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Key Points:

• A cold mode of Atlantic Water (CAW) with temperature below 0 ℃ that
greatly reduced the heat content of the eastern Arctic, is identified

• The source of the CAW is primarily from the Barents Sea Branch Water,
with secondary contributions from the Fram Strait Branch Water

• Sea surface cooling during 2013-2014 within the Barents Sea provided
critical preconditioning for the transformation into CAW

Abstract

The thermohaline intrusion of the warm and saline Atlantic Water (AW) into the
Arctic Ocean, referred to as “Arctic Atlantification”, has significant implications
and feedback to the dynamics and thermodynamics of the Arctic Ocean. The
AW enters the Arctic Ocean through two gateways: Fram Strait and the Barents
Sea Opening (BSO). The relative strength of these two AW branches dominates
the oceanic heat contribution to the Arctic Ocean. In conjunction with the
measurements in key hydrographic sections, numerical ocean modelling provides
us with a useful tool to characterize and corroborate the temporal and spatial
variability of the AW branches. Simulations are conducted using the regional
configuration Arctic and North Hemispheric Atlantic (ANHA) of the ocean/sea-
ice model NEMO running at 1/4° and 1/12° resolution. Online passive tracers
from the model configuration are used to trace the pathways of the AW inflow
in the Arctic Ocean. With the AW becoming more important to the dynamics
of the Arctic Ocean, this study aims to examine its variability, transformation,
impacts, and ultimately track how it evolves. While the heat in the Fram Strait
Branch Water (FSBW) dissipates in a slower process through the mixing with
the ambient cold water below sea surface, the vast majority of the heat loss of
the Barents Sea Branch Water (BSBW) takes place in Barents Sea due to the
sea surface cooling, leading to Cold Atlantic Water (CAW) production during
2013 and 2014. The CAW pulses result in a significant heat content reduction
in the eastern Arctic.

Plain Language Summary

Atlantic Water (AW) is a warm and salty water mass that distinguishes itself
from the cold and fresh Arctic Water. The AW flows into the Arctic Ocean
in two branches, Fram Strait Branch Water (FSBW) and Barents Sea Branch
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Water (BSBW). Numerical modelling is an effective tool to simulate the AW
based on its thermohaline properties. We first evaluate the interannual and sea-
sonal variability of the AW thermohaline structure at these two gateways, then
quantify the AW volume and heat transport on the interannual and seasonal
timescales. We also compare long-term transport means with the available ob-
servations. We discover two strong Cold Atlantic Water (CAW) anomaly events
along the rim of the eastern Eurasian Basin in 2013 and 2014, overturning our
understanding that the AW is always warm and saline. The dominant contribu-
tor to the CAW formation is the intense sea surface cooling in the Barents Sea
for two consecutive years. Releasing artificial particles at Fram Strait and the
BSO, we find that the source of the CAW is primarily from the BSBW. The
CAW signals progress along the typical AW poleward pathway and eventually
reduce the heat that is contained in the AW layer of the eastern Arctic Basin.

