [NO;~] refers to the
sum of nitrite [NO,~] and nitrate [NO;~].

Samples for DIC were stored cool and dark in 250 ml borosilicate
samples, preserved with 50 pL saturated mercuric chloride solution
and were analyzed by coulometric titration of extracted acidified sam-
ple (Johnson et al., 1999) using a Versatile Instrument for the Determi-
nation of Titration carbonate (VINDTA 3D, Marianda, Germany). The
DIC measurements were checked against certified reference material
(CRM, provided by A. G. Dickson, Scripps Institution of Oceanogra-
phy, USA, Dickson et al. (2007)) and precision and accuracy were
determined from triplicate in-bottle analyses as +2 pmol kg~!.

We use the Apparent Oxygen Utilization (AOU), defined as AOU
= [0,]; — [O,] where [O,], is the oxygen saturation of the dissolved
oxygen (DO) at the temperature (7)), salinity (.S) and pressure (P) of the
water, and [O,] is the measured oxygen concentration (DO). Positive
AOU represents oxygen utilization through respiration and negative
AOU refers to oxygen production through photosynthesis.

2.2. Current data

The CTD frame was fitted with a pair of acoustic Doppler current
profilers (ADCPs), so-called lowered-ADCPs (LADCPs). The LADCPs
were 6000 m-rated 300 kHz Teledyne RD Instruments (RDI) Sentinel
Workhorses, one mounted pointing downward and one upward. The
LADCPs were synchronized and set to provide data vertically averaged
in 8 m bins. Compasses were calibrated on land prior to cruises with
resulting errors less than 1-2°. LADCP data were processed using the
LDEO software version IX-13 based on Visbeck (2002). The LADCP pro-
files were constrained by navigation data and 5-min averaged profiles
from the ship’s hull-mounted ADCP (SADCP, 75 kHz). Ocean current
measurements from the ship are available from Fer et al. (2023b).

The detided version of the LADCP data was obtained by subtracting
the barotropic tidal currents from the observations. Barotropic tidal
currents were obtained from the Arctic Ocean Inverse Tide Model on
a 5 km horizontal grid (Arc5km2018) (Erofeeva and Egbert, 2020).
We used the 8 main constituents (M,, S,, N,, K,, K;, O, P;, Q)
and 4 nonlinear components (M,, MS,, MN,, and 2N,), to predict the
horizontal tidal volume transport (m? s~1) at profile location and time,
and obtain the currents by dividing by the local depth.

2.3. Microstructure profiler data

The turbulence data were collected using a loosely tethered free-fall
MSS-90L microstructure profiler (Prandke and Stips, 1998) developed

by ISW Wasser-messtechnik, Germany. The profiler had precision con-
ductivity, temperature, and pressure sensors as well as microstructure
sensors including two airfoil shear probes, a fast response thermistor,
and a micro conductivity sensor, all sampling at 1024 Hz. Data pro-
cessing follows the recommendations and conventions of the SCOR
Working Group on analyzing ocean turbulence observations to quantify
mixing (ATOMIX, http://wiki.uib.no/atomix), see also Fer et al. (2022).
Final processed profiles include 0.1 m vertically averaged temperature
and salinity, and 2-2.5 m vertical resolution turbulent dissipation rate
estimates. Reported accuracies of the sensors by the manufacturer were
0.1 m, 0.0028 °C, and 0.003 mS cm~! for depth, temperature, and
conductivity, respectively. Using profiles paired with the shipboard
CTD that is already calibrated against water samples, we apply an offset
correction to the salinity measured by the MSS. The estimated accuracy
in the MSS salinity measurements is 0.01 on the practical salinity scale.
The dissipation rate of turbulent kinetic energy per unit mass, e, is
estimated using the isotropic relation and by integrating the turbulent
shear spectra. Shear spectra are calculated using record lengths of 6 s
(sliding by 3 s) and FFT lengths of 2 s (50% overlapped). Vibration-
coherent noise is removed using the method of Goodman et al. (2006).
Resulting values were quality-screened following the recommendations
of ATOMIX. A final dissipation rate estimate is obtained by averaging
the estimates from the two probes when they agree within 95% con-
fidence intervals (Lueck, 2022), or the minimum estimate if they do
not. The noise level of the dissipation rate measured by the MSS is
about (1 — 3) x 10~ Wkg~!. Dissipation measurements from the upper
10 m were excluded because of the disturbance from the ship’s keel,
and the profiler’s adjustment to free fall. Ocean microstructure mea-
surements from the ship are available from Fer et al. (2023a), including
all ATOMIX levels from the full resolution time series to dissipation
estimates, together with their associated wavenumber spectra.

