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Highlights
e In 2021 four cruises tracked the northern Barents Sea ice and ocean seasonal changes
e Sea ice melt controls stratification, ocean heat content and nutrient availability
e Peak nutrient stocks in spring due to deep winter mixing with Atlantic Water
e Sea ice controls light availability but also self-shading by phytoplankton plays a role
e Spring bloom initiated in ice-covered waters prior to onset of surface stratification

Abstract

Strong seasonality is a key feature of high-latitude systems like the Barents Sea. While the
interannual variability and long-term changes of the Barents Sea are well-documented, the
seasonal progression of the physical and biological systems is less known, mainly due to poor
accessibility of the seasonally ice-covered area in winter and spring. Here, we use an
extensive set of physical and biological in sifu observations from four scientific expeditions
covering the seasonal progression from late winter to late summer 2021 in the northwestern
Barents Sea, from fully ice-covered to ice-free conditions. We found that sea ice meltwater
and the timing of ice-free conditions in summer shape the environment, controlling heat
accumulation, light and nutrient availability, and biological activity vertically, seasonally, and
meridionally. In March and May, the ocean north of the Polar Front was ice-covered and
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featured a deep mixed layer. Chlorophyll-a concentrations increased from March to May
along with greater euphotic depth, indicating the beginning of the spring bloom despite the
absence of surface layer stratification. By July and in September, sea ice meltwater created a
shallow low-density surface layer that strengthened stratification. In open water, chlorophyll-
a maxima were found at the base of this layer as surface nutrients were depleted, while in the
presence of ice, maxima were closer to the surface. Solar heating and the thickness of the
surface layer increased with the number of ice-free days. The summer data showed a prime
example of an Arctic-like space-for-time seasonal variability in the key physical and
biological patterns, with the summer situation progressing northwards following sea ice
retreat. The amount of sea ice melt (local or imported) has a strong control on the conditions
in the northwestern Barents Sea, and the conditions in late 2021 resembled pre-2010 Arctic-
like conditions with high freshwater content and lower ocean heat content.

Keywords [max 6]: Seasonal changes; Sea ice; Hydrography; Nutrients (mineral);
Phytoplankton; Barents Sea

1. Introduction

The northern Barents Sea is a hotspot of Arctic climate change with the largest winter
sea ice loss observed Arctic-wide (Onarheim et al., 2018) and an atmospheric warming of 2-
2.5 times the Arctic average and 5-7 times the global average (Isaksen et al., 2022), which
also extends to the ocean (Lind and Ingvaldsen, 2012; Smedsrud et al., 2013; Lind et al.,
2018; Ingvaldsen et al., 2021; Smedsrud et al., 2022). Although the Barents Sea is among the
most extensively studied areas of the Arctic Ocean, observations from autumn, winter, and
spring are sparse and sporadic, especially in the ice-covered northern part. While extreme
seasonality is a characteristic of high-latitude systems (e.g. Leu et al., 2015), the seasonal
development of the northwestern Barents Sea shelf is not well known, in contrast to the well
documented long-term climatic changes and interannual variability. In the southern regions of
the Barents Sea, there has been more extensive research into seasonality. For instance, the
seasonal inflow of warm Atlantic water has been monitored (Ingvaldsen et al., 2004), and
studies have delved into the seasonal fluxes of particulate biogenic matter (Olli et al., 2002)
and CO, (Omar et al., 2007) within the marginal ice zone. Investigations into the seasonal
variations in the distribution of phyto- and protozooplankton have also been conducted (e.g.
Rat’kova and Wassman, 2002; Riser et al., 2002; Arashkevich et al., 2002), along with
explorations of higher trophic levels such as fish (Eriksen et al., 2021). Additionally, research
has examined the seasonality of the sea ice cover, utilizing satellite data (Onarheim et al.,
2018) and models (Koenigk et al., 2009). Insights into seasonal oceanic variability have been
drawn from reanalysis efforts (Smedsrud et al., 2013) and models (Sandg et al., 2010).
Despite these endeavors, there remains a notable research gap pertaining to the understanding
of how the physical environment transforms from winter to summer and the interplay of this
transformation with biological patterns, especially in the northern Barents Sea with limited
observational availability.

In this paper, we describe the seasonal progression of the seasonally ice-covered
northwestern Barents Sea shelf (Figure 1b) from late winter to late summer 2021, observed
during four research expeditions along a south-to-north transect. These unique data show how
the seasonal changes in sea ice and the upper ocean shape the conditions for phytoplankton
growth, primarily through the retreat and melt of sea ice and the build-up of stratification,
which impact light and nutrient availability. We demonstrate how seasonality is a
fundamental characteristic of this high latitude marine system and a crucial aspect to consider
in the context of changing long-term trends.
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The long-term trends in the physical environment of the Barents Sea, commonly
referred to as Atlantification (Arthun et al., 2012; Polyakov et al., 2017), have cascading
effects on the Barents Sea marine ecosystem, including increased pelagic primary production
(Arrigo and van Dijken, 2015; Dalpadado et al., 2020), northward expansion of boreal species
(Berge et al., 2015; Fossheim et al., 2015; Paulsen et al., 2016; Lefort et al., 2020; Oziel et
al., 2020), and the increased importance of the pelagic ecosystem at the expense of ice-
associated and benthic ecosystems (Ingvaldsen et al., 2021). Atlantification directly impacts
phytoplankton, driving significant ecosystem changes (Siwertsson et al., 2023), with the most
pronounced effects observed in the northeastern Barents Sea, leading to the strongest Arctic-
wide increase in net primary production (Frey et al., 2021). However, it is worth noting that
models and satellite observations show no clear trend in primary production for the
northwestern part (Castro de la Guardia et al., this issue).

Alongside Atlantification, the Barents Sea experienced a 40% decrease in freshwater
input from sea ice melt from 1970 to 1999 (Lind et al., 2018), leading to a transition from a
cold and stratified Arctic-like surface regime to a warmer, well-mixed Atlantic-dominated
regime (Lind et al., 2018; Polyakov et al., 2020), with projected continuation of this trend
(Muilwijk et al., 2023). A more mixed regime impacts light availability for primary producers
(Assmy et al., 2013; Petit et al., 2022), and may favor an influx of nutrients into the surface
layer (Randelhoff et al., 2016; Jones et al, 2023; Renner et al., this issue), which drives the
increase in primary production, a scenario supported by remote sensing (Kahru et al., 2016;
Lewis et al., 2020).

Observations, satellite data, and previous modeling studies have identified the inflow
of sea ice from the Central Arctic Ocean and the inflow of Atlantic Water as the two primary
factors influencing freshwater/stratification and local sea ice cover in the northern Barents Sea
(Ellingsen et al., 2009; Koenigk et al., 2009; Lind et al., 2018; Aaboe et al., 2021; Efstathiou
et al., 2022; Lundesgaard et al., 2022; Hordoir et al., 2022). Since hydrographic monitoring
began in the 1970s, the seasonal surface layer has been observed every summer as a less-
dense layer in the upper 20-30 m in the northern Barents Sea, forming from a varying amount
of freshwater input and warming due to surface heat fluxes (longwave and shortwave
radiation; Loeng, 1991; Pfirman et al., 1994; Lind and Ingvaldsen, 2012; Lind et al., 2016,
2018; Petit et al., 2022). Lagged correlation analyses indicate that the summer meltwater input
is mixed down to ~100 m depth with a one-year lag over the period 1970-2016 (Lind et al.,
2018). Since the mid-2000s, a decline in sea ice inflow led to a major reduction of ocean
freshwater content and weakened ocean stratification, allowing for more vertical mixing and
rapid upper ocean warming in the northern Barents Sea (Lind et al., 2018). However, the
substantial sea ice inflow in 2019 partly reversed this trend (Aaboe et al., 2021; Lundesgaard
et al., 2022).