1 Introduction

The Arctic Ocean resembles an isolated Mediterranean Sea - two deep basins,
divided by the Lomonosov Ridge, sit at the centre: the Canadian and Eurasian
Basins with average depths of roughly 4000 m (Figure 1). Shallow continental
shelves are found on the periphery defining the Arctic marginal seas (Figure 1).
Other than receiving the freshwater from river runoff from the surrounding land-
masses and more precipitation than evaporation, it also receives Pacific-origin
inflow (Pacific Water, hereafter PW) via Bering Strait and Atlantic-origin in-
flow (Atlantic Water, hereafter AW) through Fram Strait and the Barents Sea
Opening (BSO). AW is a typically warm and saline water mass that originates
from the Northern Atlantic Ocean. Therefore, these two AW branches, carry-
ing the Fram Strait Branch Water (FSBW) and the Barents Sea Branch Water
(BSBW), transport a great amount of heat and salt into the cold and relatively
fresh Arctic Ocean. The AW forms an intermediate layer (~200-1000 m) in
the Arctic basins with a maximum temperature of up to about 1℃, fed by the
warm and salty FSBW and the relatively cool and less saline BSBW. The BSBW
mixes with and partially subducts below the warm core of the FSBW (Pérez-
Hernández et al., 2019; Li et al., 2020). For the upper layer, the surface mixed
layer is thin, with a normal thickness of 5-10 m throughout the Arctic Ocean
(Woodgate, 2013). Unlike the Canadian Basin that has a stronger stratification,
in the Eurasian Basin, there is no PW band but a thicker cold Atlantic halocline.
The halocline separates the AW layer from the surface mixed layer and limits the
vertical heat flux from the warmer AW layer to the surface mixed layer. Below
the AW layer is the cold and saline Arctic Bottom Water (Woodgate, 2013). The
water density of the Arctic Ocean is mainly determined by the salinity based
on the non-linear equation of state, so salinity changes have a more profound
impact on modifying the stratification than ocean temperature changes (Car-
mack, 2007). However, the thermodynamic impact is amplifying as the Arctic
has been warming under the effect of global warming and Arctic amplification.
According to model studies and observations, the oceanic heat transport to the
Arctic Ocean via AW through Fram Strait and the BSO has increased during
recent decades (Beszczynska-Möller, 2012; Muilwijk et al., 2018; Spielhagen et
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al., 2011; Wang et al., 2019, 2020). The Arctic Ocean has demonstrated a rapid
downward trend of minimum sea ice cover at the end of the summer for the
last several decades (Cavalieri & Parkinson, 2012; Comiso, 2012; Comiso et al.,
2017; Stroeve et al., 2007), and has shown an ongoing acceleration in the decline
of the Arctic sea ice cover (Cavalieri & Parkinson, 2012; Stroeve et al., 2007).
They also diagnose a thinning of the average Arctic multiyear ice cover (Comiso,
2012; Spreen et al., 2020). All these signs indicate a warming world and the
possibility of an ice-free Arctic Ocean (less than 106 km2) in summer as early
as 2030-2050 (Guarino et al., 2020).

Fram Strait is one of the Arctic gateways, between Greenland and Svalbard. It
is one of two important sections for evaluating the variability of the AW enter-
ing the Arctic Ocean (Beszczynska-Moller, 2012). The warm and salty AW that
flows into the Arctic Ocean is carried by the northward flowing West Spitsbergen
Current (WSC) through Fram Strait. Some portion of the AW recirculates back
to the south through several recirculation pathways south of 81∘𝑁 and mostly
subducts underneath the Arctic Water (ArW) advected by the southward flow-
ing East Greenland Current (EGC). This is primarily achieved by the spawning
of the abundant mesoscale eddies (with the Rossby radius of deformation of 3-6
km) near Fram Strait (Wekerle et al., 2020). The AW flowing into the Arctic
Basin through Fram Strait splits into three major pathways: the shallow Sval-
bard Branch along the Svalbard continental slope at 400-500 m depth (~0.8 Sv),
the Yermak Pass Branch that flows across the Yermak Plateau at 700-800 m
depth (~1.9 Sv), and a relatively minor component comprising the deep Yermak
Branch following the western slope of the Yermak Plateau along ~1000 m iso-
bath (~0.1 Sv) (Crews et al., 2019; Menze et al., 2019; Pérez-Hernández et al.,
2019). These three branches vary on the seasonal and interannual time scales.
Ultimately, they merge east of the Yermak Plateau and form the FSBW that
flows along the rim of the Eurasian Basin (Athanase et al., 2020). The AW is
cooled and freshened near Fram Strait through a suite of processes such as the
sea ice melt, winter convection, lateral eddy fluxes as well as exchanges with
shelf waters and trough outflows (Athanase et al., 2020; Rudels et al., 2015).
Kawasaki and Hasumi (2016) studied the AW inflow at the Fram Strait by
using an ice-ocean model and provided a quantitative analysis of the heat trans-
port. According to their findings, the heat flux is lost through: (I) transporting
westward (47%); (II) sea surface cooling (16%); (III) injection into the Arctic
Ocean interior (37%). They reported that the interannual variability of heat
transport toward the Arctic Ocean has strong links to the Sea Level Pressure
(SLP) variability modulated by the NAO index.

