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Abstract Over the satellite record, the Barents Sea winter maximum in sea ice extent has declined and was
increasingly limited to areas north of the Polar Front after 2005 by warming Atlantic Water (AW) and Barents
Sea Water (BSW). Sea ice extent here continues to garner interest, not least because it is associated with
extreme winter weather in Europe and Asia. Previous model studies suggest there is a possibility that natural
variability will cause southward re-expansion of the lost sea ice cover but reducing uncertainties requires a
better understanding of the processes driving BSW variability. To address questions about BSW variability, we
used a high-resolution model validated with observations over 1985-2014 to calculate the watermass transport,
heat, and freshwater budgets within the central Barents Sea, south of the Polar Front. The model shows BSW
volume minima events in years centering at 1990 and 2004, meaning a reduction in the Barents Sea's volume
reservoir (also termed “memory”) of water that is consistent with historical BSW properties. Both events

were preceded by extensive winter sea ice and substantial summer net sea ice melt. The event in 2004 was
more extreme and led to warming AW occupying a greater volume in the Barents Sea after 2005. The reduced
“memory”” of BSW volume could impede a return to the more extensive winter sea ice regime and make further
reduction in winter sea ice possible.

Plain Language Summary Winter sea ice in the Barents Sea, in the eastern Arctic Ocean, has been
in decline, particularly since 2000. The sea ice extent in this region is associated with atmospheric weather
conditions during winter in Europe and Asia. An important factor in understanding the sea ice retreat is
understanding the variability in Barents Sea temperature and salinity. Using a high-resolution simulation, the
source of variability in Barents Sea Water (BSW) properties has been quantified. This shows two events, 1990
and 2004, when BSW volume reduced, giving less “memory” of previous conditions. The event in 2004 was
larger and followed a large net sea ice melt. The volume of BSW present in the Barents Sea did not fully recover
after 2005. This could make it more difficult for winter sea ice to return to the region.

1. Introduction

The Barents Sea experienced a 50% reduction in annual sea ice extent between 1998 and 2008 (Arthun
et al., 2012). Over the satellite record from 1979 to present, both the summer minimum and winter maximum
in sea ice extent have receded, leaving the Barents Sea mostly ice free in summer (Onarheim & Arthun, 2017;
Onarheim et al., 2018). Following a notable increase in inflowing Atlantic Water (AW) temperatures in the
mid-2000s and beyond, the Barents Sea winter sea ice no longer extends south of the polar front due to the
presence of significantly warmer water south of the front (Barton et al., 2018). The changes in sea ice here are
important because they have been associated with extreme weather patterns in Europe and Asia (Luo et al., 2016;
Petoukhov & Semenov, 2010), and may foreshadow future conditions in the central Arctic. Although the phys-
ics of the relationship between sea ice and weather patterns is still an area of active research (e.g., Blackport &
Screen, 2021; Blackport et al., 2019; McCrystall & Screen, 2021; Warner et al., 2020), it is commonly accepted
that, on short time scales (days to months) the atmosphere forces the sea ice extent (Gong & Luo, 2017), while
longer-term variability in sea ice extent may be driven by the ocean (Hoshi et al., 2019).

In addition to AW, the Barents Sea has two other main watermasses. These are Barents Sea Water (BSW) and
Arctic Water (ArW). The mean locations where AW, BSW, and ArW are found are shown on Figure 1, with the
surface outcropping of the distinct watermasses separated by fronts. The property definitions of these water-
masses can be found in Table 1 and Figure 2 (Barton et al., 2018; Loeng, 1991; Oziel et al., 2016). AW is advected
into the Barents Sea through the southern end of the Barents Sea Opening between Fuglgya, Norway and Bear
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Island (Ingvaldsen et al., 2004b). Some of this AW recirculates within the western Barents Sea and exits through
the northern end of the Barents Sea Opening. Most of the remaining AW is advected eastward into the Central
Basin where modified AW is found, now known as BSW. Some surface water is transformed into ArW with the
addition of freshwater. Watermass properties imply that the AW-to-BSW transformation involves slight freshen-
ing from various freshwater sources and cooling through atmospheric heat loss during winter (Figure 2) (Oziel
et al., 2016). ArW also enters the Barents Sea from the north and northeast between Svalbard, Franz-Josef Land
and Novaya Zemlya, forming a salinity-stratified surface layer of relatively freshwater that is present throughout
the year in the Northern Barents Sea (Lind et al., 2016). In return, BSW flows northward below the ArW, exit-
ing the Barents Sea through the Barents Sea Exit between Franz-Josef Land and Novaya Zemlya (Gammelsrgd
et al., 2009). Understanding the variability and long term changes in BSW properties is particularly important
because BSW is advected into the Arctic Basin and can potentially make up 50%—80% of Arctic Intermediate
Water volume (Maslowski et al., 2004; Rudels et al., 2000), before contributing to the deeper branch of Atlantic
Meridional Overturning Circulation once it is advected back to the North Atlantic through Fram Strait (Fahrbach
et al., 2001; Karcher et al., 2011; Le Bras et al., 2021).

Interannual variability in BSW density stems from variability in both heat and freshwater content (Barton
et al., 2020). In addition to variability on interannual time-scales, observations have revealed that temperature in
the Barents Sea varies on multidecadal time-scales with periodicities of about 6, 10, 18, and 40 years (Levitus
et al., 2009; Skagseth et al., 2008; Venegas & Mysak, 2000), while salinity may have periods of variability of
about 5 and 10 years (Skagseth, 2008; Yashayaev & Seidov, 2015). These shorter variations come from coupled
ocean-atmosphere modes such as anomalies in ocean gyres or the North Atlantic Oscillation. Longer term varia-
tions may come from the Atlantic Multidecadal Oscillation (Levitus et al., 2009), although this may be the result
of anthropogenic and natural forcing rather than an internal oscillation (Mann et al., 2020). Based on the analysis
of available in situ and satellite observations, Barton et al. (2018) showed that BSW temperature and salinity had
increased between 1985-2004 and 2005-2016 when the sea ice declined, a shift with an amplitude that may have
exceeded amplitudes of multidecadal variability cycles. These changes have been observed to cause northward
expansion of oceanic boreal species (Fossheim et al., 2015; Ingvaldsen et al., 2021). If the natural variability of
the Barents Sea is to reassert its influence, climate projections from an ensemble of models show there is a 40%
possibility of winter sea ice cover increasing its extent in the south-eastern Barents Sea by 2040 instead of a
continuation of the decline seen between 2000 and 2015 (Arthun et al., 2019).

Clearly, strong variability in BSW properties exists but the mechanisms driving this variability remain elusive
(Barton et al., 2018, 2020). It has been suggested that the 2005 apparent regime change was caused by a warm-
ing of AW but we lack the observations to resolve the ocean processes leading to the 2005 regime change or the
processes at play for the formation of BSW from AW more generally (Loeng, 1991; Schauer et al., 2002). Numer-
ical models allow us to identify and quantify the processes resulting in BSW watermass transformation (Aksenov
et al., 2010; Arthun et al., 2011). This will improve our understanding of the drivers that determine if the winter
sea ice will expand, return to the previous regime or if a tipping point has been irreversibly passed and a further
step change reduction in sea ice could occur.