Between the late 1990s and the early 2000s, primary production in the northern
Barents Sea was primarily influenced by the open water fraction and length of the growing
season. With the region now being ice-free or only partly ice-covered during summer, nutrient
availability has emerged as the main driver since 2009 (Lewis et al., 2020). A shift from a
light-limited to a nutrient-limited system (Babin, 2020) is likely to impact the timing,
magnitude, and fate of primary production with potential cascading effects on higher trophic
levels, but we lack a good understanding of how these processes unfold over seasonal
timescales. In the case of a longer meltwater-stratified open water period, this is likely to
extend the oligotrophic summer season dominated by small-sized phytoplankton, which is not
the preferred food for the large Arctic zooplankton grazers (Kohlbach et al., 2023). This
hypothesis agrees with findings from Fram Strait that showed a reduced biological carbon
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pump as a result of increased meltwater stratification (von Appen et al., 2021). However, how
the balance between buoyancy fluxes and vertical mixing plays out at the ecosystem level is
poorly known, especially seasonally. In the following, we examine the evolution of the
physical environment in the northwestern Barents Sea from late winter to late summer 2021
and how it shapes phytoplankton phenology and nutrient concentration.
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Figure 1. a) Main ocean circulation patterns in the Barents Sea. The red arrows illustrate the Atlantic
Water branches and the blue arrows illustrate the surface Polar Water flow. Background is the
bathymetry. b) Close-up of the sampling transect. The main P-stations are indicated on the map with
yellow diamonds. All the CTD stations for the different cruises are indicated by circles: March in blue,
May in green, July in orange, and September in red. The bathymetry is from IBCAO-v3 (Jakobsson et
al., 2012). The thick solid lines are the mean sea ice edge for March (blue), May (green), July
(orange), and September (yellow). The black dashed lines indicate the focus area between 77 and
81°N on the northwestern Barents Sea Shelf. ¢) Hovmoller diagram of daily sea ice concentration

(SIC) along the transects in 2021. The blue, green, orange, and yellow dots are the CTD stations in
March, May, July, and September, respectively.
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2. Material and methods
2.1 In situ data

We used hydrographic, sea ice, nutrient, and chlorophyll-a data from four scientific
cruises, approximately two months apart, in the northwestern Barents Sea between March and
September 2021. The Nansen Legacy cruises Q1 in late winter (2-25 March, Gerland et al.,
2022), Q2 in spring (27 April to 20 May, Ludvigsen et al., 2022), and JC2-1 in summer (12-
29 July, Jones et al., 2022a) with R/V Kronprins Haakon were multidisciplinary and sampled
a large set of physical, chemical and biological variables. The transect follows the 30°E
longitude from south to north and consists of 24-hour process stations (so-called P-stations)
and additional CTD stations with sampling for chemistry (Fig. 1b). The fourth survey was
performed as part of an ecosystem cruise in late summer by the Institute of Marine Research
from 25-28 September with R/V Hellmer Hanssen and R/V Johan Hjort (Varde North (VN)
transect). Hereafter, we will refer to the cruises based on their month: March (Q1, late winter),
May (Q2, spring), July (JC2-1, summer), and September (VN, late summer).

We divide the south-to-north transect, covered by all cruises, into three parts (dashed
black lines in Fig. 1b). Our emphasis in this study is on the middle part of the transect to
examine the seasonal development of the northwestern Barents Sea shelf, north of the average
location of the Polar Front (Loeng 1991; Barton et al., 2018) and south of the shelf break (i.e.,
from 77 to 81°N). This focus area is typically fully ice-covered during winter, while it
becomes ice-free by late summer, and exhibits the most Arctic-like conditions. The focus area
is distinctly different from the southern part of the section, where there is an Atlantic Ocean
climate, and from the northern shelf-slope region, where the Atlantic Water Boundary Current
dominates, and conditions are highly impacted by advection rather than local processes
(Renner et al., 2018).

2.1.1 Water column data for the first three cruises: March, May, and July
a) CTD sensor

Water column hydrography was investigated using vertical profiles of temperature and
salinity obtained with a conductivity-temperature-depth (CTD, SBE-911 plus, Sea-bird
Scientific) sensor mounted on a rosette equipped with 24 Niskin bottles used for seawater
sampling. Pressure, temperature, and practical salinity data from the CTD are accurate to £0.5
dbar, 1073 °C, and £3 x 1073, respectively. CTD data were processed using the standard
SBE Data Processing software. We used the International Thermodynamic Equations of
Seawater (TEOS-10) (McDougall and Barker, 2011) to convert temperature and practical
salinity to Conservative Temperature (®) and Absolute Salinity (S,). The CTD datasets
corresponding to the three first cruises (March, May, and July) are available from Gerland
(2022), Ludvigsen (2022), and Jones (2022).

b) Chlorophyll-a and beam attenuation

The CTD was equipped with an additional factory-calibrated sensor for chlorophyll-a
fluorescence (WET Labs ECO fluorometer). The in situ chlorophyll-a fluorometer
measurements (/chl/.,,) were corrected using laboratory measurements of chlorophyll-a
concentrations (/chl]yeas) from filtered water samples (Vader, 2022), which were used to
develop a linear relationship with the in situ fluorescence. Here, seasonal relationships had to
be developed (Sandven et al., 2023) due to physiological and species variability in
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phytoplankton, which is well-known to cause large temporal and regional biases in
fluorescence measurements (Roesler et al., 2017). For the March and May cruise, we used the
relationship [chl]con = 1.1137 - [chl] eas — 0.009, while for the July cruise, the relationship
[chl].on = 0.6752 - [chl]eas — 0.006 was used to correct the fluorescence measurements. Over
the entire data set, the root-mean square error was 0.47 mg m 3 (NRSMD = 7.63%, R? = 0.78)
when comparing the corrected chlorophyll-a fluorescence measurements with the water
sample chlorophyll-a concentrations. /n situ chlorophyll-a fluorescence (factory calibration)
underestimated the water sample chlorophyll-a concentration by around 10% in May, while in
July it was overestimated by approximately 50% (see also Sandven et al., 2023). For global
ocean data sets, fluorometers have been found to overestimate chlorophyll-a concentrations
by around 100%, with large residual spread in the data (Roesler et al., 2017). While there can
be large interspecies variability, other factors such as growth phase, nutrient limitation,
grazing, photoacclimation, and non-photochemical quenching may also affect the in situ
fluorescence. The use of in situ fluorescence here may therefore be interpreted as a high-
resolution interpolation of the discrete chlorophyll-a concentrations measured with water
samples, with some additional error sources introduced through the calibration relationship.