The Barents Sea is a marginal sea of the Arctic Ocean with a rather shallow
continental shelf (average depth ~250 m). The BSO is a hydrographic gateway
between Bear Island and the northern end of Norway at the western boundary of
the Barents Sea. It is another route, although a shallow one, for the AW entering
the Arctic Ocean. After passing through the Norwegian Sea, the AW splits from
the Norwegian Atlantic Current (NAC) and then enters the Barents Sea through
the BSO. The circulation of the AW in the Barents Sea is greatly confined by
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the regional bathymetry, especially the shallow area (Oziel et al., 2016). The
southern and central parts of the Barents Sea are permanently sea ice free, so
the AW is exposed to the air directly and experiences substantial sea surface
cooling. When the AW reaches the northern Barents Sea, which is normally ice
covered during winter, its heat is further lost through interacting with the sea ice
(Rudels et al., 2015; Smedsrud et al., 2010). The winter sea ice cover reduction in
the northern and eastern Barents Sea has become particularly pronounced since
1979 (Onarheim & Årthun, 2017), thus the coupling between the atmospheric
forcing and ice-free ocean has been enhanced at these regions. The Barents Sea
has become a key area for the water mass transformation induced by the surface
buoyancy fluxes. The heat transport through the BSO is closely related to the
amount of the volume transport and the inflow temperature. It is the most
crucial heat supply to the Barents Sea that helps maintain its largely ice-free
ocean status. Mechanisms interfering with the interannual variability of the heat
transport through the BSO are explained by Wang et al., (2019). They state
that half of the variability is caused by the local wind forcing which contributes
to the variation in volume transport by changing the Sea Surface Height (SSH)
gradient across the BSO. The other half is controlled by the wind and buoyancy
forcing from upstream as a result of the changes in both the volume transport
and temperature.

As the FSBW and BSBW meet and mix at the St. Anna Trough (SAT), the
merged AW boundary current (AWBC) continues to flow along the continental
margin of the Eurasian Basin cyclonically. When the boundary current reaches
the Lomonosov ridge, where the section we call S3 is located (Figure 1), it bifur-
cates into two branches. We define section S4 to document the flow progressing
along the ridge, while our section S6 keeps track of the portion continuing into
the Canadian Basin (Figure 1). The AWBC is strongly topographically steered,
following around bathymetric contours in the Arctic Basin. Timmermans &
Marshall, (2020) discussed the controlling mechanisms of the circulation from
two perspectives: one is from buoyancy-driven processes based on a double-layer
estuary framework, with the ArW in the upper layer and AW below. The
AW inflow is driven by the freshwater input, PW inflow flux, and the AW
entrainment and mixing between two layers; the other perspective is from
wind-driven flow along potential vorticity contours that is regulated by seafloor
topography. It is set by the anticyclonic wind-stress in the Beaufort Gyre region
and the cyclonic atmospheric forcing in the Nordic Seas. Mooring observations
indicate that the AWBC speed decreases gradually from ~20 cm/s near Fram
Strait to ~4 cm/s at the Lomonosov Ridge, with the baroclinic nature of the
flow in the vertical structure becoming dominated en route (Pnyushkov et al.,
2015). The encroachment of the warm and saline AW into the Arctic Ocean
refers to “Atlantification” and potentially changes the atmospheric and oceanic
circulations, vertical structure, and sea ice condition in the Arctic Ocean. The
geostrophic AW volume transport decreases by about one order of magnitude
during its progression along the continental slope of the Arctic Basin between
the inflow Arctic gateways and the Makarov Basin (Zhurbas & Kuzmina, 2020).
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This is accompanied by the weakening of the seasonal signal amplitude in the
current speed variability and AW temperature (Pnyushkov et al., 2015). The
AW layer will be extensively modified in the warm climate scenario when the
local sea ice cover has decreased or the properties of the transported FSBW
and BSBW have changed. Polyakov et al., (2017) proposed that sea ice has
retreated significantly to the eastern Eurasian Basin owing to the increased
AW at mid-depth, which favors surface heat loss to the atmosphere and renders
strong local winter ventilation. The surface heat loss is thus supported by
the enhanced upward heat transfer from the AW layer. The circumstance
of how the changes in FSBW and BSBW affect the AW layer will be later

discussed
in this paper.