In this study, we investigate the drivers of the seasonal to interannual variability in AW and BSW volume and prop-
erties in the central Barents Sea. More specifically, we try to determine how the regime change happened in 2005,
and how a further reduction in sea ice and BSW could happen again in the future. We will answer these questions by
analyzing model outputs from a high-resolution model of the pan-Arctic region, focusing on the Barents Sea region.
In Section 2, we describe the model set-up and validate the simulation with available satellite and in situ obser-
vations. In Section 3, we calculate the advective heat and freshwater budgets for the Barents Sea, and relate these
budgets to the variability of the properties of the different watermasses present within the Barents Sea. In Section 4,
we place the 2002-2005 event in a broader temporal context and more particularly compare it with a similar event
that occurred in 1987-1991. We discuss the results in Section 5, and our conclusions are given in Section 6.

2. Data and Methods
2.1. Model Simulation

In this paper, we used model output to analyze the heat and freshwater budgets and variability of watermass prop-
erties in the Barents Sea. The model is a regional configuration of the Arctic and North Atlantic Oceans, named
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Figure 1. Box for budget calculation shown as region bounded by blue, green, purple, and orange lines. Lines show
boundaries (blue = West, green = North, orange = East, and purple = South). Orange, green and blue shading show the
regions with Atlantic Water, Barents Sea Water (BSW), and Arctic Water volume filling >30% of the water column,
respectively. Note, the green shaded region in the Norwegian Sea (west of 20°E) is deep BSW that has submerged to form
Arctic Intermediate Water and is exiting the Arctic Ocean through Fram Strait. The thick black dashed line shows position of
the mooring array across the Barents Sea Opening (the Fuglgya—Bear Island section along 20.0°E). White line indicates the
region use to estimate the sea ice extent for Figure 3. BSO is the Barents Sea Opening and BSX is the Barents Sea Exit. The
annotated colored arrows show mean transport (in Sv), mean heat flux (in TW) and mean freshwater flux (in mSv) across
each respective boundary from the model. The annotated black arrow shows downward mean surface heat flux (in TW) and
mean sea ice freshwater flux (in mSv) into the budget box. The solid black contour lines indicates the 220 m isobath.

CREGI12 (Canadian Regional; Dupont et al., 2015; Regan et al., 2020). This is based on the ocean model NEMO
(Nucleus for European Modeling of the Ocean (Madec & The NEMO_Team, 2008)). The sea ice coupling
component of CREG12 is LIM3 (Rousset et al., 2015). Model resolution is 1/12° which is ~4.3 km by 5—4 km in
the Barents Sea on the irregular grid named ORCA12. This grid resolution is not high enough to resolve mesos-
cale features here, which have spatial scales of a few kilometers (Nurser & Bacon, 2014). The model has 75 depth
levels, of which 36 depth levels resolve the 330 m of the Barents Sea continental shelf.
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Table 1
Table of Watermass Properties Used for the Observations and the
Simulation
Watermass Temperature Salinity Density
AW Observations T>3°C S > 34.8 PSU
AW Model T>3°C S > 34.7 PSU
BSW Observations T <2°C S>347PSU  p>1,027.85
BSW Model T <2°C S>346PSU  p>1,027.77
ArW Observations T < 0°C S < 34.7 PSU
ArW Model T <0°C S < 34.6 PSU

Note. Observations use standard definition but the model uses updated
definitions to account for the 0.1 PSU fresh salinity bias in the model.
Temperature is potential temperature, salinity is in practical salinity units
(PSU) and density is surface referenced potential density.

We took initial conditions from the World Ocean Atlas 2009 climatology
for temperature and salinity while the ocean is at rest (Antonov et al., 2010;
Locarnini et al., 2010). The initial sea ice thickness and concentration were
taken from a long ORCA12 simulation performed by the Drakkar Group
(Barnier et al., 2006; Treguier et al., 2014). At lateral open boundaries along
26°N in the Atlantic and across the Bering Strait, monthly climatological
conditions (comprising 3-D velocities, temperature and salinity) were taken
from the same ORCA12 simulation. For atmospheric forcing, we used the
latest version of the Drakkar Forcing Set (DFSS5.2, which is an updated
version of the forcing set described in Brodeau et al., 2010). Inputs from
the river and ice sheet runoff have been recently corrected to include the
large and increasing contribution from Greenland (Gillard et al., 2016).
The representation of the tidal mixing effect was activated through the new
comprehensive parameterization of mixing by breaking internal tides and lee
waves (de Lavergne et al., 2019). We have a weak sea surface salinity restor-
ing toward the monthly climatological sea surface salinity from World Ocean
Atlas 2009 in ice free areas to avoid a model salinity drift while, under sea
ice, this sea surface salinity restoring is turned off. The simulation covers the
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Figure 2. T/S diagram showing the relevant watermass properties. The orange box is Atlantic Water, the green box is Barents
Sea Water and the blue box is Arctic Water. (a) Shows in situ observations from EN4. (b) Shows model output from the
simulation used in this study. The black points are a collection of locations and depths in the central Barents Sea budget box
(see area contained between blue, green, purple and orange lines on Figure 1) over the time period 1985-2015. Both model
and EN4 data is binned onto a grid with resolution 5° in longitude, 3° in latitude and depth levels at 5, 55, 110, 185, and

373 m.

period 1979-2015, although we only analyzed years 1985-2015 to allow for model spin up in the first 6 years.
The analysis we present here is based on monthly-mean model output. The description of the simulation is
given by Talandier and Lique (2021). The same simulation was used by Regan et al. (2020) and Meneghello
et al. (2021) to investigate some aspects of the Arctic dynamics and was found to realistically represent the prop-
erties of the large and small scale circulations within the Arctic Basin.

2.2. Observational Data Sets

The realism of the simulation is assessed by comparing the model outputs with the following observation data
sets. We used satellite sea surface temperature (SST) and sea ice concentration data sets from the OSTIA project
spanning January 1985 to December 2016 (downloaded from marine.copernicus.eu portal; Donlon et al., 2012).
This data set is optimally interpolated from multiple satellite sensors together with in situ observations onto a
0.05° grid (1.5 x 5.6 km for Barents Sea) at a daily frequency. The feature resolution is 10 km and the accuracy
of the daily SST data is ~0.57 K (Donlon et al., 2012). The sea ice edge is defined as the 15% contour.

We also used observations of AW inflow transport and associated heat transport from the Fuglgya—Bear Island
section along 20.0°E (which corresponds to the Barents Sea Opening; black dashed line Figure 1). This data set is
available through the Norwegian Marine Data Centre portal (www.nmdc.no) and is compiled as monthly means
from long-term current meter moorings for the period 1997-2016. The time series is built by averaging the part
of the section below 50 m between 71.5°N and 73.5°N where there is an inflow, and only considering the part
of the water columnwith 7 > 3°C (Ingvaldsen et al., 2004a, 2021). We computed a comparable section using the
same criteria based on our simulation.

We analyzed temperature and salinity fields from the data set named EN4 (EN4.2.0, www.metoffice.gov.uk/
hadobs/en4). EN4 comprises in situ ship CTD profile data and Argo float data optimally interpolated onto a 1°,
monthly z-grid with 42 levels (Gouretski & Reseghetti, 2010). Data are available from January 1980 to December
2016. Within the Barents Sea (10°E-65°E and 68°N—-80°N) over this time frame, each 3-month period has more
than 117 profiles. The sampling density of profiles is, however, biased toward September, October and November
(when there are usually more than 400 profiles) and toward the ice-free part of the Barents Sea.
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2.3. Methods

To calculate budgets of heat and freshwater, we defined a box within the Barents Sea (Figure 1). The change in
the heat budget (total heat flux) Q, can be calculated from ocean advective heat transport Q_, and surface heat

flux Q

adv

surf in Equation 1 (Serreze et al., 2007).