Optical beam attenuation was measured using a SeaBird C-Star transmissometer (650
nm, 0.25 m path length). The measured attenuation coefficient was calculated by subtracting
the lowest values recorded on each cruise (Sandven et al., 2023), which was made possible by
doing deep casts into extremely clear waters in the Nansen Basin on the first three cruises.
This procedure has been used in other studies in the Arctic (Neukermans et al., 2014; Gardner
et al., 2022), and is described in more detail in the companion article on seasonality of optical
properties in the north-western Barents Sea (Sandven et al., 2023).

c) Photosynthetically active radiation (PAR)

PAR measurements were collected using a Biospherical QCP-2350-HP sensor. Due to
influence from the ship, the PAR data shallower than 41 m were disregarded.

We define an isolume depth for describing the euphotic zone, which is the depth
where the PAR is equal to the compensation irradiance. The compensation irradiance is the
irradiance at which gains through primary production are balanced by losses from auto- and
heterotrophic respiration, grazing, and sinking. However, it is difficult to exactly define the
compensation irradiance due to variations in ecophysiological state and phytoplankton species
composition affecting the productivity and losses. Siegel et al. (2002) estimated the
compensation irradiance in the North Atlantic to be 15 pmol photons m? s*! (1.3 mol photons
m day!), but studies on under-ice blooms have often used lower compensation irradiances,
such as 10 pmol photons m? s*! (Horvat et al., 2022) and 4 pmol photons m s-! (Randelhoff
et al., 2019). We calculate the isolume depth for 10 pmol photons m s-!, estimated from each
CTD cast, with the isolumes for other compensation irradiance shown as error bars to
illustrate its variability. Isolume depths for compensation irradiance values were calculated
using interpolation whenever the isolume depths were deeper than 40 m. Shallower isolume
depths were determined from linear extrapolation of log-transformed PAR values. If there is
an increase in the diffuse attenuation coefficient, due to for instance higher chlorophyll-a
concentrations (see Fig. S1), this extrapolation will lead to an underestimate of the isolume,
and by contrast an overestimate if there are lower chlorophyll-a concentrations near the
surface.

In previous studies at lower latitudes, it has been common to convert instantaneous
PAR profiles into diurnal integrated values to account for changes in the solar zenith angle
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throughout the year, see for instance Oziel et al. (2019). This is more challenging at high
latitudes, where the sun is close to the horizon for most of the year, such that most radiative
transfer models are inaccurate and common relationships for converting instantaneous
measurements to daily values no longer hold. In addition, the sea ice cover and cloud
conditions strongly influence the diurnal variability, which makes the conversion even more
challenging. Using the radiative transfer model accuRT (Stamnes et al., 2018), we
consequently found the conversion into daily integrated PAR values to introduce large
uncertainties, while not fundamentally changing the large-scale pattern calculated using the
instantaneous values. Therefore, we chose to only use instantaneous PAR measurements to
estimate the isolume depths, given that the large number of profiles still gives an adequate
description of the light environment during each of the cruises.

d) Water sampling

Water samples were collected at each P-station from the whole water column for inorganic
nutrients (nitrate [NO;~], nitrite [NO,"], phosphate [PO4*7], and silicic acid [Si(OH)4]). In the
following, we will concentrate on nitrate, nitrite, and silicic acid as the main nutrients limiting
total and diatom-based production (Tremblay et al., 2015). Unfiltered nutrient samples were
sampled into 20 mL vials, preserved with 250 pL chloroform, and stored dark at 4 °C. Post-
cruise analysis was performed using a colorimetric method (Grasshoff et al., 1983; Gundersen
et al., 2022) at the Institute of Marine Research, Bergen, Norway. The detection limits were
0.5 mmol m= for [NO;7], 0.06 mmol m~ for [PO4* ] and 0.7 mmol m-3 for [Si(OH)4],
respectively.

Chlorophyll-a samples were taken from Niskin bottles at standard depths (11 to 20
samples depending on water depth), from the surface (5 or 10 m depth) to 10 m above the sea
floor at the P-stations. Chlorophyll-a samples were filtered through Whatman GF/F filters
(nominal pore size 0.7 pm) and extracted directly in 5 mL methanol (>99.9%) for 12 h at 4°C
in the dark. Chlorophyll-a and phaeophytin concentrations in extracts were measured onboard
using a Turner 10-AU or Turner Trilogy fluorometer before and after acidification with two
drops of 5% HCI (Holm-Hansen and Riemann 1978). For further details see the Nansen
Legacy sampling protocol (Nansen Legacy, 2022). The nutrient data are available at Jones et
al. (2022b-d). The chlorophyll-a dataset can be found in Vader (2022).

e) Deployment procedure of the CTD

The CTD was deployed mainly through R/V Kronprins Haakon’s moonpool during
the March and May cruises due to the extensive presence of sea ice in the study area and
relatively low temperatures. The CTD was deployed over the side of the ship during the July
cruise. When the moonpool was used, we did not use the uppermost 13 m of the CTD profile.
We also took some CTD measurements from the side of the ship at the P-stations during the
March and May cruises (Sandven et al., 2023), and these show that there was a homogeneous
winter mixed layer from ~100 m all the way to the surface, justifying that one may use the
uppermost trustworthy data point (at 13 m) and extrapolate up to the surface on the March and
May cruises. Since the upper water column was well mixed in March, water samples were
only collected from the rosette deployed through the moonpool. During the May cruise, when
the phytoplankton spring bloom started to develop, additional chlorophyll-a samples from 5 m
depth were taken from the side of the ship. During the July cruise, 5 m was added as a
standard sampling depth.
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2.1.2 Water column data for the September cruise

All but the five northernmost stations on the extended VN section in September 2021
were taken from R/V Johan Hjort. Those five northernmost stations were taken from R/V
Helmer Hanssen. From both ships, water column hydrography was investigated using vertical
profiles of temperature and salinity obtained with a CTD (SBE-911 plus) sensor. Pressure,
temperature, and practical salinity data from the CTD are accurate to £0.5 dbar, £1073 °C, and
+3 x 1073, respectively. Also, for this cruise, the CTD data were processed using the standard
SBE Data Processing software. Beam attenuation and chlorophyll-a data are not available for
September. CTD data from the extended VN section in September 2021 are available on
request from datahjelp@imr.no.

2.2 Calculation of physical properties

The heat and freshwater contents were estimated in the upper 100 m from the ocean in
situ measurements in the four expeditions of 2021, following the procedure in Lind et al.
(2018) with a salinity reference of 35 g kg™! and a temperature reference of 0 °C. The mixed
layer depth is defined as the depth where the potential density exceeds the surface potential
density by 0.03 kg m= (Cole et al., 2014). As the pycnocline is relatively strong in the region,
the depth of the mixed layer is not sensitive to the method chosen (not shown). The mixing
layer refers to the depth to which turbulent mixing, generated by stress at the surface, extends
into the water column. This may be different from the mixed layer depth, which continues to
exist even after the active mixing diminishes.

The strength of stratification in the water column is quantified using the square of the
Brunt—Viiséld buoyancy frequency N, given by N° = —(g/po)dp/0z, where p is the potential
density of seawater, p, is the reference density (1030 kg m), and g is the acceleration due to
gravity. This parameter provides a detailed profile of the stability of the water column.

We define the nitracline as the maximum gradient in nitrate concentration and use the
term nutricline when referring to nutrients in a general context (including phosphate and
silicic acid).