2.4. Wind data

Wind data are from the reanalysis product ERA5 (Hersbach et al.,
2018). We use the 6-hour-average wind speeds at 10 m height. In
this analysis, time series of wind speeds were extracted at 77°N, 30°E
(Fig. 2). ERA5 winds compare well with the measurements from the
ship’s weather mast at 25 m height, although the ship collected data
in the Barents Sea along its trajectory and was not stationary at 77°N,
30°E. This is because the atmospheric systems are large.

Wind was noticeably strong towards the south between Bz and B,,
with speeds reaching up to 14.5 m s~! on October 17 in ERAS5, and up
to 18 m s~! recorded by the ship. The effects of this wind event on the
Polar Front dynamics are analyzed in the following sections.


http://wiki.uib.no/atomix

Z. Koenig et al.
2.5. Turbulent vertical fluxes

The turbulent heat flux Fy (in W m~2) was calculated as :

Fir = =p0C,K, 5 €))
where p, = 1028 kgm~3 is the seawater density, C, = 3991.9 Jkg~! K~
is the specific heat of seawater, @ is the background temperature and
K, is the diapycnal eddy diffusivity. We thus assume that turbulence
diffuses the finescale temperature gradient at the same rate as the
density gradient. The sign convention is that positive heat fluxes corre-
spond to upward heat fluxes in the water column. An upper bound for
diapycnal diffusivity was obtained using the Osborn (1980) relation:
€
+ ()
with the mixing coefficient set to I' = 0.2, the recommended value for
the oceanic applications (Gregg et al., 2018). The buoyancy frequency
or Brunt Vaisala frequency, N, was calculated using N> = pi‘%",
where g is the gravitational acceleration and o, is the potential density
anomaly referenced to surface pressure. Background vertical gradients
(for temperature and density) were taken over a 10-m length scale.
Using vertical gradients between successive depths of water sam-
pling with 25-50 m vertical separation, we obtain “coarse” turbulent
fluxes of nitrate and DIC. The coarse turbulent nitrate fluxes, Fy, and
the coarse turbulent fluxes of DIC, Fp,c, (both in pmol m~2 s71) are
estimated as :

—AC
Fy= —PoK,,A—ZN , 3

K,=T

—AC

Fpie = —POK,; ADZIC ’ G
where Cy is the nitrate concentration and Cp,; is the DIC concen-
tration. In order to be consistent with the coarse vertical spacing
between the consecutive sampling depths (4z), of nitrate and DIC
concentration estimates, fp is obtained by averaging K|, over Az. 4 s
the discrete estimate of the gradient between two nitrate or DIC data
points. Resulting estimates of nitrate and DIC fluxes are assigned to
the mid-depth between two water sampling depths. Even though the
nutrient sampling is coarse (from 10 to 50 m), the nutricline is resolved.
When interpreting the coarse turbulent fluxes, one should bear in mind
that the fluxes are averaged over 25-50 m.

In order to estimate the sensitivity of the nutrient flux compu-
tation to the coarse resolution of water samples, we use profiles of
parameters resolved at high-resolution and re-calculate the turbulent
fluxes at coarse resolution, using a method identical to the coarse
flux calculations. We select temperature and chlorophyll-a fluorescence
profiles, assuming that the vertical patchiness of chlorophyll-a could be
comparable to nutrients. Additionally, we used temperature to calculate
coarse heat fluxes as an alternative indicator. We calculated fluxes
of chlorophyll-a and temperature at both high resolution using the
average gradient over 3 m, and at coarse vertical resolution by first
differencing over 25 m, using the profiles from the 49 stations where
both CTD and MSS profiles were collected. Fluxes of chlorophyll-a
and temperature from coarse vertical resolution calculation are then
compared with the average fluxes between two water sampling depths.
The root mean square of the difference between the average fluxes
in the same depth-range obtained from high resolution and coarse-
resolution computations varied between 60% to 200% of the average
flux, depending on the depth. These discrepancies were similar for both
chlorophyll-a and temperature fluxes, suggesting that we might expect
a similar error in nutrient fluxes. The higher values of discrepancies
were near the surface. Overall, the uncertainty is capped by a factor of
two variability, which is the typical uncertainty for ocean turbulence
measurements.