Qr = QadU + qurf (1)

Similarly, we estimated a change in the freshwater budget (total freshwater flux) F, for the same box where F,
is the freshwater advective transport. In this case, the freshwater surface flux F .
of evaporation minus precipitation, river runoff and from sea ice processes. Equation 2 is the freshwater budget

(Serreze et al., 2006).

corresponds to the contribution

F = Foap + Fsurf (2)

We calculated heat advection from transport across the different sections closing the box as Q_,, = ”/)C Tr-T7,

V dx dz, where C, is the specific heat capacity of seawater, p is the water density, V is the velocity normal to the
section, 7'is the temperature and T, is a reference temperature taken as 0°C following Arthun and Schrum (2010).
For the transport calculations, we used the CDFTOOLS package designed to work on NEMO model grids
including ORCA12 (see https://github.com/meom-group/CDFTOOLS). The surface heat flux was calculated as
Qs = Qs — Qi — Qus — @y, et shortwave (i.e., solar) (Q,,) and net longwave (i.e., infrared) (Q,,) radiative
fluxes, and surface turbulent latent Q,,, and sensible Q_,, heat fluxes. These parameters were integrated over the

surface area of the same box, which has a total area 6.1 x 10! m? (Figure 1). The integrated fluxes follow the
convention where positive values represent flux into the ocean.

We calculated freshwater transport as F,, = =f (S, — S)/Sref)V dx dz, where S is salinity in PSU (practical salinity
units) and S,efis a reference salinity taken as 35 PSU (Smedsrud et al., 2010). Here we considered both negative
and positive contributions. The surface freshwater flux was calculated as F, .= E — P + R + i, where E is
evaporation, P is precipitation, R is river runoff and i, is freshwater from sea ice melting and freezing processes.
In this manuscript we often refer to net sea ice melt which is the melt minus freeze. The freshwater flux from net
nerr iNCludes the salinity of sea ice in the calculation. Again, positive values for the integrated fluxes
represent flux into the ocean.

sea ice melt i

We calculated sea ice transport using a similar method to the ocean boundary transport. For sea ice transport, we
used the sum of sea ice thickness H, , and snow thickness H, , multiplied by the sea ice concentration «,, and

ice snow

sea ice velocity V., across the boundaries as [ = I(H +H, a V.  dx

ice snow’"ice " ice

We also derived a closed budget for the different watermasses found within the box. Equation 3 calculates M the
change in buoyancy forcing exerted on the watermasses found within our budget box volume that is, watermass
transformation, by combining watermass volume change y,, the surface volume flux ¥, (in our case evaporation
minus precipitation and net sea ice import) and the advective watermass convergence AY , (Nurser et al., 1999).

M = Y — lI‘.\'urf - AYu0 (3)

Watermass transports were calculated in a similar way to the heat transport using the volume transport on grid
cells matching the watermass property criteria in Table 1. We focused on AW, BSW, and ArW in this study;
however to close our total budgets we also calculated the budget for other water that does not meet the properties
criteria of AW, BSW, and ArW. These transports and volume change can be used to calculate watermass transfor-
mation due to the closed budget. Watermass properties in the Barents Sea region are changing because the Arctic
is warming. However, in this study we ignored this, instead we focused on fixed definitions and volume changes
to those watermasses within this region so that we can be compatible with existing literature. This is because our
focus is on the mechanisms driving BSW formation rather than the fact that the whole Arctic and its watermasses
are in transition.

Mixed layer depth was calculated while the model ran, from a 0.01 kg m~ change in density relative to the
density at 10 m depth. We identified fronts in the simulation as local maxima in the temperature gradients given

by |VTixy| = \/ (T /dx)* + (0T /dy)*, and compared with the fronts estimated from satellite observations in
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Figure 3. (a) Volume and (b) heat transport through the Barents Sea Opening (Fuglgya—Bear Island section along 20.0°E).
The green line shows the observations of Atlantic Water transport (7' > 3°C and depth > 50 m) across the black dashed line
in Figure 1, the black line shows the model estimate using the same Atlantic Water definition (See Section 2.3), the blue line
shows model estimate across the Barents Sea Opening (Barents Sea Opening, blue line in Figure 1) with depth > 50 m but
without a temperature criteria. (c) Sea ice extent within the Barents Sea (68°N-80°N and 10°E—65°E) for model and satellite
observations (white line in Figure 1). In all cases, thin line show monthly data and thick lines show 12-month running means.
The gray bars highlight periods of interest July 1987 to December 1991 and July 2002 to December 2005 events.
Barton et al. (2018). Here, the results are based on the computation of SST gradients by calculating the seasonal
mean of the monthly gradient to resolve sharper fronts instead of the gradient of the seasonal mean.
We calculated the amplitude of interannual variability over the full time period as the standard deviation of the
12-month running mean. The amplitude of the seasonal variability was calculated by subtracting the 12-month
running mean from the monthly data and calculating the standard deviation of this. We performed lead-lag least
squares regression on monthly running mean data with significance estimated at the 95% level using a two-tailed
Student's #-test. Effective degrees of freedom were estimated from the decorrelation time-scale (1/e of peak corre-
lation) required to avoid auto-correlation.
2.4. Model Evaluation
We first evaluate the capacity of the model simulation to reproduce the spatio-temporal variability of the ocean
and sea ice properties in the Barents Sea as captured by available observations.
The model sea ice extent shows a 0.4 X 102 m? positive bias (mean extent is 0.97 X 10'2 m?) relative to the
satellite observations (Figure 3c). This measure of sea ice extent was calculated over the white box in Figure 1.
Maps of the sea ice concentration reveal that the model has more sea ice in the coastal southern Barents Sea
and over the Central Bank compared to the satellite observations (Figure 4). Despite this bias, the model sea ice
BARTON ET AL. 6 of 20
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Figure 4. Gradient in sea surface temperature seasonal climatology from 2005
to 2014 for (a, ) spring (March, April, and May), (b, f) summer (June, July,
and August), (c, g) autumn (September, October, and November) and (d, h)
winter (December, January, and February), respectively, from the simulation
(a—d) and satellite observations (e-h). The sea ice edge is defined by 15% sea
ice concentration (white line) and the black line indicates the 220 m isobath.

extent exhibits seasonal and interannual variability with similar amplitude
and timing to the observations (Figure 3c). The model is also capturing well
the observed decline in sea ice in the mid-2000s.

We now examine the capacity of the simulation at representing the observed
surface fronts in the Barents Sea, which are known to affect sea ice variability
and represent the boundaries the watermasses present in the region (Barton
et al., 2018; Oziel et al., 2016). The climatology of the SST gradient calcu-
lated over the 2005-2014 time period shows that the locations of the thermal
fronts are similar in the model and observations in all seasons (Figure 4). This
is particularly important for the polar front that separates the surface outcrop-
ping of AW (or BSW) from ArW. Since BSW is not in direct contact with the
atmosphere when it is overlain by ArW to the north of the Polar Front, the
surface area available for atmospheric and sea ice interactions is constrained
by the position of the fronts in observations and the simulation. The realis-
tic location of the front in the model also suggests the model captures well
the interaction between the ocean dynamics and the bathymetry. The main
fronts in the Barents Sea have been shown to be associated with bathymetric
gradients (Barton et al., 2018; Gawarkiewicz & Plueddemann, 1995). In the
observations, the winter sea ice retreated north of the Polar Front at 76.5°N
after 2005 (Barton et al., 2018). The observed change in sea ice regime after
2005 is also captured by the simulation, albeit somewhat less pronounced.
‘We next evaluate subsurface properties.