2.3 Ancillary data

Daily mean sea ice concentrations (SIC) based on satellite observations at 10 km grid
resolution are obtained from the EUMETSAT Ocean and Sea Ice Satellite Application
Facility (OSI SAF, www.osi-saf.org). This dataset is a product based on passive microwave
(DMSP/SSMIS) data. The days of open water before a station are defined as the number of
days with sea ice concentration of less than 15% preceding the day of the occupation of the
station. Sea ice drift in the region was taken from NSIDC Polar Pathfinder Daily 25 km
EASE-GRID Sea Ice Motion Vectors, version 4.1 (Tschudi et al., 2019). Air temperatures are
from observations at the weather station on the island Kviteya (31.459°E, 80.104°N), located
in the northern part of the study area (Figure 1b), courtesy of MET Norway, freely available
from https://api.met.no/.
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3. Results
3.1 Atmosphere and sea ice

Air temperatures on the island Kviteya show that temperatures in the region were
below 0°C from mid-November 2020 until the end of May 2021, hovered around 0°C in June
2021, and were on average +1.0°C in July and August 2021 (not shown). The atmospheric
circulation patterns changed between the expeditions, with storms passing in March (not
shown), seen as low pressure in the monthly mean sea level pressure, while there was a
change to more northerly winds and higher sea level pressure in May (not shown) associated
with stronger southward ice drift from the north (Fig. 2).

(a) FEB 2021 (b) MAR 2021 (c) APR 2021 (d) MAY 2021
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Figure 2: Monthly mean sea ice concentration and sea ice drift in the northern Barents Sea region.
Shading shows sea ice concentration (SIC). Orange arrows indicate sea ice drift. Mean sea ice drift
was computed with days with no drift included as zero and subsampled every 100 km. The green line
indicates the full transect.

In March, the entire focus area on the northwestern shelf (77 to 81°N) was ice-covered
(Figs. 1c and 2). Although the sea ice extent was comparable in March and May, sea ice
concentration (SIC) was lower in May than in March and had gone through periods with very
low SIC between the March and May cruises, especially in the southern part of the transect
(Figs lc and 2). By July only the northernmost parts of the northwestern shelf (further north
than 81°N) were ice covered with lower SIC, and by September the northwestern shelf was
completely ice-free. Earlier in winter (January and February), open water was observed
between 81-82°N, off the continental slope north of Spitsbergen. During the March cruise, the
northernmost stations off the continental slope were covered by sea ice but located only 10
km from open water. By May, stronger southward ice drift had brought in sea ice to cover the
area north of the slope (Figs. 2cd). The winds remained northerly in the northernmost parts of
the Barents Sea in June and July (not shown). This pushed sea ice into the Barents Sea shelf
from the north throughout these early summer weeks (Fig. 2), and even though the sea ice
melted in the southern parts of the focus area, sea ice still occupied our focus area on the shelf
north of 80°N until the end of July (Fig. 1¢). In August and September, the northwestern
Barents Sea shelf was ice-free, and the ice edge had receded far north off the continental
slope.
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3.2 Hydrography

Throughout the year, the regions south of the Polar Front (~77°N) and north of the
continental shelf break (~81°N) are characterized by relatively warm and saline Atlantic
Water from the surface all the way to the bottom. In our focus region, north of the Polar Front
and south of the Atlantic Water Boundary Current at the continental slope, the water column
is more intricately layered, with a distinct sea ice-influenced surface layer (Fig. 3). The
hydrographic changes during the different seasons coincided with the seasonal patterns of
both the atmosphere and sea ice (Fig. 1). In March and May, a cold (< -1.5 °C) and relatively
fresh (~ 34.5 g kg!) winter mixed layer occupied the upper ~75-100 m on the northwestern
shelf (77-81°N). We call this layer the “Polar Water layer” following the water mass
definitions of Sundfjord et al. (2020). Remnants of this layer were still evident in July, but it
was then overlaid by a shallow meltwater-stratified surface layer (~ 8 m thick), which we
refer to as the summer surface layer, corresponding to the “Warm Polar Water” definition of
Sundfjord et al. (2020). In July, the surface layer was fresher due to sea ice melt (Sx ~33.5 g
kg!) and warmer (0-1.5°C) due to increased solar heating. At the end of summer, in
September, the summer surface layer had warmed (> 2°C), freshened (< 33.5 g kg!), and
deepened to approximately 20-30 m (Fig. 3d, h). The deepening was strongest in the southern
half of our focus region. The surface warming reached further north in September than in
July, corresponding to the area north of 80°N being ice-free since early July (Fig. 1). South of
the Polar Front we observe a seasonal warming of the surface layers, which penetrates
downward in the water column throughout the season (Fig. 3).
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Figure 3: Sections of Conservative Temperature (left panels) and Absolute Salinity (right panels) in
March (a, e), May (b, f), July (c, g) and September (d, h). The focus area on the northwestern Barents
Sea shelf from 77 to 81 °N is between the vertical dashed black lines. Locations of CTD stations are
indicated with black triangles on top. Isopycnals are indicated with grey isolines. The mixed layer
depth is shown with a red line (see text). Sea ice concentration (SIC) is extracted at each station of the
transect and indicated in the bar on top of the temperature and salinity panels. The sections 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).

To further visualise the seasonal evolution, average vertical profiles from our focus
region (77-81°N) for each cruise are shown in Fig. 4. They confirm a cold and deep,
homogeneous winter mixed layer (Polar Water) from the surface to ~75 m in March and ~100
m in May, that gradually increased in salinity from March to May (Fig. 4b). It thus appears
that the convective winter season, which involves sea ice growth and brine release, persisted
until after the March expedition but may have ceased before the May expedition. By July, a
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surface layer characteristic of summer had formed, exhibiting significantly lower salinity
from the surface down to a depth of 50 meters. Surface temperatures in July were higher than
in March and May, as shown in Figs. 4a-b. From May to July there was also an increase in
temperature within the deeper parts of the water column (50-150 m). This is not attributed to
solar heating but is more likely a result of lateral advection (e.g. from the northern slope of
Svalbard or an eddy). Towards the end of summer in September, the temperature of the
surface layer had increased by 1°C from July. Furthermore, the surface layer had undergone
deepening, which is evident from the increased mixed layer depth (Figs. 3gh). This deepening
is likely a result of wind energy input into the ocean and entrainment from the Polar Water
layer beneath the pycnocline, as illustrated by the comparison of the orange and red curves in
Fig 4b. During the same period, the temperature at approximately 50 m depth, just below the
halocline, increased from approximately —1.5 to —1.2°C (Fig. 4a, comparing the orange and
red curves), indicative of vertical mixing with the warmer surface layer above and/or the
Atlantic layer below, although the salinity did not change at this depth. While the winter water
column primarily consisted of two distinct layers, the summer water column had a three-layer
structure, with a relatively cold and more saline layer of Polar Water sandwiched between the
summer surface and Atlantic Water layers (also evident from Fig. 5). In March and May, the
stratification index (N?) was close to zero, meaning a very weakly stratified water column and
small density gradients. In contrast, in July, as the surface layer developed, the stratification
increased down to a depth of approximately 50 meters, leading to the largest density gradient
at 20 m depth in July and 35 m depth in September.
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Figure 4: Vertical profiles of averaged a) Conservative Temperature, b) Salinity (Absolute Salinity S,
on the top x-axis and Practical Salinity on the lower x-axis), ¢) buoyancy frequency squared N? (after
vertical smoothing with a 5 dbar running mean), and d) calibrated chlorophyll-a fluorescence from the
northwestern Barents Sea shelf (77 to 81°N along the transect) of the CTD stations (thick curves) and
the standard error of the mean (in shading), from the expeditions in March (blue), May (green), July
(orange) and September (red). Mean profiles include one CTD profile per station. Vertical profiles of
e) nitrate and f) silicic acid from discrete samples (coloured dots) collected at Stations P2-P5, with
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sampling depths shown as black bars to the right. Chlorophyll-a and nutrient data are not available for

the September cruise.