Figure 1. The schematic of the large-scale circulation pattern of the Atlantic
Water inflow to the Arctic Ocean, with major geographic features labeled. The
blue, magenta, and black lines composed of arrows represent the FSBW, BSBW,
and AWBC respectively. The locations of the Arctic gateway straits (F1 and
B1) and sections along the poleward pathway (B2, S1, S2, S3, S4 and S6) are
indicated. Contour lines are -200 m, -500 m, -1000 m and then -2000 m. FS:
Fram Strait, BSO: Barents Sea Opening, CAA: Canadian Arctic Archipelago.

The paper is structured as follows: Section 2 describes the model simulations
and introduces the methods and approaches that we use in the analysis. Sec-
tion 3.1 gives a census of the water masses at Fram Strait and the BSO in the
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model with a focus on the thermohaline structure and strength of the FSBW
and BSBW. Section 3.2 assesses the temporal variability of the AW volume
and heat transport at Fram Strait and the BSO, and also compares the mean
state over 2011-2019 from the simulated results and the observations. Section
3.3 covers the AW’s poleward pathways from the FSBW and BSBW within the
Arctic Ocean. In Section 3.4, we introduce the CAW that is below the standard
temperature range and propose its sources. We then further analyze the trans-
formation rate exerted from surface heat and freshwater fluxes to investigate
the driving mechanisms of CAW formation in Section 3.5. Lastly, Section 4
concludes the study and discusses its limitations.

2 Numerical Methods

2.1 Numerical Model Description and Setup

In this study, a state-of-art modelling framework called Nucleus for European
Modelling of the Ocean (NEMO) version 3.4 is used. It includes a three-
dimensional, eddy-permitting and primitive-equation ocean general circulation
model Océan PArallélisé (OPA), and the sea ice model Louvain-la-neuve Ice
Model version 2 (LIM2) with a modified elastic-viscous-plastic ice rheology, and
has thermodynamic and dynamic processes (Fichefet & Maqueda, 1997; Hunke
& Dukowicz, 1997; Madec, 2016).

A regional configuration of the interactively coupled ocean-sea ice model cov-
ering the Arctic and the Northern Hemispheric Atlantic (ANHA) is applied to
carry out the numerical simulations. Two different resolutions of the configura-
tion are used. The model grid mesh has an eddy-permitting resolution of 1/4∘

(hereafter ANHA4, 544×800 grid points at each vertical level) and a of 1/12°
configuration (hereafter ANHA12, 1632×2400 grid) (Hu et al., 2019), extracted
from the corresponding global ORCA tripolar grids. In ANHA12, the finest
grid spacingis ~1.9 km in Dease Strait, close to the artificial pole over northern
Canada, while the coarsest grid spacing is ~9.3 km at the equator. The horizon-
tal resolution at Fram Strait and the BSO is close to 4 km, and around 13 km
in ANHA4. There are 50 geopotential vertical levels with the maximum ocean
depth at 5727.92 m. Higher vertical resolution is applied to the upper ocean (<2
m resolution for top 10 m) with layer thickness increasing non-linearly from 1.05
m at the surface to 453.14m at the last level. The bathymetry for the Arctic
Ocean region stems from the 1 arc-minute global relief model of Earth’s surface
(ETOPO1) built from NOAA dataset, and the bottom topography (seafloor) is
significantly improved by using partial steps (Bernard et al., 2006).