The temperature and salinity properties of the watermasses can be summa-
rized in a T-S diagram (Figure 2). Our comparison between the model prop-
erties and the observation properties shows the model salinity has a 0.1 PSU
fresh bias relative to EN4 when averaged within the box in Figure 1. To
account for this bias, we adjusted the watermass definitions for the model by
0.1 PSU to capture the relative variability within the range of the definition
properties. The definition used for observations and updated definition for
the model properties are shown in Table 1. Given that this bias is also present
in AW properties (Figure 2), it suggests the bias is advected into the Barents
Sea rather than present due to the excess sea ice shown in Figure 3c. The
biases in T-S properties and the sea ice extent could also result, at least partly,
from bias in the atmospheric forcing. Despite this bias, the distribution of
water properties throughout the time period considered has a similar cluster-
ing in T-S space in the simulation and observations (Figure 2). This suggests
that the simulation captures well the different watermasses and the variations
in the Barents Sea.

We compare estimates of volume and heat transport from moorings across the
Barents Sea Opening to the simulation in Figures 3a and 3b. These transport
estimates use the AW definition given in Table 1. Figure 3a shows systemati-
cally more transport for the observations (green line; average 2.0 Sv) than the
simulation (black line; average 1.30 Sv). When using a different definition
for AW (T > 3°C), Ingvaldsen et al. (2004a) estimated a mean transport of

1.5 Sv from observations, while Skagseth (2008) estimated a transport of 2.0 Sv when considering the whole
water column instead of just the part of the section where AW is present. Overall, observations suggest net
volume transport through the Barents Sea Opening is 2.3 Sv, with 2.0 Sv of AW inflow, 1.2 Sv of Norwegian
Coastal Current transport and roughly 0.9 Sv export of AW recirculation (Skagseth, 2008; Skagseth et al., 2011;
Smedsrud et al., 2013). Any potential systematic biases due to applying the constraints of the width of the obser-

vation section on the model were eliminated by choosing to evaluate total transport through a wider Barents Sea

Opening section (Figure 1). This can be justified because the short AW section in the model may not fully capture

the location of AW inflow in the simulation. The wider section (blue line; average 2.3 Sv) is in better agreement
with the observed mean 2.3 Sv of net transport through the Barents Sea Opening. The difference in interannual
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variability between the simulated and observed transport could also be partly due to the processing and extrapo-
lation of mooring observations that have both spatial and temporal gaps (Ingvaldsen et al., 2004a). The amplitude
of interannual variability (12-month running mean) in the model and observations are 0.27 and 0.4 Sv respec-
tively. The amplitude of the seasonal climatology in the model and observations are 0.60 and 0.28 Sv respectively.
The observed time series exhibits more high frequency variations than the simulated one (Figure 3a), which
could be the signature of mesoscale eddies passing through the section that the model cannot resolve. Overall, the
model has been shown to simulate the important features and thus can be used to investigate the processes giving
rise to variability in watermass properties.

3. Quantifying Variability in BSW Properties

To investigate the drivers of the seasonal to interannual variability in AW and BSW volume in the central Barents
Sea, we evaluate the volume, heat and freshwater budgets within the central Barents Sea. The positions of the
boundaries of the selected box in the Barents Sea roughly encompasses the region where AW and BSW are
expected to be in contact with the atmosphere or sea ice during winter (Figure 1). The boundaries of this box are
simplified into four parts (North, East, South, and West) as shown by the different colors on the map. The main
contribution to the total inflow to the box is through the West boundary (i.e., AW inflow), while BSW represents
the bulk part of the outflow, and the larger outflow from the box is through the East boundary toward the Kara Sea
and the St. Anna Trough. The transports through the South and North boundaries are very small in comparison to
the West and East boundaries. The South boundary largely corresponds to the Coastal Front and land boundary,
while the North boundary is roughly aligned with the Polar Front across which the advection is negligible.

3.1. Watermass Volume and Properties

We start by examining the variability in volume and properties of the different watermasses found within the
Barents Sea.

We calculated the volumes of the watermasses by integrating the volume of grid cells matching the respective
properties of the different watermasses (Table 1) within our box. This is also given as a percentage of the total
volume of the budget box for each watermass. BSW makes up the largest watermass by volume, followed by AW
and finally ArW (Figure 5a). The amplitude of the simulated seasonal cycle in BSW volume is 0.16 x 10'* m?,
while the seasonal amplitude in AW volume is 0.11 X 10'* m3. The seasonal cycles of AW and BSW are in
opposite phase that is, when BSW volume increases in winter, AW volume decreases (Figure 5a). This reflects
the winter transformation of AW into BSW at the seasonal time-scale and subsequent summer replenishment of
the pool of AW.

When we averaged over our 30-year long simulation, the mean BSW volume occupies 48% of the budget
box (0.76 x 10'* m3) and the amplitude of interannual variability is 0.13 X 10'* m3. The time series of BSW
volume exhibits two large minima, one where BSW occupies <30% of the budget box at the seasonal time scale
(0.5 x 10 m?3) in 1990 and one where is fills only <25% of box (0.4 X 10'* m3) in 2004. In 1990, the minimum
in BSW volume is preceded by a peak in ArW volume where it fills 8% of the budget box (0.1 x 10'* m?) and the
2004 minimum in BSW is preceded by an ArW volume peak filling 15% of the budget box (0.3 X 10'* m?). In
both cases, 2 years after the ArW volume peak, AW volume increases from filling around 20% of the budget box
(0.3 x 10 m?) to 35% of the budget box (0.6 x 10'* m?), compensating the minimum in BSW volume. Compared
to the amplitude of the interannual variations, these anomalies are noteworthy and will be addressed in greater
detail in Section 4. Notice that part of the interannual variations in BSW volume results from a seasonal imbal-
ance between formation and export, as a portion of the BSW volume is exported from the formation region every
year but a reservoir remains (Figure 5). The reservoir enables watermass properties to persist from 1 year to the
next, representing the “memory” of this system. This is important because these persistent properties ultimately
influence the properties of the BSW exported to the Arctic, and thus the properties of the Arctic Intermediate
Water. The minima events in BSW volume are of particular interest because they mark occasions where larger
differences in historic BSW properties can manifest.

Interannual variability in watermass volumes are associated with changes in temperatures and salinity, as shown
in Figure 6. This figure shows the temporal and depth distribution of temperature, salinity and density anomalies
in the color shading with the volume of each watermass, AW, ArW, and BSW superimposed as dashed lines on
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Figure 5. Properties within the budget box shown in Figure 1. In each panel the different watermasses are represented by the
color in the legend with solid lines showing model values and dashed lines showing observation from the EN4 data set. Thin
line show monthly data and thick lines show 12-month running means. The other category in (a) shows the volume of other
watermasses not included in our analysis. (a) The watermass volumes (percentage of the budget box filled on right axis), (b)
temperature (where Atlantic Water is on left axis, Barents Sea Water is on right axis), (c) salinity (where model is on left axis,
EN4 is on right axis), (d) density (where model is on left axis, EN4 is on right axis) and (e) the model mixed layer depth in
black. The gray bars highlight periods of interest July 1987 to December 1991 and July 2002 to December 2005 events.