Examining the hydrographic data in temperature-salinity space (Fig. 5), confirms that
during winter and spring in the northwestern Barents Sea shelf, two primary water masses
prevailed: a winter mixed layer consisting of Polar Water (core temperature -1.7°C and
salinity 34.6 g kg'!) and denser water that results from mixing between Atlantic Water and

Polar Water (core temperature around 1°C and salinity 34.8 g kg'!). Fig. 5 further shows that
the two water masses were mixing along a line between the two cores. The summer surface
layer, which constitutes the third water mass, was found in July and September, and extends

throughout the entire transect in September.
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Figure 5: Temperature-Salinity diagrams at the P-stations color coded with the nitrate concentrations
for a) March, b) May, and c) July. d) Temperature-Salinity diagram at the P-stations in September (for
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consistency symbols shown at the same standard depths that nutrient data was from in the previous
months). Lines of equal density are depicted as thin grey curves. The water masses are based on
Sundfjord et al. (2020). wPW: warm Polar Water; PW: Polar Water; mAW: modified Atlantic Water;
IW: Intermediate Water. The black dashed lines are the T-S profiles where the water samples (with a
marking) were from. The red dashed lines indicate the freezing temperature.

3.3 Dissolved inorganic nutrients.

Mean vertical profiles of nitrate and silicic acid in the focus area showed relatively
low variability and were quite homogeneous in the upper 80 and 120 m in March and May,
respectively (Fig. 4ef) following the evolution of the winter mixed layer. Looking at
individual profiles in March there was a gradual increase in both nitrate and silicic acid
concentrations in the upper 90 m from south (P2) to north (P5) (Fig. 5 and S2). Below the
surface mixed layer, concentrations of both nitrate and silicic acid increased towards the
deeper Atlantic Water. The difference in average surface (upper 90 m) nitrate and silicic acid
concentrations in March between Atlantic station P1 and the focus area ranged from 3.4 pmol
L at station P2 to 2 umol L-! at station P5 for nitrate and 1.9 umol L' (P2) to 0.5 (P5) umol
L-! for silicic acid (Fig S2). In May, the beginning of nitrate surface depletion was detectable
in the upper 40 m, and by July, nitrate concentrations were below the detection limit in the
upper 10 to 20 m, corresponding to the surface layer (Fig. 4e). Silicic acid concentrations
followed a similar pattern but residual concentrations of about 1 pmol L' remained in the
surface waters in July (Fig. 4f). This was also reflected in a seasonal shift in the average
nitrate to silicic acid molar ratio for the upper 90 m for the focus area from about 2.3 in March
to 1.4 in July (not shown). In July, the shoaling of the nutricline from south to north along the
transect was clearly visible for nitrate, phosphate, and silicic acid (Fig. S2) and corresponded
well with the depth of the chlorophyll-a maximum (Fig. 6¢). In July, nitrite showed a different
vertical pattern than the other macronutrients with elevated concentrations aligned with the
bottom of the mixed layer and a decline both above and below it (Fig. S2).

3.4 Phytoplankton biomass

In March, chlorophyll-a concentrations of <0.1 ug L-! indicate very low phytoplankton
biomass (Fig. 6a). Measured particulate organic carbon (POC) concentrations were also low
and mostly below 30 pg L' (Sandven et al., 2023). By May, chlorophyll-a concentrations had
increased to 1 ug L' in the upper ~50 m of the water column in waters covered by 50 to
nearly 100% of sea ice (Fig. 6b). It is noteworthy that the surface stratification was still very
weak in May and the mixed layer depth extended deep, as sea ice melt had not yet started.
The Atlantic Water-influenced open water station P1 had elevated (~1 pg L") and relatively
homogenous chlorophyll-a concentrations down to 200 m depth possibly as a result of a
storm-induced mixing event during the time of sampling (Ludvigsen et al., 2022). Beam
attenuation followed a near-identical pattern as chlorophyll-a (Fig. 6e). In July, there was a
distinct subsurface chlorophyll-a maximum along and just below the pycnocline. This
maximum shoaled towards the bottom of the mixed layer at the sea ice edge from 80°N and
northwards (Fig. 6¢). Here, beam attenuation measurements followed a similar but not
identical pattern, with higher values closer to the surface (0-25 m depth). During all seasons
elevated beam attenuation values were detected in the bottom boundary layer (Fig. 6d-f). This
feature was not visible in chlorophyll-a concentrations (Fig. 6a-c).
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Figure 6: Sections of chlorophyll-a (Chla, left panels) from fluorescence corrected with sampled
chlorophyll-a and beam attenuation (right panels) in March (a,d), May ( b, e) and July (c, ) . The
focus area from 77 to 81°N is outlined with vertical black dashed lines. Location of CTD stations is
indicated with black triangles on top. Isopycnals are indicated with grey curves. The mixed layer is the
red line. Sea ice concentration along each transect is indicated on top of the panels.

3.5 Light environment

In March, the measured PAR was below the estimated compensation irradiance
throughout the water column, following the calculations described in section 2.1.1c. At 50 m,
the PAR values were well below 1 umol photons m s-! in the study area (Fig. 7a).
Furthermore, given that the mixed layer depth was generally >100 m in March (Fig. 3a), the
average light levels in the mixed layer were not sufficient to sustain phytoplankton biomass
build-up. By May (Fig. 7b), the increase in day length (24 h daylight) and mean solar zenith
angle led to isolume depths extending down to 40 m, frequently above a compensation
irradiance of 4 umol photons m~ s! close to the surface. However, the isolume depths did still
not extend beyond the mixed layer depth, as shown in Fig. 3. There is a large variability
between different stations, and moreover between isolume depths for the varying
compensation irradiance estimates. Uncertainties connected to the extrapolation of the
measurements could also be significant for near-surface values.