2.6. Adbvective fluxes

Horizontal advective fluxes are computed using the LADCP data at
each station. We computed the horizontal advective fluxes of nitrate

Progress in Oceanography 219 (2023) 103161

Ay = wCy,vCy) and of DIC Ap;c = (upCpic.vpCprc) Where (u, v)
are the horizontal components of the velocity (from detided LADCP
measurements) at the depth of the water sampling corresponding to
the nitrate and DIC concentrations and p is the seawater density. The
advective fluxes obtained at discrete depths were then averaged over
three layers: 0-45 m depth which represents the mixed layer, 45—
150 m depth which is the intermediate layer and 150 m to the seafloor,
which is the deep layer. These boundaries were chosen after inspecting
the shape of vertical profiles (see Fig. 6 for more details). One must
consider that these calculations are based on detided LADCP measure-
ments. The velocities obtained from LADCP have a margin of error of
less than 3 cm/s (Thurnherr, 2010), equating to approximately 15%
uncertainty in velocity intensity within this area. Some errors stem from
the detiding process, especially in the dynamical region of the Polar
Front in the Barents Sea. While specific error estimates for Arc5km2018
in this region are unavailable, it appears to perform reasonably well,
although exact figures are not available. Consequently, we estimate
errors in horizontal advective fluxes to be around 15%-20%.

Ekman pumping W, and vertical advective fluxes of nitrate con-
centrations were estimated from ERA5 wind fields: Wy = curl(t)/(pyf),
with p, the seawater density, f the Coriolis coefficient and = the wind
stress vector; T = p,;, C,u,|u,| where u,, is the wind speed vector
at 10 m, |u,| is the wind speed intensity at 10 m, p,, is the air
density (1.25 kg m™3) and C, = 1.25 x 1073 is the drag coefficient.
curl(t) = dr,/dx — dr,/dy. The vertical advective flux of DIC, Wp,c,
and of nitrate, Wy, were then estimated as Wp;c = pyCprcWgr and
W = poCn Wi

2.7. Water mass and layer definitions

We used the International Thermodynamic Equations of Seawater
(TEOS-10) (McDougall and Barker, 2011), with Conservative Temper-
ature (©) and Absolute Salinity (.S,). For this study, we follow the
water mass definitions from Sundfjord et al. (2020): Atlantic Water
(AW) is defined as ® > 2 °C and S, > 35.06 g kg~!, Polar Water
as @ < 0 °C and potential density o, > 27.97 kg m~3 and modified
Atlantic Water as 0 < © < 2 °C and S, > 35.06 g kg~1. The Polar Front
is defined as the 0 °C isotherm. The depth-latitude/longitude sections
presented in Figs. 3, 4 and 5 are obtained using a Laplacian spline
interpolation method with tension, choosing a 60 km search radius and
no smoothing (Smith and Wessel, 1990; Pickart and Smethie, 1998).
We define the pycnocline as the depth where the density exceeds 10%
of the difference between the density at the surface and the density
at 100 m depth. The density gradient defining the pycnocline is large,
so choosing 20% of the difference instead of 10% gives similar results.
The nutricline is defined as the maximum gradient in nitrate, as there
are too few values on the vertical (water sampling depths) to apply the
same method as for the pycnocline.

3. Results

The sections analyzed here were sampled within 5 days so the vari-
ations in nitrate concentrations and distribution could not be explained
by biological activity as the main driver. We considered nitrate to be a
passive tracer whose variability is predominantly affected by the ocean
dynamics (e.g. advection, mixing).

3.1. Hydrographic sections

3.1.1. Section D

Section D crosses the two shelves across the Barents Sea, one shelf
close to Svalbard and one shelf towards the center of the Barents Sea
(Fig. 3). Both shelves have Polar Waters in the bottom layer (bottom
100 m), and are part of the Persey Current (Li and McClimans, 1998)
that flows southwest. The deeper part of the basin is occupied by
Atlantic Water. Nitrate, phosphate and silicic acid are concentrated in
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Fig. 3. Section D (a) Conservative Temperature O, (b) Absolute Salinity .S,, (c) Dissolved Oxygen (DO), (d) Chlorophyll a fluorescence, (e) Nitrate Concentration, (f) Phosphate
Concentration, (g) Silicic Acid Concentration, (h) Dissolved Inorganic Carbon concentration. The black triangles in panels (a), (b) (¢) and (d) indicate the locations of the stations
(MSS for panels a and b, CTD for panels ¢ and d). The dots in panels (e), (f) (g) and (h) indicate the water sampling locations. White lines are isopycnals obtained from the MSS

profiles. Red line is the pycnocline.