top of each panel respectively. Within the water column, temperature anomalies are associated with AW volume
anomalies, the freshest salinity anomalies are associated with ArW volume anomalies, and density anomalies are
associated with BSW volume anomalies, as would be expected from the T-S diagram in Figure 2. AW temperature
is correlated with AW volume (r-value = 0.78, lag = 20 months, where AW temperature leads). Minima in BSW
volume anomalies follow minima in salinity anomalies and roughly coincide with warm temperature anomalies.
BSW salinity is correlated with AW salinity (r-value = 0.66, lag = 13 months, where AW leads), and BSW
salinity is correlated with net sea ice melt (r-value = —0.7, lag = 13 months, where melt leads). As a result, AW
temperature is correlated with BSW salinity (r-value = 0.54, lag = 31 months, where AW leads). This correla-
tion is in agreement with model results reported by Arthun et al. (2011) and Oziel et al. (2016). The salinity and
density anomalies appear first at the surface and propagate downwards through the water column in 1-2 years,
as revealed by the Hovmoller plots shown on Figure 6. In contrast, with the exception of 2004, the tempera-
ture anomalies do not show a similar downward propagation through the water column and tend to be present
throughout the water column at once. This indicates that subsurface temperature anomalies are largely advected
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Figure 6. Hovmoller plot showing interannual variability anomalies for (a) temperature, (b) salinity and (c) density averaged
with the box shown in Figure 1. The anomalies are calculated by subtracting the time-averaged T, S or density profile (shown
in the panels left of (a—c)) from the respective 12-month running mean profile to focus on interannual variability. The contour
lines show the percentage of the water column within the box occupied by (a) Atlantic Water, (b) Arctic Water, and (c)
Barents Sea Water, again with a 12-month running mean. Contour lines at 10% intervals from 10% (dotted line) to 60% (solid
line) with lines becoming more solid with increasing percentage of the box that is filled by the respective watermass. Note the
depths below 300 m are only present in the western Barents Sea. Solid black vertical lines highlight periods of interest July
1987 to December 1991 and July 2002 to December 2005 events.
into the box rather than surface forced. Surface temperature minima (likely forced by the atmosphere) are visi-
ble in 1989, 1997, and 2003 but these anomalies remain confined to the surface layer. The surface temperature
minimum in 2003 (when ArW is present) is —0.75°C compared to the mean temperature profile, which shows a
surface-to-bottom temperature difference of 0.6°C (left panel in Figure 6a). This cold water at the surface means
the water column does not have a strong vertical temperature gradient and the salinity gradient is strong.
The difference between the simulated and observed AW salinity is —0.1 PSU making it fresher on average, but
this varies between —0.02 and —0.15 PSU (Figure 5c). This suggests that the model overestimates a source
of freshwater in the inflowing AW during this period. The narrow Norwegian coastal current (which carries
waters fresher than AW) is poorly captured by the model and may be mixing more with AW than in observa-
tions. Coastal currents are a common deficiency in numerical models even at high resolution (e.g., Wekerle
et al., 2017). The fresher model may artificially shallow the mixed layer depth in the model, particularly during
periods with the largest difference, given that the model shows mean AW salinity is correlated with mixed layer
BARTON ET AL. 10 of 20
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Figure 7. Heat budget within the budget box. All time series have been smoothed with a 12-month running mean. Positive
values indicate flux into the box. (a) Ocean heat transport at the West, North, East, and South boundaries for the box shown
in Figure 1. In each panel the color of the line corresponds to the color of the boundary on the map. (b) The black line is the
total sum of ocean heat transport in (a). The pink line is the sum of ocean heat transport from only the North, East and South
boundaries that shows heat is exported through these boundaries later in the time series. The brown line is the net surface heat
flux integrated over the surface area of the box in Figure 5 (a negative value represents a heat flux upward from the ocean to
the atmosphere). The gray bars highlight periods of interest July 1987 to December 1991 and July 2002 to December 2005
events.

depth (r-value = 0.4, lag = 2 months, where AW leads). There are fewer salinity measurements in the EN4 data
than temperature measurements, suggesting the smaller variability in observed salinity may be the result of
spatial and temporal interpolation smoothing the intensity of peaks between the sparse observation profiles. The
observations also tend to be biased toward the more saline southwestern Barents Sea. Figure 5 shows that the
change in salinity when AW forms BSW is 0.07 PSU for both the model and the observations, suggesting that
the simulation adequately captures the processes at play for the formation of BSW. Similarly, the density change
from AW to BSW is 0.30 and 0.28 kg m~3 for the model and observations, respectively, reinforcing the idea that
BSW salinity variability is primarily set by AW salinity variability, providing justification for the choice to adjust
the watermass definitions for the model (Table 1).

From 2004 up to the end of the model run, AW volume and temperature inside the box increases, as does BSW
temperature (Figure 5b). The increase in AW volume is in agreement with the results of Oziel et al. (2016), who
also reported that the southern thermal front (between AW and BSW) moved eastwards during 1998-2000.
Similarly, over that period, we see an increase in AW volume that could be attributed to this front movement
(Figure 5a). After 2004, there is stronger surface heat flux than before 2005, and sea ice extent and net melt tends
to decrease and be less variable (Figures 3, 7b, and 8b).

3.2. Heat, Freshwater and Watermass Transport Budget

When we computed the volume transport across the different sections closing our box, we found an average trans-
port of 2.1 Sv into the box, that comes almost entirely through the Barents Sea Opening at the West boundary,
while 1.53 Sv exits through the East boundary (Figure 1). As expected, this budget is closed by smaller mean
transports out of the box through the North and South boundaries of 0.26 and 0.34 Sv respectively. The West and
East boundaries lie across the path of AW and BSW as these watermasses transit through the Barents Sea. Next
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Figure 8. Freshwater budget within the budget box. All time series have been smoothed with a 12-month running mean.
Positive values indicate flux into the box. (a) Ocean freshwater transports across the West, North, East, and South boundaries
of the box shown in Figure 1. In each panel the color of the line corresponds to the color of the boundary on the map. (b) The
black line is the total sum of ocean freshwater transports in (a). The pink line is the net sea ice freshwater flux (melt—freeze)
integrated over the surface area of the budget box (not white line) in Figure 1 (positive values show freshwater flux into
ocean). The brown line is the net evaporation—precipitation (E-P) where positive values indicate net freshwater flux into the
ocean. The gray bars highlight periods of interest July 1987 to December 1991 and July 2002 to December 2005 events.

we evaluate the different terms of the heat and freshwater budgets (Equations 1 and 2) in order to better under-
stand the drivers of the watermass variability.

Average heat transport entering our box through the West boundary is 47 TW, within the range of observed heat
transport of 49 TW +7 TW (Skagseth, 2008) and previous model estimates (71 TW in Smedsrud et al. (2010) and
28 TW in Arthun and Schrum (2010)). This heat inflow is augmented by an apparent heat input (technically from
an outflow of waters with negative temperatures) of 6.9 TW at the East boundary (in agreements with estimates
from Schauer et al. (2002), Gammelsrgd et al. (2009) based on observations) and export of 4.1 and 4.3 TW at
North and South boundaries (Figure 7a). The bulk of the heat (Q,,,) entering through the West boundary is lost
to the atmosphere within the box, with an average integrated surface heat flux (Qurp) of 45 TW (Figure 7b). This
is again consistent with the model analysis of Arthun and Schrum (2010) who estimated an integrated surface
heat flux of 40 TW.

The heat transport through the West boundary exhibits variability on both seasonal and interannual time-scales
(with respective amplitude of 16.6 and 6.8 TW; Figure 7). Unsurprisingly, the variability in integrated surface
heat flux is dominated by a seasonal cycle with amplitude reaching 86 TW, driven by seasonal solar heating. The
amplitude of both interannual and seasonal variations at the other boundaries are all less than 5 TW (Figure 7a).
From 2003 onward, the heat transport through the West boundary falls out of balance with the heat export through
the surface (pink line, Figure 7b). This results in an increasing amount of heat being exported through the South,
East and North boundaries. This amounts to a divergence of 5-10 TW by 2012. This imbalance will also contrib-
ute to changing watermass temperatures (heat storage) in the budget box. This agrees with other results that more
oceanic heat is leaving the Barents Sea to the north and the cooling through air-sea fluxes here no longer keeps
pace with the warming AW (Skagseth et al., 2020).