In July, the estimated isolume depths follow a more distinct meridional structure, with
the largest depths in open water near the Polar Front extending to 60 m, and near-zero isolume
depths under the ice north of 79N (note the large uncertainties in these estimates). Between
77N and 79N the chlorophyll-a subsurface maximum seems to follow the isolume depth
estimates (Figs. 6¢ and 7c). The high PAR values measured at depth, between approximately
76.5° and 77.5°N and north of 81.5°N, were associated with areas of low surface chlorophyll-
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a concentrations. Self-shading by the surface or subsurface chlorophyll-a maximum can
explain the lower PAR values for the northern part of the study area, and the corresponding
isolume depths were estimated to be close to 0 m. The self-shading is supported by the linear
relationship between the diffuse attenuation coefficient K, and chlorophyll-a concentration
(R? = 0.63), found for measurements between 41 and 60 m (Fig S1). However, self-shading
did likely not play a major role in limiting phytoplankton growth in the study area since the
chlorophyll-a maximum was generally situated above 50 m. Variations in light availability at
50 m depth during May and July can also partly be attributed to the diurnal sun cycle
(illustrated by the marker color in Fig. 7) and changing cloud cover. SIC seemed to have less
influence on the underwater light levels than expected, but the local SIC at the exact time and
location of the cast could differ strongly from the larger-scale satellite estimates. Some bias
may be introduced from conducting the CTD casts in leads of open water, which is often
preferred for practical reasons.
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Figure 7: Isolume depths for the compensation irradiance (here assumed to be 10 pmol photons m2 s-
1), estimated from PAR measurements from the CTD casts along the transect. a) In March. b) In May
and c) in July. Marker colour indicates the time of day the cast was made; light blue is close to local
noon (approximate time for maximum incident solar radiation), and black is close to local midnight.
Error bars show isolume depths for other estimates of the compensation irradiance (4 and 15 pmol
photons m s'). The grey vertical lines indicate the southern and northern limits of the focus area,
green lines show sea ice concentrations.
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3.6 Heat, freshwater, and chlorophyll-a content

The ocean heat content in the upper 100 m was low north of the Polar Front (77°N) in
March and May and increased in July from the front to 80°N, where the sea ice edge was at
the time (Fig. 8a; see also Fig. 2a). In September heat content had increased along the entire
transect, also north of 80°N, where the sea ice had melted and retreated in August. The
freshwater content of the upper 100 m was higher in our focus area than either south or north
of the area (Fig. 8b), also in winter and spring. This difference is likely attributed to the
substantial import of sea ice (Figure 2), which subsequently melts within our focus area. The
freshwater content decreased from March to May due to sea ice formation and brine release. It
increases by ~1.2 m from May to September to a total of 2.5-3 m between 77 and 81°N with
sea ice melt and the development of the surface mixed layer in summer (Fig. 9b). In the part
of the focus area that was ice-free in July, from 77 to 80°N, the freshwater content did not
increase from July to September, however, it increased in the northernmost part north of
80°N.

Integrated chlorophyll-a standing stocks for the upper 100 m were ~ 0 mg m? along
the entire transect in March and increased significantly by May to ~100 mg m= north of the
Polar Front while it declined towards the northern end of the focus area with more sea ice
(Fig. 8c). One notable exception was a bloom of >300 mg m at ~80.5°N (Fig. 8c). In July,
chlorophyll-a standing stocks were generally lower than in May except in ice-covered waters
north of ~80°N (Fig. 8c). Maximum chlorophyll-a standing stocks of ~150 mg m? south of
the Polar Front and >250 mg m at the shelf slope were associated with Atlantic Water also
reflected in the higher heat and lower freshwater content (Fig. 8a-c).
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Figure 8: Development of a) ocean heat, b) freshwater content, and c) integrated chlorophyll-a (Chla)
over the upper 100 m from March to September. The dashed line in panel b) is the freshwater content
increase from May to September. March: blue dots, May: green dots, July: orange dots, and
September: yellow dots. Note no chlorophyll-a measurements exist for September.

We investigated if the intensity of the warming of the upper ocean is driven by the
duration of ice-free time prior to our measurements. We compared the development of heat
content of the upper ocean and the surface mixed layer temperature and depth with the
number of days with open water prior to a CTD station being occupied (Fig. 9). The number
of days with open water was largest furthest south on the transect and decreased towards the
north, as expected given that the ice edge melts and retreats northwards through the summer
(Fig. 9a, compare with Fig. 1¢). The heat content of the upper 100 m increases with the
number of ice free days (Fig. 9b), and when considering only the area within the northwestern
Barents Sea (77-81°N), the correspondence between heat content and days with open water is
significant (Fig. 9b). Similarly, the surface mixed layer depth increases with time (Fig. 9c),
and though its temperature increases from surface heat fluxes with the number of days with
open water through the summer, the temperature levels may level off due to the deepening of
the surface mixed layer and entrainment from the colder Polar Water layer below.
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Figure 9: a) Number of days of open water prior to each CTD station, shown with latitude (if no days
with open water, no data were shown for the 4 cruises); b). Heat content development of the upper 100
m shown with days of open water across the entire section. The stars are for our focus area (77-81°N)
with the best-fit indicated (dashed line). Dow: days of open water. c) Development of the surface
mixed layer depth (MLD) with Doy. d) Development of the temperature of the surface mixed layer
(MLD) with days of open water. The stars are for our focus area (77-81°N). The four cruises are
colour-coded: March in blue, May in green, July in orange, and September in yellow. In all panels,
the stars are for our focus area (77-81°N)

4. Discussion
4.1 Influence of ice-ocean coupling on upper ocean stratification

Between March and September of 2021, we observed the seasonal transformation of
the northwestern Barents Sea shelf system as it shifted from a weakly stratified, ice-covered
ocean to a more strongly stratified ice-free ocean. This change is in line with the typical
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seasonal pattern observed in Arctic shelf seas, where the winter months are characterised by
ice cover and the summer months by sea ice retreat (Onarheim et al., 2018). Although the
Barents Sea experiences significant year-to-year variations in its sea ice conditions (Efstathiou
et al., 2022), the 2021 observations align with this seasonal pattern. In this study, we found
that the timing of sea ice melt (and/or retreat) largely determines the warming of the upper
ocean, because surface warming (by solar heating) accelerates when the ice has disappeared.
In March and May, sea ice thicknesses of about 0.5 to 1 m were observed at the P stations
(Ludvigsen, 2022), which is similar to thicknesses observed by King et al. (2017) for locally
formed ice in the same area in 2014, while imported ice tends to be thicker (King et al., 2017).
We found that the freshwater content increased by 1.0-1.5 m from May (pre-melt) until
September, suggesting that there likely was an additional freshwater source other than locally
formed sea ice in the northwestern Barents Sea in 2021. Other sources of freshwater include
sea ice import, precipitation, and glacial runoff; however, the runoff seems to be largely
constrained to near-coastal waters (cf. Petit et al., 2022), and precipitation is small compared
to sea ice melt (not shown). Ice drift patterns in 2021 indeed suggest an influx of sea ice from
the north in the summer (Fig. 2), while the ice was melting in the south.

In winter 2018/2019 there was a substantial import of thicker sea ice to the Barents
Sea, which added significant amounts of freshwater to the upper ocean in the northern Barents
Sea and re-stratified and re-cooled the ocean to conditions prior to the extremely warm and
saline year 2018 (Aaboe et al., 2021). Both ocean heat and freshwater content returned to pre-
2010 levels due to this large sea ice import event in 2019. Our observations in late 2021 have
similar freshwater content (around 2-3 m) to those observed pre-2010s (Aaboe et al., 2021),
which suggests that conditions at the end of 2021 were representative of an Arctic-like ocean
climate. Less sea ice import into the northwestern Barents Sea in the future would likely
reduce sea ice meltwater-induced stratification (Lind et al., 2018). The freshwater-induced
stratification is counterbalanced by the wind energy input into the ocean that tends to increase
with less sea ice cover (e.g. Meyer et al., 2017), and we see this as a deepening of the surface
mixed layer over summer that is related to the number of ice-free days. Stratification is one of
the key factors controlling the initiation of the phytoplankton bloom by restricting the vertical
extent of mixing. However, as our results show, it is not the only driver since we observed the
initiation of a phytoplankton bloom in a deep winter mixed layer (Fig. 6b).