The integration of the ANHA12 simulation starts from January 2002 to the end
of December 2019 with 5-day average output. The timespan of 2011-2019 is
chosen for our analysis to avoid the model spin-up. The initial conditions, in-
cluding 3D ocean fields (temperature, salinity, zonal and meridional velocities)
as well as 2D sea surface height and sea ice fields (sea ice concentration and
thickness), are obtained from the GLobal Ocean ReanalYsis and Simulations
2 version 3 (GLORYS2v3) produced by Mercator Ocean (Masina et al., 2017).
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There are two open boundaries for the configuration, one is close to Bering Strait
in the Pacific Ocean and the other one aligns at 20°S across the South Atlantic
Ocean. Monthly open boundary conditions (temperature, salinity and horizon-
tal ocean velocities) are also derived from GLORYS2v3 dataset. The high tem-
poral (hourly) and spatial (33 km) resolution atmospheric forcing acting on the
sea surface, including 10-m surface wind, 2-m air temperature, specific humid-
ity, total precipitation as well as surface downwelling shortwave and longwave
radiative fluxes, are taken from the Canadian Meteorological Centre’s (CMC)
Global Deterministic Prediction System (GDPS) ReForcasts (CGRF) dataset
(Smith et al., 2014). The baroclinic model time step is 180s for ANHA12 and
1080s for ANHA4. No temperature and salinity are restored so that the output
represents the physical processes of the ocean model. The global monthly river
discharge data (1∘ × 1∘) from Dai et al. (2009) and the interannual monthly
Greenland meltwater data (5 𝑘𝑚 × 5 𝑘𝑚) provided by Bamber et al. (2012) are
remapped onto the model grid. The river runoff dataset is from Global River
Flow and Continental Discharge Dataset (Dai & Trenberth, 2002). Tides are
not taken into consideration in the numerical experiments except for Video 1 in
the supplementary material where we use the updated version of ANHA4 (Table
1). The updated ANHA4 is based on NEMO 3.6, a successor of NEMO 3.4. It
also uses the HYdrological Predictions for the Environment (HYPE) modeled
runoff dataset that covers both major rivers and local runoff (Stadnyk et al.,
2021).

Table 1. NEMO Experiments using the ANHA configuration.

Simulation ANHA12-
EXH006

ANHA4-EXH015 ANHA4-ECF002

Ocean Model NEMO 3.4 NEMO 3.4 NEMO 3.6
Integration -2019 -2016 -2019m06
Sea Ice Model LIM2 LIM2 LIM2
Initial Condition GLORYS2v3 GLORYS2v3 GLORYS2v3
Open Boundary
Condition

GLORYS2v3 GLORYS2v3 GLORYS2v3

Atmospheric
Forcing

CGRF CGRF CGRF

Runoff Dai and
Trenberth runoff
and Greenland
melt

Dai and
Trenberth runoff
and Greenland
melt

HYPE

Tides No No Yes
Output -day

NORMAL
-day
NORMAL

-day
NORMAL

2.2 Ariane and Online Passive Tracers
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Ariane is a practical offline particle-tracking software package using the La-
grangian method (Blanke, 2002), which is helpful to explore the large-scale
ocean circulation of a particular water mass at fairly low computational cost.
Unlike the application of the online passive tracers, it avoids running multiple
model simulations. We compute the 3D particle trajectories changing with time
using Ariane from a modelled ocean velocity field, so that we can track the
Atlantic inflow and analyze its paths. Each particle retains its infinitesimal
volume over the course of the integration. Although dynamic processes such
as diffusion and convective mixing cannot be represented from the Lagrangian
tracking, the Eulerian output fields from the ocean model have included these
effects and the temperature, salinity and density of each particle evolve based
on such fields (Kelly et al., 2018). Therefore, Ariane should produce a reliable
representation of the particle pathways. Here, the release of the virtual particles
is based on the fields provided by the ANHA12 output. The calculation of how
many particles to release in each grid cell is according to this formula.

𝑛 = 𝑁 × 𝑉
𝑉total

× 𝑣
𝑣mean

where 𝑛 is the number of the particles in an identified grid cell along the sections
(FS, BSO, and B2) and 𝑁 is the sum of all the particles at each identified grid
cell; 𝑉 is the volume of each identified grid cell (𝑚3) and 𝑉total is the total
volume of identified grid cells (𝑚3); 𝑣 is the velocity of each identified grid
cell (𝑚/𝑠) and 𝑣mean is the mean velocity of all the identified grid cells (𝑚/𝑠).
The grid cell is identified when it meets the thermohaline criteria of the AW or
the CAW defined for that section and has a positive velocity indicating flowing
toward to the Arctic Ocean.