The mean freshwater transports at the West and North boundaries are 6.8 and 3.7 mSv respectively (Figure 8a).
Smedsrud et al. (2010) estimated the freshwater transport of the Norwegian Coastal Current as 20 mSv, which
is greater than our freshwater transport through the full West boundary. However, our box does not fully account
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for the Norwegian Coast Current, in contrast to the region considered by Smedsrud et al. (2010) (Figure 1). The
East and South boundaries have mean freshwater export of 15.9 and 2.9 mSv respectively (Figure 8a). The sum

of the freshwater transport (F,

) across the four sections is —8.0 mSv on average, and can reach beyond —15 mSv

for example, in 1990 and in 2004. This imbalance is compensated by the freshwater fluxes at the surface (¥, )
(including net sea ice melt) and change in mean salinity within the box (freshwater storage): there are no river
sources because the box does not boarder land.

On average, precipitation and evaporation roughly offset each other, with a small mean residual of 0.14 mSv
(0.02 mm day~!) of freshwater input into the ocean. This mean atmospheric freshwater flux is not enough to
balance the net freshwater transport budget (Figure 8b), and the contribution coming from sea ice processes
(resulting from melting and freezing) must be considered to close the budget. We calculated sea ice freshwater
flux over the area of the budget box (Figure 1). The sea ice freshwater flux has a mean value of 8 mSv, balancing
the oceanic net freshwater transport out of the box (Figure 8b). This term is almost always positive (Figure 8b). In
addition, Figure 9¢ shows the sea ice volume transport across the boundaries of the budget box showing that there
is net sea ice import to the domain across the North boundary (in agreement with Lind et al. (2018)). The strong
net sea ice import and net melting versus freezing within the budget box show the sea ice is a source of freshwater.
The sea ice freshwater flux into the budget box is dependent on sea ice import. Sea ice extent is correlated with
AW temperature (r-value = —0.61, lag = 23 months, where AW leads) and net sea ice melt is correlated with
AW temperature (r-value = —0.57, lag = 19 months, where AW leads). After 2005, sea ice extent and import is
reduced (Figure 9e), consistent with the regime shift discussed by Barton et al. (2018). Net sea ice melt flux has
a mean of 10 mSv for 1985-2005 and 4 mSv for 2005-2015.

In addition to the full heat and freshwater budgets performed for the full box, we also estimated the closed water-
mass volume budget (see Equation 3) in order to gain some understanding of the changes in the volume occupied
by the different watermasses. Figure 9 shows the advection (AW ) of AW has a large import of 2.03 and 0.17 Sv
is exported, leaving mean net import of 1.86 Sv. Advection of BSW has net mean export of 1.66 Sv; 1.12 Sv of
this occurs through the East boundary and the rest is exported through North and South boundaries. Advection of
ArW has 0.23 Sv of import through the North boundary, however, 0.41 Sv of ArW is exported through the East
boundary and an additional 0.09 Sv is exported at the South boundary. The black line on Figure 9c shows the
mean net ArW export is 0.26 Sv. The total volume transport of other watermasses that do not fit the three main
watermass categories is shown in Figure 9d to roughly close the budget. The other watermasses are largely made
up of Coastal Water and the seasonal surface mixed layer water which tend to be warm and fresh. The mean net
transport of other watermasses is —0.03 Sv. Sea ice volume contributes a net mean 0.01 Sv import and evapora-

tion minus precipitation is 0.14 mSv making surface volume flux (¥_ ) mostly negligible to the volume changes.

Surj
We solved Equation 3 for the watermass transformation M and neglected the surface volume fluxes (Figure 10).
The watermass transformation in Figure 10 confirms our earlier statements that AW transforms into BSW and a

small portion of ArW.

ArW export becomes balanced by ArW import between 2006 and 2015 (Figure 9e). During this time sea ice
import and net melt also reduces. This shows that the net sea ice melt is a main freshwater source for ArW forma-
tion in the budget box and formation of ArW largely stops after 2006 (Figure 10). BSW export and formation is
greater in 2006-2015 than 1985-2006 while ArW export is smaller in 20062015 than 1985-2006 (Figure 9).
This suggests that during the earlier period, AW (or BSW) mixes with freshwater in the surface layer released by
the net sea ice melt to form ArW. The ArW produced in this way would have contributed to the net ArW export
in 1985-2006 and the loss of net sea ice melt stops this source of ArW formation after 2006. This may have
contributed to the warming and increasing salinity of the ArW in the northern Barents Sea discussed by Lind
et al. (2018).

To summarize, the timing of the seasonal cycle in BSW volume has the opposite phase to the AW volume
(Figure 5a), resulting from seasonal transformation of AW into BSW. This seasonality in volume in combination
with the net BSW export (Figure 9b) shows that some BSW is removed from the box but the remaining volume
gives it a “memory” of the previous year's properties. In two instances, in 1990 and 2004, the volume reaches
minima, and the “memory” is thus reduced. Between 1985 and 2003 the ocean heat transport is roughly balancing
the surface heat flux (Figure 7b). However, after 2003 the West boundary heat transport is no longer balanced by
atmospheric heat flux (Figure 7b), reflecting a warming of the watermasses found within the Barents Sea. From
the watermass budget, we know AW is mostly imported and that it is largely transformed into BSW, the main
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Figure 9. Watermass transport budget within the budget box. All time series have been smoothed with a 12-month running
mean. Positive values indicate flux into the box. Transports are across the West, North, East and South boundaries of the box
shown in Figure 1 with the color of the line corresponding to the color of the boundary on the map. The black line is the total
sum of the respective watermass transports into the budget box. (a) Atlantic Water (AW) transport, (b) Barents Sea Water
(BSW) transport, (c) Arctic Water (ArW) transport, (d) other watermasses not included in AW, BSW or ArW definitions (see
Table 1) and is mostly composed of coastal water and surface mixed water, (e) sea ice and snow transport into the budget box.
The gray bars highlight periods of interest July 1987 to December 1991 and July 2002 to December 2005 events.
export (Figure 10). Some AW is also transformed into ArW in combination with freshwater sourced from the net
sea ice import.
4. BSW Minimum Events
Throughout the simulation, we can identify several extrema of BSW properties. These events are most pronounced
in the volume and salinity minima of BSW that occur in July 1987 to December 1991 and July 2002 to December
2005 (Figure 5). While the 1987-1991 event is less pronounced, it gives context to the 2002—-2005 event. These
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Figure 10. Watermass transformation within the budget box calculated from watermass volume change and watermass
transport. All time series have been smoothed with a 12-month running mean. Positive values indicate flux into the box. The
gray bars highlight periods of interest July 1987 to December 1991 and July 2002 to December 2005 events.
two events are the focus of this section because they represent times when there is a smaller reservoir of BSW and
a reduced “memory” of BSW properties within the box. A smaller reservoir means less stability in BSW prop-
erties because the annual formation of new BSW that is mixed into the reservoir of older BSW will have greater
potential to dilute the reservoir and modify the properties of the watermass stored in the reservoir.
Focusing first on the period 1987-1991, the fractional volume of BSW filling the budget box reduces from 60%
to 40% (1.0 x 10" m? to 0.7 x 10'* m?) and is accompanied by a decrease in BSW density, mainly due to a
freshening (Figure 5). Before this event, in 1989, the sea ice extent is relatively large, reaching 1.1 X 10> m?. The
event is triggered by the low temperature of the AW in the late 1980s and the import of sea ice producing a source
Table 2
Table With a Description of the Evolution of Properties Over the 19871991 Event and 2002-2005 Event
1987-1991 Event Evolution 2002-2006 Event Figure
*Cool AW temperature Stage 1 *Cool AW temperature 5b
*Winter Sea ice expansion and import l *Winter sea ice expansion and 3c, 9e
extensive import
*Warming AW temperature Stage 2 *Warming AW temperature 5b
Large summer net sea ice melt | Very large summer net sea ice melt 8b
| Strong vertical salinity gradient Se and 6b, 6¢
Freshwater exported in ArW 1 Freshwater increases ArW volume and 5a, 9¢
export
Some freshwater reduces BSW salinity l Some freshwater reduces BSW salinity Sc
Surface heat flux increases due to AW | Surface heat flux decreases due to 7b, 6a
temperature insulation
BSW formation decreases BSW export | BSW formation and export decreases 9b, 10
maintained
BSW volume minima AW volume 1 BSW volume minimaAW volume S5a
increases increase
*Sea ice net import reduces Stage 3 *Sea ice net import reduces 9e
BSW salinity no longersuppressed by ! BSW salinity no longersuppressed by 8b, Sc
net sea ice melt net sea ice melt
BSW formation increases | BSW formation and export increases 5a, 9b, and 10
AW volume decrease BSW volume Stage 4 AW volume maintained BSW volume 9a-9c