the bottom layer. One distinct pattern is the higher concentration of
nitrate, phosphate, DIC, silicic acid and DO at the base of the slope
at about 29°E at 150 m depth, at the eastern edge of the location
of the polar waters. This increase in nitrate and DIC is observed on
the western slope of the section, but is absent on the eastern slope. It
coincides with modified Atlantic Water flowing southwestward. After
cooling and freshening in the Barents Sea, Atlantic Water recirculates
along the 250 m isobath (E. Kolas personal communications), which
corresponds to recirculating North Atlantic Water (Gawarkiewicz and
Plueddemann, 1995). The depth of the mixed layer is constant along
the section, between 45 and 50 m depth.

3.1.2. Section B

Both repeats of section B (B and By, Figs. 4 and 5, respectively)
show the Polar Front separating the warm and salty Atlantic Water in
the south from the cold and fresh Polar Waters in the north. The front
in both repeats was located on the sill, slightly further south during the
second repeat (from 77.3°N to 77.2°N, so about 10 km further south at
100 m depth).

The pycnocline separates surface waters that are relatively warm
(6 >2°C) and fresh (S, <344 g kg‘l) from either Atlantic Water on
the south side of the front or Polar Waters on the northern side of the
polar front. The nutricline for nitrate is located at about 30 m depth
during both transects. The pycnocline is at about 20 m/35 m during
the first/second repeat of the B section respectively.

The sections of nitrate, phosphate, silicic acid and DIC concentra-
tions show similar patterns between both repeats, with lower concen-
trations in the surface layer, generally increasing with depth to higher
concentrations near the bottom.

In the surface layer, the apparent oxygen utilization (AOU) is close
to 0 (not shown), indicating that the water is nearly saturated in
dissolved oxygen (DO), and that there is no or little on-going photosyn-
thesis. Close to the bottom the AOU reaches up to 60 pmol kg~! on the
northern side of the sill, indicating oxygen utilized by degradation of
organic matter, releasing nutrients and DIC, and in agreement with the
elevated nitrate and DIC values at the same location. This may indicate
that these waters are older than those on the south side of the sill
at similar depths and have not been ventilated recently. In addition,
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these variations in the AOU, nutrients and DIC may reflect different
remineralization rates and ratios in the water masses on either side of
the sill. The Chlfluo reaches up to 1 mg m~3 in the mixed layer in By,
while it reaches only up to 0.8 mg m~3 during B,;. These variations
are significant with respect to the measurement accuracy, but could
not be linked to any spatial distribution pattern as there are no ocean
color satellite observations available during the cruise dates due to high
cloud cover.

Some differences are noticeable between the two repeats of the
section in addition to the southward shift of the location of the Polar
Front. On one hand, the Polar Water at 100 m depth is found further
south, and the patch of warm Atlantic Water at the southernmost
stations of the section is not visible on the second repeat of the sections
(Figs. 4 and 5). On the other hand, the surface layer (upper 50 m) is
characterized by a steepening and a northward shift of the isopycnals
and of different parameters such as nitrate and DIC.

To look further into the differences between the two repeats of the
B section, Fig. 6 shows the vertical profiles of the CTD measurements
with water sampling that were repeated during the two transects (one
station on the northern side of the sill, one station on the sill and
one station on the southern side of the sill). Interpolated profiles were
obtained from fitting piecewise cubic polynomials between data points.

While nitrate, phosphate and DIC profiles show a local maximum at
about 40 m depth in the cold part, the silicic acid profiles do not.
Variations in silicic acid in the surface layers are likely due to uptake
of silicic acid by diatoms that succeeds ice algae production in this
region (Reigstad et al., 2002; Assmy et al., 2017). Nitrate and phosphate
reach depletion earlier in the growing season, followed by uptake of
silicic acid in diatom blooms. By autumn, the water column starts to
become replenished in nitrate and phosphate from subsurface waters
and a shift from primary production to organic matter remineralization
occurs (Henley et al., 2020; Jones et al., 2023). Silicic acid tends to
be replenished later and at a slower rate, from dissolution of diatom
frustules and mixing (Reigstad et al., 2002).