4.2 Controls on light climate

Another key driver for primary production, especially at the start of the growth season,
is light availability in the surface mixed layer (Randelhoff et al., 2019). The light climate in
ice-covered waters such as in the Barents Sea is controlled by the solar zenith angle, which
gives strong seasonality of the incoming sunlight, cloud cover, and sea ice including small-
scale features like snow and melt ponds (Belanger, et al., 2013; Leu et al., 2015; Lebrun et al.,
2023). Both sea ice and clouds drastically reduce the available light in the water column.
However, the properties of in-water constituents also affect the light climate (Connan-
McGinty et al., 2022). While surface heating is largely related to the absence of sea ice
(number of ice-free days (SIC<15%) with effective solar heating), the variation in light
absorption and attenuation in the northern Barents Sea water column is largely dominated by
particulate matter (Sandven et al., 2023). The observations support the fact that absorption by
CDOM (colored dissolved organic matter) is low and rather stable in such Atlantic-dominated
waters (cf. Hancke et al., 2014; Makarewicz et al., 2018; Petit et al., 2022; Sandven et al.,
2023), nevertheless in the absence of particulate matter (i.e. before vernal blooms), CDOM
still dominates (Sandven et al., 2023).
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In the surface layer, phytoplankton biomass governs the light climate variability as
evidenced by the close connection of diffuse attenuation coefficient of PAR and chlorophyll-a
concentration (see supplementary Fig. S1), and the increase of beam attenuation goes hand in
hand with phytoplankton biomass build-up (Fig. 6), except near the bottom, where there is
resuspension of bottom sediments. Beam attenuation, often used as a POC concentration
proxy (see e.g. Sandven et al., 2023), follows to a great extent the chlorophyll-a patterns (Fig.
6), which indicates that phytoplankton growth drives the observed increase in POC in surface
waters in spring. The partial decoupling of beam attenuation and chlorophyll-a in surface
waters in July, see also Supplementary Fig. S3, suggests a stronger contribution of non-
chlorophyll-a containing particles such as detrital material emanating from remnants of an
earlier surface bloom and/or heterotrophic organisms sustained by the bloom. This is
supported by a seasonal shift from an autotrophic towards a more heterotrophic pelagic
community (Kohlbach et al., 2023) and a larger detrital component in the vertical export flux
during the summer (Bodur et al., 2023). Bio-optical proxies of chlorophyll-a (in situ
fluorescence) and POC (beam attenuation at 650 nm) also showed some distinct patterns
seasonally and spatially (Sandven et al., 2023). There were typically much lower chlorophyll-
a to phaeophytin ratios in July (Fig. S4) indicative of more grazing or senescent algae by
summer.

4.3 Seasonal progression of phytoplankton growth limitation

In addition to light and stratification, the availability of nutrients (particularly nitrate in
this region) is also a key constraint of phytoplankton growth. Light controls the timing of
phytoplankton production while nutrients set an upper limit to phytoplankton biomass build-
up (Assmy et al., 2019). The seasonal transition from light limitation in spring towards
nutrient limitation in late summer in Arctic waters is strongly influenced by the seasonal
evolution of sea ice and sea ice melt-induced upper ocean stratification (Ardyna et al., 2020).

At the end of winter in March, surface nutrient concentrations were at their annual
maximum as a result of autumn and winter mixing, replenishing surface nutrient
concentrations (Koenig et al., this issue. Jones et al., 2023). The higher late winter nutrient
concentrations in Atlantic waters south of the Polar Front (P1) and at the northern shelf slope
(P6) compared to our focus area can be explained by differences in stratification regimes. The
thermocline in Atlantic waters is generally weaker than the halocline in Arctic waters
(Wassmann et al., 2006; Lundesgaard et al., 2022). Furthermore, at P1, phytoplankton was
observed down to 200 m depth. Such observations of deep phytoplankton were also made in a
similar Atlantic regime south of the Polar Front in the spring of 1998 (Reigstad et al., 2002).
The phytoplankton could be found at depth due to wind-induced mixing, as suggested by
numerical modeling of wind effects on ecosystems in the Barents Sea (Le Fouest et al., 2011).

The higher late winter nutrient concentrations in the northern compared to the
southern part of our focus area, despite the northward increasing freshwater content, suggests
that the presence of warmer water of Atlantic origin at depth in the northern part of the
Barents Sea (see Fig. 3) supplies more nutrients to the surface. These differences in nutrient
inventories at the end of winter in the upper 100 m of our focus area indicate differences in
winter “mixing efficiency” between more and less Atlantic-influenced locations as AW is the
main source of nutrients to the region (Duarte et al., 2021). At that time of the year,
phytoplankton uptake had a negligible impact on nutrient profiles since phytoplankton growth
was strongly limited by low light levels in a deep mixed layer and compensation irradiance
isolume depths very close to the surface which was reflected in the very low chlorophyll-a
concentrations.
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The marked increase in chlorophyll-a in May showed that the spring bloom was
initiated in ice-covered waters. Melt ponds had not formed by May and hence played no role
in the initiation of the spring bloom as reported for massive phytoplankton blooms below
ponded sea ice in the Chukchi Sea (Arrigo et al., 2012, 2014). Measured snow thicknesses of
4.5 to 13.5 cm are within the climatological range for the area (Lee et al., 2021) suggesting
that light attenuation by snow was likely not unusual in 2021. The bloom initiated in a deep
mixed layer comparable or even deeper than the situation in March, suggesting that the
seasonal increase in light and opening between ice floes (cf. Assmy et al., 2017) was
sufficient to move the compensation irradiance isolume depths deep enough to allow
production to exceed losses and accumulation of phytoplankton biomass to occur. The
estimated compensation irradiance isolume depths, approximately between 20-40 m, coincide
with the beginning of nitrate depletion in the upper 40 m in May, which may suggest that the
actively mixing layer was shallower than the mixed layer. This was also reflected in elevated
chlorophyll-a concentrations largely restricted to the upper 50 m. Our results contrast with the
common assumption that surface stratification (in the upper 20-30 m depth) is a prerequisite
for phytoplankton spring bloom initiation and indicates that small changes in actively mixing
layer depth can have important implications for spring bloom initiation (Brody and Lozier,
2015).

By July, nutrients, particularly nitrate, were depleted in the upper 10-20 m of the water
column coinciding with sea ice melt-induced stratification and shoaling of the mixed layer to
depths <20 m. Surface nutrient depletion was primarily due to uptake by phytoplankton, but
dilution by sea ice melt might have also played a minor role. Nitrate showed the deepest and
strongest depletion of the three major macronutrients confirming that primary productivity at
this time of the year is primarily nitrate-limited within the euphotic zone. The chlorophyll-a
maximum and nitracline were largely below the pycnocline, implying that stratification acted
as a barrier for wind-driven vertical mixing and nitrate replenishment at this time of the year.
Light limitation played a larger role towards the northern more ice-covered section of the
transect, as evidenced by the shoaling of the subsurface chlorophyll-a maximum and
shallower isolume depth. The July transect can therefore be interpreted as the space-for-time
seasonal variability of primary productivity in a water column influenced by melting sea ice.