Following the method from (Hu et al., 2019), online passive tracers are applied to
trace the AW inflow to the Arctic Ocean from Fram Strait and the BSO, starting
from January 1, 2002. Since online passive tracers are embedded in the ocean
model, the dynamical processes are well resolved, so that it can represent the
pathway of the water mass more accurately. The passive tracer concentration
is a non-dimensional quantity as a ratio of the volume of a water mass entering
a grid cell over the volume of the grid cell, so an increment Δ𝐶 is proportional
to the amount of the volume flux:

Δ𝐶 = 𝑒1𝑣 ⋅ 𝑒3𝑣 ⋅ 𝑣
𝑒1𝑡 ⋅ 𝑒2𝑡 ⋅ 𝑒3𝑡dt

then the vertically integrated tracer concentration could be described as:

𝐶𝑣 = ∫
0

𝑧
Δ𝐶(𝑥, 𝑦, 𝑧, 𝑡)dz
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where 𝑒1𝑣 is along-section grid length (𝑚), 𝑒3𝑣 is the corresponding grid cell
thickness (𝑚), 𝑣 is the velocity perpendicular to the section (𝑚/𝑠), dt is model
time step (𝑠), 𝑒1𝑡, 𝑒2𝑡 𝑎𝑛𝑑 𝑒3𝑡 are the grid length scales for T grid points (𝑚),
z is the largest depth that tracers could reach. Like the Ariane tracers above,
these passive tracers are released if they are in the AW temperature and salinity
ranges, and their velocity is towards the Arctic Ocean.

2.3 Transport and Content Calculations

The volume and heat transport and freshwater and heat content can be com-
puted from the 5-day mean output from the numerical model as follows:

The volume transport (𝑆𝑣, 1𝑆𝑣 = 106𝑚3/𝑠):

𝑇Vol = ∫
𝑆

0
𝑣𝑖𝑑𝑆 = ∬

0

−𝐷
𝑣𝑖dldz

The heat transport (𝑘𝑊 𝑜𝑟 𝑘𝐽/𝑠):

𝑇𝐻 = ∫
𝑆

0
𝑣𝑖𝜌𝑜𝐶𝑝 (𝜃𝑖 − 𝜃ref)𝑑𝑆 = ∬

0

−𝐷
𝑣𝑖𝜌𝑜𝐶𝑝 (𝜃𝑖 − 𝜃ref) dldz

where 𝑣𝑖 is the cross-strait seawater velocity at each model grid cell (𝑚/𝑠),
dS is the differential area of the section (𝑚2), dl is the differential length of
the section (𝑚), dz is the differential depth (𝑚), 𝜃𝑖 is the seawater potential
temperature (℃), 𝜃ref is the reference temperature (0 ℃); 𝜌𝑜 is the reference
density of the seawater (1, 030 𝑘𝑔/𝑚3), 𝐶𝑝 is the specific heat capacity of the
seawater (4.0 × 103 𝐽/𝑘𝑔 • ℃).

𝑉FW = ∫
𝑉

0
(𝑆ref − 𝑆𝑖

𝑆ref
) 𝑑𝑉 = ∬

0

−𝐷
(𝑆ref − 𝑆𝑖

𝑆ref
) dAdz

The heat content (kJ):

𝐻 = ∫
𝑉

0
𝜌𝑜𝐶𝑝 (𝜃𝑖 − 𝜃ref)𝑑𝑉 = ∬

0

−𝐷
𝜌𝑜𝐶𝑝 (𝜃𝑖 − 𝜃ref) dAdz

where 𝑆ref is the reference salinity (34.8), dV is the differential volume of the
domain, dA is the differential area of the horizontal domain (𝑚2). 𝐷 is the
largest depth of the domain (𝑚).

2.4 Air-Sea Transformation Estimates

Adapting from Myers & Donnelly (2008) and Petit et al., (2020) that are based
on an approach originally presented in Speer & Tziperman, (1992), we come
up with an approach to quantify the transformation to the CAW based on its
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temperature and salinity characteristics (T<0℃, S>34.8). The transformation
is in response to the forcings from the surface heat and freshwater fluxes.

where 𝛼 is the thermal expansion coefficient, 𝛽 is haline contraction coefficient,
𝐶𝑝 is the specific heat capacity, 𝑄 is the net surface heat flux into the ocean, that
is a combination of the shortwave and longwave radiation, and the sensible and
latent heat fluxes (𝑄 = 𝑄SW +𝑄LW +𝑄𝐿 +𝑄𝑆), 𝐻 is the net surface freshwater
flux that comes from evaporation minus precipitation (E-P). We do not take sea
ice melting and freezing into account because while it may impact the surface
water properties, salinity in particular, it will not directly transform the waters.
The runoff discharge only produces a transformation to a less dense water mass
and mainly takes effect in summer, so it is neglected in our calculation. 𝜌 is
the surface density, S is the surface salinity, 𝜎 is the surface density anomaly
(𝜌 − 1000), 𝜎∗ is the middle value of the density bin and Δ𝜎 is the width of the
density bin that is set at Δ𝜎= 0.05 𝑘𝑔/𝑚3 taking into account both resolution
and noise (Speer & Tziperman, 1992).