The Polar Waters have lower concentrations of nitrate, phosphate,
silicic acid and DIC at about 150 m and at the surface, as these
waters are fresher, diluted Polar Waters, while the warm Atlantic side
is comparatively enriched in all nutrients (Fig. 7). Waters overlying
the sill (green profiles in Fig. 6) showed the largest changes between
the two repeats: the water masses encountered there are Polar Waters
during B, and are Atlantic Waters during B, , suggesting a southward
displacement of the front at depth. Between the first and second repeat
of the transect, concentrations in the upper 20 m of nitrate, phosphate,
silicic acid and DIC increased (Fig. 6a, b, c and d). Nitrate, phosphate,
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silicic acid and DIC concentrations dropped (from 10 to 5 pmol kg~!
for the nitrate, green full and green dashed lines in Fig. 6e) within the
layer from 50 to 150 m. This decrease was also observed on the south
side of the sill, but not on the north/cold side where the two profiles
were very similar.

On the cold side, the concentrations near the seafloor (deeper than
200 m) increased significantly from the first to the second repeat
(Fig. 6), e.g., from 10 to 13 pmol kg~! for the nitrate concentrations
(Fig. 6a). The elevated deep values of nitrate, phosphate, silicic acid
and DIC concentrations were similar to those measured on the southern
side of the sill, that is Atlantic water dominated. During the second
transect, Atlantic Water (Fig. 5a) was present near the bottom on the
northern side of the sill. However, there was no Atlantic water on the
northern side of the sill during the first repeat of the transect (Fig. 4a).
The yellow profiles in Fig. 6 were collected at the station in the middle
of section D that approximately aligns with section B (Fig. 1). This
profile shows the presence of a strong horizontal gradient in nutrients
and DIC between 50 and 100 m depth between the two sides of the
front.

The presence of Atlantic Water at depth during the second repeat
explains the difference in concentrations of nitrate and DIC between
the two repeated transects. It also suggests that the sill is a key region

and enhances exchanges between the polar domain and the Atlantic
domain of the Barents Sea. This flow of Atlantic water across the sill
and the potential of carrying nutrients across the sill are discussed in
the next subsections.

3.2. Vertical fluxes

The dissipation rates and the vertical turbulent heat fluxes for both
repeats of section B are shown in Fig. 8. The values are higher in the
upper 50 m corresponding to the mixed layer, reaching 107 W kg1
near the surface at 15m depth. The average turbulence level in the
upper 50 m is higher in B, compared to B, z: 1.7x 10" W kg1 during
the first repeat and 6.7 x 10~8 W kg~! during the second repeat. This
is caused by the increase in the wind intensity between the first and
the second repeat of the section, hence more energy is provided to the
upper ocean in the second repeat. Averaged heat flux over the two
transects is 1 W m~2, with variations up to —50 W m~2 (heat fluxes
toward bottom) at the front in B, around 77.4°N.

Vertical turbulent fluxes of nitrate and DIC are shown in Fig. 9a
and b respectively. The fluxes are directed upwards and are the largest
at around 40 m depth corresponding to the approximate depth of the
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pycnocline and nutricline. They reach 0.12 pmol m~2 s~ for the nitrate
and 0.8 pmol m~2 s~1 for DIC, both on the warm side of the front
during the second repeat. The fluxes are the largest at this depth as
it is a region of strong gradient in both nitrate and DIC (Egs. 4 and 5
and Fig. 6). The fluxes vary depending on their location on the section.
The sill is for both repeats the location with the least upward fluxes,
0.03 pmol m~2 s~! for the nitrate and 0.3 pmol m~2 s~! for the DIC
during B,y, as the nutricline is the least pronounced at the sill (Fig. 6).
The fluxes are systematically larger in the second repeat of the transect
than in the first one, and are always larger in the southern part of
the transect than in the northern part. This mixing provides nitrate
toward the surface where the primary production takes place (see the
chlorophyll a maximum at about 10 m depth in Figs. 4d and 5d).
Vertical advective fluxes were estimated at the sill during the wind
event between B,; and B,,. The Ekman pumping between 16 to 19
October 2020 reached 4.3 x 10~® m s~! (approximately 0.4 m day~!,
not shown). The difference of nitrate across the pycnocline is estimated
around 10 pmol kg~!, which corresponds then to a vertical advective
flux of about 4.42x 1072 pmol m~2 s~! across the nutricline. The vertical
advective fluxes are of similar order as the vertical turbulent fluxes

(Fig. 9). Hence a wind event in the Barents Sea can contribute to total
(diffusive and advective) vertical fluxes of up to 0.1 pmol m=2 s1,
by summing the contributions from advective and turbulent vertical
fluxes. Fransson et al. (2017) found substantial increases of nitrate and
DIC concentrations after storm events in winter in the Arctic Ocean.