restores ArW net export reduces

not fully restored ArW net export
stops

Note. Stages extend downwards until a new stage is reached showing key changes that occur during the event. The stages are consecutive over the event. * indicates
external forcing to the budget box. Bold text highlights the differences between events.
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of freshwater from melting (Stage 1 in Table 2). The sea ice extent decreases to 0.9 X 10'2> m? during the event
as AW warms (Figure 3). The balance of ice freezing/import is outweighed by local melt and this contributes
to freshening of BSW (Stage 2 in Table 2). The 1987-1991 freshwater anomaly is due to 15.0 mSv net sea ice
melt in 1987-1990, together with the small net freshwater input from net precipitation of 1.5 mSv in 1989, and
decreasing net ArW export during 1989-1990 (Figures 8b and 9c). The greater freshwater content adds buoy-
ancy to the upper ocean, resulting in a shoaling of the winter mixed layer from 200 m in 1986 to 160 m in 1989
(Figure 5). The input of freshwater and increase in ArW volume strengthens the water column density gradient
before the freshwater anomaly is mixed downwards and exported through the East and North boundaries as ArW
and relatively low salinity BSW (Figure 6).

Between 1989 and 1990, AW temperature also increases, followed by the larger surface heat lost to the atmos-
phere found in the period considered (Figures 5 and 7b, Stage 2 in Table 2). Volume and heat transports
through the West boundary also reach local maxima of 2.5 Sv and 60 TW respectively (Figure 7a). In this
case, the increase in heat transport leads the surface heat flux, suggesting that it is driving an increase in
surface heat flux. This interpretation is contrary to the more commonly accepted view that the atmosphere
forces the ocean (Blackport et al., 2019). Here, the Barents Sea ocean temperature anomalies do not begin at
the surface but appear throughout the water column simultaneously (Figure 6), in agreement with the findings
of Schlichtholz (2019). If the atmospheric heat divergence were driving the ocean heat convergence the mean
ocean temperature should decline. However, our results show the ocean temperature increases (Figure 5b) and
our heat flux budget in Figure 7b shows depth integrated ocean heat convergence is balanced by atmospheric
heat divergence.

The positive ocean temperature anomaly shown in Figure 6 contributes to increasing the AW volume that replaces
BSW, resulting in the BSW volume minima around 1990 (Figure 5a, Stage 2 in Table 2). Figure 9 shows increas-
ing AW import during the 1987-1991 event. This is paired with maintained BSW export, though this does not
compensate for the increase in AW volume inflow, showing overall a reduction in the transformation of AW
to BSW (Figure 10). There is also decreasing ArW export and increasing export of other watermasses. Since
transformation of AW to BSW slows and AW import remains, the volume occupied by AW increases. As the
event evolves through 1991-1992, salinity and density of BSW increase due to the reduced freshwater flux from
receding sea ice and reduced sea ice import (Stage 3 in Table 2). At this point inflowing AW salinity variability
becomes larger and the salinity of BSW increases (Figure 5c). As the properties return to values before 1987, the
formation, export and volume of BSW increases (Stage 4 in Table 2). The salinity increase also drives a decrease
in the upper ocean buoyancy (positive density anomaly in upper 50 m in 1991-1992) and a deepening of the
winter mixed layer down to 230 m in 1991 (Figures 5 and 6). The salinity increase in AW and BSW following
1991 can also be seen in observations. Although the 1992 peak in AW salinity is not present in the observations,
BSW salinity closely follows AW salinity to a smaller peak, once the sea ice freshwater flux is reduced. As
mentioned in Section 3, a variable salinity bias exists between the model and observations. Though the intensity
of the salinity anomaly is smaller in observations, it still occurs and does not affect our conclusions.

We now focus on the 2002-2005 BSW volume minimum event, during which BSW density and salinity also
exhibit marked minima (Figure 5). The evolution of properties during this event is summarized in Table 2 for
comparison with the 1987-1991 event. In the 2002-2005 event the BSW volume occupying the budget box
reduces from 50% to 30% (0.75 x 10 m3 to 0.45 X 10'* m?). It occurs at the same time as a marked increase in
ArW volume, filling 15% of the budget box (3.5 x 103 m?) (Figure 5a). The density and volume minima are also
the result of fresher and warmer BSW. The trigger for the 20022005 event is the sea ice import anomaly, which
also coincides with the cool AW temperature anomaly in 2001 (Stage 1 in Table 2). Similar to the 1987-1991
event, sea ice extent is higher than average in winter 2003 (Figure 3) but, unlike the 1987-1991 event, this is
followed by an exceptionally large peak in sea ice import in winter 2002—-2003 (Figure 9¢) and subsequent net sea
ice melt of 28 mSv in summer 2003 (Figure 8b, Stage 2 in Table 2). The ArW import is relatively low so that the
ArW volume peak is locally produced by mixing of AW (or BSW) with freshwater resulting from the net sea ice
melt. This anomalous freshwater input also causes the BSW salinity minimum in 2004 (Figure 6b). BSW export
is reduced to 0.8 Sv in 2004 from 1.6 Sv in 2002 showing BSW formation is again slowed but more substantially
than the 1987-1991 event, with formation reaching <0.5 Sv in 2003 (Figure 10). ArW export increases to 0.8 Sv
in 2005 from 0.3 Sv in 2002 while ArW formation is greater. Transport of other watermasses also switches from
import to export during this event due to a minor increase in formation.
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Unlike the 1987-1991 event, the volume and heat transports though the West boundary remain relatively small in
2004 (1.9 Sv and 40 TW; Figure 7a). The surface heat flux also remains smaller than during the 1987-1991 event,
only reaching 24 TW, which at the interannual time scale does not balance the 40 TW net heat transport anomaly
(Figure 7, Stage 2 in Table 2). The combined effects of this imbalance in heat fluxes (which tends to isolate warm
water below the surface at 150 m in 2005; Figure 6) results in a warm BSW temperature anomaly into 2004 and
beyond. In contrast to 1987-1991, the decrease in surface heat flux is the result of the temporary fresher surface
layer formed within the box, limiting the average winter mixed layer depth to 150 m in 2004 (Figures 5 and 6). The
main difference between 1987-1991 and 2002-2005 for surface heat flux is that, the vertical ocean temperature
gradient is weak and the vertical salinity gradient is strong during 2002-2005 and the mixed layer depth increases,
so AW heat loss to the atmosphere is more limited (Figures 5e and 6). This reduces the transformation rate of AW
into BSW in 2002-2005, and the resulting BSW is cooler than in previous years (Figure 10). The decrease in winter
mixed layer depth in 1988 appears to have the same effect, decreasing surface heat flux, albeit to a lesser extent. In
2005, the sea ice import and net melt has reduced (Stage 3 in Table 2). The transformation of AW to BSW does not
increase sufficiently in 2005-2015 and only restores BSW volume to 44% of the budget box (Stage 4 in Table 2).
Net formation of ArW within the budget box is eliminated after 2006 following the loss of sea ice import. In agree-
ment with this, after 2005, positive density anomalies appear near the surface that tend to weaken the water column
stability and deepen the mixed layer depth (Figure 6). The 2004 BSW minimum event is of interest because of the
shift in Barents Sea properties that follows. Next we summarize and discuss these changes.