We diagnose evaporation (E) via the specific humidity at the sea surface and
compare against the specific humidity of the air. It is computed from the Co-
ordinated Ocean-ice Reference Experiments (CORE) bulk formulae (Large &
Yeager, 2009). Precipitation (P) is comprised of snowfall and rain that is di-
rectly derived from the atmospheric forcing dataset CGRF. The transformation
rate at a particular density bin represents the volume of the water mass that
transforms to denser water mass, or less dense water mass, depending on the
sign. Surface buoyancy fluxes produce transformation when the surface density
is within the density bin, and the temperature and salinity also meet the criteria
for the CAW. In our simulation, more dense water being formed would represent
an increase in the CAW formation.

3 Results

3.1 Thermohaline Structure of the AW at Fram Strait and the BSO

We first evaluate the hydrographic properties (temperature, salinity and cross-
section velocity) of the model water masses at Fram Strait and the BSO in
the chosen year of 2013, as shown in Figure 2 (the rationale of choosing this
year will be revealed in section 3.4). At Fram Strait, the modelled temperature
and velocity fields generally coincide with the observational measurements by
the mooring arrays from Beszczynska-Möller et al, (2012). The thermohaline
structure of water masses at Fram Strait is characterised by the warm and saline
AW inflow at the eastern shelf and cold and fresh Arctic Water outflow at the
other side. Both have the temperature and salinity cores along the shelf near
the surface with the annual mean velocity cores exceeding 10 cm/s. Compared
to the Arctic Water outflow, the AW inflow is less baroclinic so that the velocity
core reaches deeper to a depth of near 700 m. The temperature and salinity
fields demonstrate a similar contour pattern and the temperature and salinity
cores extend further to the west in the strait. The AW recirculation branches,
which are considered as return flows of the WSC offshore branches, can be
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observed in central Fram Strait from the cross-section velocity plot (Figure 2c).
The bulk AW recirculation is driven by the seasonally varying mesoscale eddy
activity (Hattermann et al., 2016). The drastic lateral density gradient between
these two water masses potentially enhances the baroclinic instability at Fram
Strait and thus greatly catalyzes the abundant eddy generation (Wekerle et al.,
2020).

Figure 2. Annual mean temperature T (a & d, unit: ℃), salinity S (b & e),
and normal to cross section velocity v (c & f, unit: cm/s) at Fram Strait (Upper
panel) and the BSO (Lower panel) in 2013. The velocity is positive towards
the Arctic Ocean. The isopycnal lines are contoured onto the temperature and
salinity fields in Fram Strait. The x-axis shows the distance (Fram Strait: from
west to east; BSO: from north to south) in kilometres and y-axis show the ocean
depth in metres.

We define the AW as having temperature greater than 2 ℃ and salinity greater
than 34.8, adapted from Beszczynska-Möller et al., (2012) who only used T>2 ℃
without salinity constraint. From their study, the mean observed temperature of
the AW inflow at Fram Strait over 1997-2010 was 3.1 ± 0.1 ℃. The simulated
mean temperature of the AW inflow from our model is about 1 ℃ warmer,
3.85 ± 0.01 ℃ in ANHA12 over 2011-2019 and 4.14 ± 0.01 ℃ in ANHA4 over
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2011-2016 (Table 2). The comparisons show that our model tends to simulate
a warmer AW, but it might also be due to the warming trend over recent years.
We detail the interannual and seasonal variability of the thermohaline structure
of the AW in Fram Strait in Figure S1 and S2. The temperature core for the
AW is maximum in 2017, reaching 6 ℃. This is accompanied by a strong
northward flow at a velocity of over 15 cm/s. With regard to the seasonal cycle,
the temperature core is cooler in the winter and spring months, typically under
5 ℃. It warms in the summer on account of seasonal surface warming. The
salinity core does not show any obvious seasonality. Therefore, more buoyant
waters can be found above 200 m depth in the summer and fall, indicated by
the deeper depth of the isopycnal line 𝜎 = 27.9 𝑘𝑔/𝑚3.