3.3. Horizontal fluxes

As suggested in Fig. 5, modified Atlantic Water can be found deeper
than 150 m in the northern Barents Sea (Jones et al. (2023) also show
modified Atlantic Water between 100-300 m depth at P1). E. Kolas
(personal communications) used data from the same cruise (October
2020) to assess the flow of Atlantic Water across the sill. They found
that Atlantic water can cross the sill near the bottom, and that on
average 0.3+0.2 Sv of Atlantic originating water flows from the southern
side towards the northern side of the sill. In our study, we found that
in the fall, the Atlantic Water carried about 2 pmol kg~! more of nitrate
and 15 pmol kg~! more of DIC than the Polar Waters (Figs. 6e and
h blue and red profiles at depth). By considering this difference, the
Atlantic Water brought on average about 6.2 x 10> mol s! of nitrate



Z. Koenig et al.

Progress in Oceanography 219 (2023) 103161

Depth (m)
o =
o o

200

250

Depth (m)
@ =
o o

200

250

76.8 77 772 774

Latitude ( N)

77.6

77.8 76.8 77

772 774

Latitude ( N)

776 778

Fig. 8. Profiles of (a) and (c) vertical turbulent heat fluxes and (b) and (d) dissipation rate. Left: first repeat of the B transect. Right: second repeat of the B transect. The profiles
are plotted on a topography section with respect to latitude. The dashed lines are the location of the stations. For the heat fluxes, values on the left of the dashed line are negative
while they are positive on the right side. For the dissipation panels, the dashed line is the average value of dissipation over the entire section (2 x 10~ W kg=1). The reference
horizontal axes for dissipation rate and vertical turbulent heat fluxes (identical for each profile) are shown in the upper part of each panel.

20 -

60 -

160 -

180 [~

200 1 1 1 1 1 1

T T T

P——

(B) === e TIn

N ——————

Cold -
Front
Warm =

-0.02 0 0.02 0.04 0.06 0.08 0.1
Fy (z mol m2 s'1)

I
0.12-0.5 0 0.5 1

2 -1
Foic (k mol m™ s™)

Fig. 9. (a) Vertical turbulent nitrate fluxes and b) Vertical turbulent DIC fluxes computed for the cold north side (blue profiles), sill (green profiles) and warm south side (red

profiles). Full/Dashed lines: first/second repeat of the B section.

and about 4.5 x 10°> mol s~! of DIC into the Polar domain of the
Barents Sea across the sill, for a flux of about 3.7 x 10°> mol s™! of

nitrate across the front. This number can be compared with Torres-
Valdés et al. (2013) who found that about 33.6 x 10° mol s~ of nitrate



Z. Koenig et al.

enters the Barents Sea through the Barents Sea Opening. Our estimates
suggest then that about 20% of the total amount of nitrate entering the
Barents Sea is transferred from the Atlantic-dominated domain to the
Arctic-dominated domain of the Barents Sea.

Current velocities are however highly variable around the Polar
Front. Fig. 10 shows the instantaneous advective fluxes computed at the
time and location of the different casts during the two repeats of the B
section and the D section (see Section 2.6 for details on the computation
of the fluxes).

The horizontal advective fluxes of nutrients are larger at depth than
at the surface, mainly because the nutrient concentrations are largest
at depth (Fig. 4 for example). Along the D section on the shallowest
part on the western side of the section, fluxes are oriented towards the
south. They are the signature of branches of Modified Atlantic Water
recirculating towards the south. In the deeper part of the D section,
fluxes are oriented towards the north, corresponding to the main flow
of Atlantic Water in the Barents Sea. During the first repeat of section
B, nitrate and DIC fluxes are oriented towards the east/northeast at the
sill and in the northern part of the sill. It is a direct flux of Atlantic
Water and hence nutrients and DIC from the Atlantic domain to the
polar domain of the Barents Sea.

Across the front, the 27.6 kg m~3 isopycnal in the pycnocline at
about 50 m depth outcrops approximately 100 km south of the sill (Fer
et al., 2021). Subduction along the sloping isopycnal offers an advective
pathway of the surface water from the dense, Atlantic side of the front
to the pycnocline on the cold side, across the sill (Spall, 1995). We have
not quantified the frontogenesis and frontal downwelling (McWilliams,
2021); however, deeper isopycnals do not outcrop, hence we do not
expect a substantial contribution to the horizontal advective fluxes
below 45 m from subduction of surface-layer waters.