5. Discussion

Based on our understanding of the two events in 1987-1991 and 2002-2005, we now discuss the mechanism that
would cause a regime change, like 2002-2005, to occur following a hypothetical trigger in the future. Climate
projections from an ensemble of models show there is a 40% possibility that lost winter sea ice in the south-eastern
Barents Sea could begin to re-expand by 2040, reversing the trend from the decline that occurred between 2000
and 2015, but additional decline is likely (Arthun et al., 2019). By understanding the ocean variability surround-
ing 2005, we can identify the conditions that would produce another step change following a hypothetical trigger.
The sequence of events leading up to the shift in regime in 2002-2005 was as follows:

1. Along-term trend in increasing AW temperature warms the western Barents Sea from 2000 onward (Levitus
et al., 2009; Lind et al., 2018).

2. In 2002-2003 there is anomalously large winter sea ice extent and import leading to an unusually large net
sea ice melt in summer 2003.

3. The freshwater released by net sea ice melt decreases upper salinity and density, while mixed layer depth
increases and thus decreases the formation of new BSW, reducing the volume and export of BSW in 2004.

4. Once this fresher, more buoyant BSW and ArW water is advected out of the eastern Barents Sea, a greater
volume of warmer AW occupies the Barents Sea after 2005.

5. The long term trend of warming AW (Levitus et al., 2009; Lind et al., 2018), maintains the loss in sea ice
extent after the large net melt in 2003.

This sequence of events shows that, with the reduced net sea ice melt after 2005 (purple line, Figure 8b) and the
reduced strength and variability in density anomalies (Figure 6¢), AW temperature is able to have a greater influence
on the surface heat flux and oceanic heat exported from the region. Our analysis shows rising AW temperature is the
key factor in preventing a return to the regime before 2002. If a cold anomaly in AW temperature were to be advected
into the Barents Sea, this would tend to result in a reverse regime shift toward conditions that are seen before 2002.
This could not be initiated by sea ice import since this would produce a complementary freshwater event.

The analysis suggests a second complementary regime change could occur in the future, on the condition that
AW temperature continues to increase the overall temperature of the Barents Sea. The increasing heat transport
through the Barents Sea Exit (BSX in Figure 1) suggests the temperature trend is already propagating further
north, and larger regions of winter sea ice loss could occur, as supported by the results of Lind et al. (2018),
Arthun et al. (2019), and Lique et al. (2018). As the event in 2002-2005 has a positive freshwater anomaly from
net sea ice melt, our analysis shows that a freshwater anomaly would also be needed to reduce the formation and
volume of BSW in the area, before a further step change could occur. It has been noted that a large fresh anomaly
observed in the Atlantic Ocean, is heading for the Barents Sea and could contribute to a future disruption of BSW
formation (Holliday et al., 2020; Skagseth et al., 2020).
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6. Conclusion

The Barents Sea has seen significant changes in sea ice and watermass properties around the mid-2000s (/&rthun
et al., 2012; Barton et al., 2018; Herbaut et al., 2015; Lind et al., 2018). Using a high-resolution ocean-sea ice
model of the Arctic Basin, we have investigated the interannual variability in a box encompassing the southern
Barents Sea largely occupied by AW and BSW. The simulation is validated with satellite SST fronts, sea ice,
AW transport and hydrographic profiles. The heat budget shows heat transport through the Barents Sea Opening
is almost entirely balanced by surface heat loss. The freshwater budget reveals that freshwater export through
the Barents Sea Exit is a product of freshwater import from the Barents Sea Opening and sea ice processes.
Variability in these processes alter the volume of BSW formed each year, affecting the stability and “memory”
of the previous years properties. BSW volume variability exhibited two anomalously low events in 1987-1991
and 2002-2005. Comparison of the two anomalies reveals a similar sequence of events leading to the anomalies
where there is period of larger winter sea ice extent and subsequently larger summer net sea ice melt. This fresh-
water release combined with relatively fresh AW caused the BSW volume minima that was subsequently filled by
expanding AW volume. The fresh meltwater release in the 2002—-2005 event is more extreme than the 1987-1991
event as a result of sea ice import, this reduces the formation and volume of BSW in the box. Net ArW formation
within the box also stop after 2006. The BSW formation stabilizes at a new equilibrium where there is a greater
volume of warmer AW present, completing the regime change.

If recent trends continue, it has also been suggested that the Atlantification of the Barents Sea could extend
beyond the Barents Sea into the Eurasian Basin, deepening convection there (Lique et al., 2018). Through long
term variability, sea ice has a chance of returning to pre-2002 conditions in the 2040s (Arthun et al., 2019). Our
results suggest a reversal in the sea ice regime change would be unlikely given the reduced volume “memory” of
those conditions in BSW. This is important for sea ice prediction attempts such as Onarheim et al. (2015) because
the sea ice extent in the northern Barents Sea is correlated with AW and ArW temperature even after the regime
change (Lind et al., 2018). Understanding the Barents Sea temperature and heat flux variability under the present
regime is also important for the coincident extreme weather events in Europe and Asia (Blackport et al., 2019;
Hoshi et al., 2019; Luo et al., 2016; Petoukhov & Semenov, 2010).

Data Availability Statement

Version 1.1 of the CREG12. L75-REF08 Canadian Regional model based on NEMO used for producing the model
output is preserved at https://doi.org/10.5281/zenodo.5789520, available via Open access without registration.
This documentation includes links to boundary forcing, atmospheric forcing and initialization files. Version 3.0.2
of the CDFTOOLS software used for CREG12 transport calculations is preserved at https://github.com/meom-
group/CDFTOOLS, available via under the CeCILL license (http://www.cecill.info/licences/Licence_CeCILL_
V2-en.html) and developed openly at GitHub. The OSTIA satellite SST and sea ice data used for comparison with
model output in the study are available at Copernicus Marine Services via https://doi.org/10.48670/moi-00168
with Open access and registration. The AW transport observation data used for validation of the model output in
the study are available at the Norwegian Marine Data Centre via http://metadata.nmdc.no/metadata-api/landing-
page/ce3d486edd053c2eff2508f3ef392bb4 with Creative Commons Attribution 4.0 International License with-
out registration. The EN.4.2.2 data used for observational watermass property analysis in the study are available
at Met Office Hadley Centre observations data sets via https://www.metoffice.gov.uk/hadobs/en4/ with Crown
Copyright, Met Office provided under a Non-Commercial Government License (http://www.nationalarchives.
gov.uk/doc/non-commercial-government-licence/version/2/).
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