The vertical gradient in nutrient depletion was most pronounced in nitrate. The
nitracline was for the most part below the mixed layer, while the strongest gradients for
phosphate and silicic acid were shallower and less prominent. The residual silicic acid relative
to nitrate in the surface layer in summer could be due to changes in phytoplankton community
composition. Competition between diatoms and non-siliceous phytoplankton, particularly the
haptophyte algae Phaeocystis pouchetii, for nitrate could account for incomplete utilisation of
silicic acid by diatoms and previous studies have suggested summer residual silicic acid
concentrations as a sign of Phaeocystis dominance (Reigstad et al., 2002, Krause et al., 2018).
Diatoms dominated protist standing stocks in May and July (Bodur et al., 2023) with
occasional dominance of dinoflagellates and ciliates (unpublished data) while Phaeocystis
played a minor role. However, we cannot rule out that Phaeocystis bloomed in the intervening
months as this species usually follows in the seasonal succession after the diatom spring
bloom (Assmy et al. 2023, Degerlund and Eilertsen 2010).

One interesting feature observed in July was the subsurface nitrite peak at top of the
thermocline but below the pycnocline (Figure S2). This feature is known as the primary nitrite
maximum (PNM) from lower latitude oceans and commonly found at the bottom of the
euphotic zone (Lomas and Lipschultz, 2006). Oxidation of ammonium to nitrite by bacterial
nitrification and release by phytoplankton via incomplete assimilatory reduction of nitrate
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have been identified as the main sources of this excess nitrite (Lomas and Lipschultz, 2006).
The fact that the PNM coincided with the nitracline and the bottom of the subsurface
chlorophyll-a maximum points towards incomplete assimilatory reduction of nitrate
supporting the conclusion of release by phytoplankton as the main driver (Lomas and
Lipschultz 2006). However, the primary nitrite maximum likely was a result of complex
biological processes, including ammonium oxidation by bacteria and archaea, since elevated
bacterial abundances and activity were associated with the subsurface chlorophyll-a
maximum (Amargant-Arumi et al., this issue).

5. Summary and conclusions

While the long-term changes and interannual variability of the Barents Sea are well
documented, the seasonal progression, especially in the seasonally ice-covered part, in the
northwest is not well known. Here we used four expeditions repeating the same south-to-north
transect between March and September 2021 (same seasonal cycle) to observe how sea ice
coverage, retreat, and melt influence the hydrography and affect light, nutrient, and
phytoplankton dynamics. We found that sea ice meltwater and timing of ice-free conditions in
summer shape the environment, controlling heat accumulation, light and nutrient availability,
and phytoplankton activity vertically, seasonally, and meridionally.

In March, at the end of winter, the ocean was cold and covered by sea ice, with a
homogeneous mixed layer down to 90-120 m depth, replenished nutrient stocks, and very low
phytoplankton biomass. In early spring (May), the winter mixed layer had deepened further
and was more saline, likely due to continued ice growth between March and May. At this
point, the ocean was still largely ice-covered, but chlorophyll-a concentrations in the upper 50
m had increased to 1-3 pg L-1, indicating the start of the spring bloom despite the lack of
surface stratification. Our data thus suggests that spring bloom initiation in Arctic waters can
commence before the classical spring bloom conditions of sea-ice meltwater-induced
stratification (Slagstad 1984, Sakshaug and Skjoldal 1989, Sakshaug and Slagstad 1992,
Strass and Noethig 1996, Slagstad and Wassmann 1996, Wassmann et al., 1999) are met. It
also suggests that phytoplankton growth is likely induced at light levels lower than commonly
assumed.

In summer sea ice meltwater input forms a low-density, fresher surface layer. This
creates stratification and forms a strong pycno- and nutricline that shapes phytoplankton, with
subsurface chlorophyll-a maxima at the base of the mixed layer following the nutricline in
open water. Eventually, nutrients in the surface layer are depleted, limiting further growth
there. The number of open water days during summer strongly affects upper ocean heat
accumulation, which in turn is important for preconditioning the ocean for next year’s sea ice
growth. As summer progresses, the fresh surface mixed layer continues to deepen and warm
as sea ice continues to retreat. Just below the summer surface layer, the Polar Water layer,
remnants of the winter mixed layer, also warms throughout the summer due to vertical mixing
with the warmer surface layer above and the Atlantic layer below. By contrast, the Atlantic
layer found at depth cools as spring and summer progress. In the northwestern part, where sea
ice was still in the melting stage in July, the surface layer was very shallow or absent, and
chlorophyll-a maxima were found at or near the surface. In general, the summer data in the
south-north direction showed a space-for-time seasonal variability in the key physical and
biological variables, with the summer situation progressing northwards along the latitudinal
transect along with sea ice retreat.
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Our results indicate that less freshwater input to a future ice-free Barents Sea will have
a positive impact on surface nutrient inventories and will likely result in increased annual new
(nitrate-based) pelagic production (at the expense of ice-associated production) and
harvestable marine resources from zooplankton to fish. This is consistent with previous
studies that have shown a negative impact of sea ice-derived meltwater stratification on the
biological carbon pump (von Appen et al., 2021). Further investigation of the freshwater input
to the water column and the strength of the upper ocean stratification is needed.

In the context of climate change, understanding the seasonal dynamics and changes in
the Barents Sea, one of the entry points of Atlantic Water into the Arctic, is important. The
data were collected in 2021, when the Arctic Dipole was positive contributing to slowing the
sea-ice loss (Polyakov et al., 2023). A transition to the negative phase of the Artic Dipole may
accelerate the Arctic sea-ice decline and modulate the ocean dynamics of the Barents Sea and
its Atlantification as documented in this manuscript. Hence, monitoring the rapid changes
underway in the Barents Sea in terms of sea ice, ocean physics, and ecosystem responses,
should stay at the forefront of Arctic oceanography. These four cruises repeating an
observation transect from March to September 2021, resolving part of the seasonal cycle in
the Barents Sea allowed for a better understanding of the tight coupling between sea ice,
ocean, and primary productivity in the northwestern Barents Sea.
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Appendix:
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Figure S1: The diffuse attenuation coefficient, estimated from PAR measurements, is compared with
the corrected chlorophyll-a fluorescence concentration at the same depth. Measurements are from the
depth range 41-60 m, with chlorophyll-a concentrations lower than 0.03 disregarded.
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Figure S2: Nutrient profiles (nitrite, nitrate, phosphate and silicic acid from left to right columns) in

the upper 100 m from March, May and September expeditions at the stations (see legend in NO;

diagram for May) on the northwestern Barents Sea shelf.
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Figure S3. Measured particulate organic carbon compared with chl-a concentrations measured with a
Turner fluorometer from corresponding water samples. Only samples from the upper 100 metres are
included. Different markers correspond to the March, May and July expeditions. The depth is shown

in the colorbar
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Highlights

e In 2021 four cruises tracked the northern Barents Sea ice and ocean seasonal changes
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e Sea ice melt controls stratification, ocean heat content and nutrient availability

e Peak nutrient stocks in spring due to deep winter mixing with Atlantic Water

e Sea ice controls light availability but also self-shading by phytoplankton plays a role
e Spring bloom initiated in ice-covered waters prior to onset of surface stratification
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