As the Atlantic Water at the sill is located close to the bottom,
the main flux of nitrate towards the northern side of the Barents Sea
is the largest on the sill at depth, about 1050 pmol m~2 s~!. For the
DIC concentration it is about 3 x 10° pmol m~2 s~1. Compared to the
previous transport estimates that are presented in the beginning of this
subsection, these numbers are instantaneous and discrete estimates;
they do not include any lateral integration of the nitrate and DIC fluxes
over a streamtube of constant volume transport.

In contrast, the second repeat of the B section shows southwest
velocities on the northern side of the sill and on the sill. The southwest-
ward velocities stand out as anomalies compared to the other transect
across the front and coincide with an anticyclonic eddy developing
north of the front after 12 October and reaching its peak velocities on
19 October. The eddy is observed from both hydrographic measure-
ments and sea level anomalies from satellite, but is not shown here as
it is the topic of a different study.

The Persey current and the recirculation of Atlantic Water in the
Barents Sea visible on the western side of the D section have a flux
of about 700 pmol m~2 s~! of nitrate and 3 10° pmol m~2 s~ of DIC
towards the south, hence out of the northern Barents Sea. E. Kolas
(personal communications) estimates a southward flow of about 0.4 Sv
on the western side of section D. It represents an average flux of nitrate
of about 4.0 x 103 mol s~ and of DIC of about 6.7 x 10°> mol s~1.

4. Discussion

4.1. Drivers of temporal change in the vertical distribution of inorganic
nutrients and carbon

Two main temporal differences are observed between the first and
the second repeat of the transect across the Polar Front, regarding
nutrients and DIC concentrations: an increase of concentrations in the
mixed layer and a decrease of concentration in the layer 45 to 145 m
on the sill and on the warm side. The increase in the mixed layer is
explained by vertical mixing due to wind.
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Wind speeds were larger during the second repeat of B, inducing
mixing, with larger diffusivity coefficients, hence larger upwards fluxes
as shown in Section 3.2. We applied a simple 1-D diffusion model to
the first repeat of the transect using a depth-variable eddy diffusivity,
without any external sources to quantify the importance of the vertical
diapycnal mixing in the variations between the two transects. For more
details on the methodology, one can consult Fer et al. (2017). Within
3 days, vertical mixing and an increase in entrainment from below can
explain a variation of 0.7 pmol kg~! in the nitrate concentration in the
mixed layer, which is of the same order as that which is observed in
the observations (increase of about 0.5 pmol kg~! at the shallowest
measurement, Fig. 6a). This entrainment is most likely caused by an
increase in the vertical mixing and a deepening of the mixed layer.
Increased nitrate concentrations and DIC in the upper 10-20 m were
observed during storm events in winter in the Nansen Basin (Fransson
et al., 2017), hence it supports the results in this study.

Regarding the layer between 50 and 150 m depth, the diapycnal
mixing alone cannot explain the differences in the nitrate concentra-
tions between the first and the second repeat of the B transect (Fig. 6).
Differences in concentrations mainly of nutrients at the sill and on
the warm side of the section are most likely due to lateral advection.
The decrease in nutrient concentrations is associated with a southward
displacement of the Polar Front and of the Polar Waters that are lower
in nutrients and DIC compared to the Atlantic Water (Fig. 5). Another
important factor not investigated here is the tidal forcing. The sill in the
Barents Sea is a region with substantial tidal forcing which contributes
to the differences in the profiles at the sill.

With the expected increase of the wind forcing in the Barents Sea
in the coming years (Vavrus and Alkama, 2022), one can expect an
increase of the vertical fluxes of nutrients in the Barents Sea. The data
were collected in 2020, during a period of positive Arctic Dipole, which
contributed to slowing the sea-ice loss in the Barents Sea (Polyakov
et al.,, 2023). A shift to the negative phase of the Arctic Dipole might
accelerate Arctic sea-ice decline, leading to increased destratification of
the surface layer and consequently enhancing vertical nutrient fluxes
towards the surface. An increase in the flux of nutrients towards the
surface (Jones et al., 2023) will drive the increase in primary produc-
tion, a scenario supported by remote sensing (Lewis et al., 2020). Hence
getting a better comprehension of the drivers of the nitrate fluxes in
the Barents Sea under strong wind events is needed. Understanding the
nitrate fluxes in both the Arctic-dominated and the Atlantic-dominated
regimes of the Barents Sea is also key as the region is undergoing
Atlantification (Arthun et al., 2012).

4.2. Importance of inorganic nutrient fluxes for primary production

We examined the nitrate and DIC fluxes in the autumn, when the
primary production is low and the mixed layer is largely depleted
in nutrients. The late autumn and winter seasons are the time when
the mixed layer starts to become replenished with nutrients due to
organic matter remineralization and vertical mixing, pre-conditioning
the water column prior to the spring bloom (Jones et al., 2023) and
mixing (Chierici et al., 2011). During a wind event, we estimated aver-
age vertical turbulent fluxes of nitrate up to 0.1 pmol m~2 s~! and the
vertical advective fluxes of about 0.04 pmol m~2 s~1 (see Section 3.2).
These fluxes are of similar order as those obtained by Randelhoff et al.
(2016) who reported fluxes of 0.083 pmol m~2 s~! and 0.19 pmol m~2
s~ under sea ice and in open water, respectively, north of Svalbard.

To generalize the response to wind events over a longer time scale,
we use the ERA5 wind data from 2010 to 2022 to estimate the number
of ‘stormy’ days in the Barents Sea from October until the end of March.
We define a day ‘stormy’ when wind speed at 10 m height exceeds 12 m
s~1. On average there were 30 stormy days per winter over the last
10 years. We applied the 1-D vertical diffusion model to the nitrate
profile in October assuming that the eddy diffusivity profile K,(z) is
the same during all the stormy days. After 30 days, the nitrate value
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in the mixed layer increased by about 2 pmol m~2 s~1. The vertical
advective fluxes during these stormy days are responsible for a similar
increase, between 1.5 and 2 pmol m~2 s~1. Hence vertical processes
during stormy days can explain replenishment of nitrate in the mixed
layer of about 3.5-4 ymol m~2 s~! during the winter. Vertical fluxes
(advective and turbulent) during storms are then responsible for about
1/4 of the replenishment of the mixed layer in nitrate. The rest of the
replenishment can be attributed to lateral advection. This estimate is
rough, as we consider a constant value for eddy diffusivity, and do
not account for the presence of sea ice that might affect the estimates
through, e.g., dampening wind forcing and mixing (Meyer et al., 2017).

Fluxes of nutrients are expected to evolve with the ongoing changes
such as warming and sea ice decline in the Barents Sea. Koenig et al.
(2023) found that less freshwater input in a future ice-free Barents
Sea will have a positive impact on surface nutrient inventories by
decreasing the surface stratification and will likely result in increased
annual new pelagic production and harvestable marine resources from
zooplankton to fish. This is consistent with a previous study that have
shown a negative impact of sea ice-derived meltwater stratification on
the biological carbon pump (von Appen et al., 2021).

5. Conclusion

We took advantage of concomitant measurements of turbulence and
biogeochemical variables (nitrate, phosphate, silicic acid and DIC) to
quantify the vertical and lateral fluxes in the Barents Sea over a 21-day
period in October 2020, with implications for primary production in the
following growing season. We investigated the exchanges between the
Atlantic Water and the surface layer, and the exchanges across the Polar
Front, between the Atlantic Water in the south and the Polar Water in
the north.

We found that vertical turbulent fluxes of nitrate reached 0.12 pmol
m~2 s~1 on the southern side of the front and 0.08 pmol m~2 s~! on the
northern side of the front respectively across the nutricline. Vertical
turbulent fluxes of DIC were largest across the pycnocline, reaching
0.08 pmol m~2 s~1. Vertical fluxes driven by Ekman pumping were of
similar order as the vertical turbulent fluxes. We estimated that about
one quarter of the replenishment in nitrate of the mixed layer in winter
can be explained by the vertical advective and turbulent fluxes during
30 windy days in the Barents Sea.

Horizontal advection of nutrients and DIC occurred across the Polar
Front, from the Atlantic domain to the Polar domain of the Barents
Sea. Fluxes were estimated around 6 x 10> mol s~! for nitrate, and
about 4.5x 10° mol s~! for DIC. This represents about 20% of the fluxes
of nutrient entering the Barents Sea through the Barents Sea Opening.
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There was also advection of nitrate and DIC towards the south and in
the direction of Storfjorden.

Since conducted in autumn when the primary production is de-
clining, this study gives an indication of the contribution and dy-
namics of nutrient fluxes in the Barents Sea, which are crucial for
pre-conditioning the water column for primary production in the sub-
sequent growing season.
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