Table 2. Long-term means of the AW temperature, oceanic volume and heat
transport through Fram Strait and the BSO from ANHA4, ANHA12 and avail-
able observations. ANHA4: averaged over 2011-2016; ANHA12: averaged over
2011-2019; a: Mean over 1997-2010 from Beszczynska-Möller et al. (2012); b:
Mean over 1997-2006 from Schauer et al. (2008); c: Mean over 1997-2007 from
Smedsrud et al. (2010)

Sections Fram Strait BSO
AW Definitions T > 2, S>34.8 T > 3, S > 34.8
ANHA4 Volume Transport (Sv) 3.2±0.5 2.7±0.3

Heat Transport (TW) 60.8±3.2 78.3±9.8
ANHA12 Volume Transport (Sv) 2.4±0.4 2.9±0.3

Heat Transport (TW) 45.6±7.5 86.3±7.0
Observations Volume Transport (Sv) 3.0±0.2𝑎 3.2𝑐

Heat Transport (TW) 26-50𝑏 73𝑐

In contrast to Fram Strait, the BSO is a much broader and shallower Arctic
gateway. Since there is a higher temperature core of up to 9 ℃ in the model, we
define the AW thresholds as the temperature being greater than 3 ℃ and the
salinity greater than 34.8 for the BSO, consistent with Oziel et al., (2016). The
model successfully captures some fundamental features of the dynamic structure
of the water masses, as observed in Ingvaldsen et al., (2004) and Skagseth et
al., (2008). Along the Norwegian Coast, the temperature core does not overlap
the salinity core, but with the freshest water, which means water containing
a great amount of heat could be fresh referenced to a salinity of 34.8. This
fraction of the warm and fresh water mass is carried by the Norwegian Coastal
Current that is not primarily of Atlantic origin. The AW inflow through the
BSO is manifested as a wide branch near the central section reaching the deeper
part of the BSO and a relatively narrow branch sitting to the south. The mean
AW inflow is a barotropic structure as the cores show uniform vertical velocity
profiles. Compared to the annual mean velocity in Fram Strait, the mean AW
inflow speed crossing the BSO is weak, of less than 10 cm/s. Other than the
AW recirculation branches, there is some relatively colder and fresher water of
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Arctic origin above the ridge flowing out of the Barents Sea (Figure 2f).

The mean modelled and observed temperature of the AW inflow in the BSO over
the period of 2000-2010 has been estimated as 5.5-6 ℃ and exhibited a warming
trend in that decade (Wang et al., 2019). Our simulated temperature average
for the AW inflow is calculated to be slightly warmer, 6.00 ± 0.03 ℃ in ANHA12
over 2011-2019 and 6.28 ± 0.03 ℃ in ANHA4 over 2011-2016 (Table 2). We
present the interannual and seasonal changes of the thermohaline characteristics
of the AW inflow at the BSO in Figure S3 and S4. The banded structure of
the velocity field is depicted as two visible AW inflow cores, weaker inflows,
return flows and Arctic outflows. They consistently appear each year. The
temperature core is more pronounced during 2015-2017. The seasonal variability
is substantial with higher temperature cores from August to October and fresher
salinity cores from November to March on the southern side along the Norwegian
coast, as well as stronger AW inflow cores from November to January.

3.2 Transports through the Fram Strait and BSO

In
order to further elucidate the AW inflow variability through these two gateways,
we then quantify the AW volume and heat transport on the interannual and
seasonal time scales (Figure 3). The volume and heat transport for the AW
inflow at Fram Strait are low in 2014 and 2019 (~2 Sv and ~35 TW) and high
in 2017 (~2.8 Sv and ~55 TW). The correlation coefficient between the volume
and heat transport is 0.93, significant at the 99 % level (p-value=0.0003).
The peak-to-peak amplitude of the interannual fluctuation of the volume
transport is ~30% of the mean volume transport. The long-term means of
volume and heat transport from ANHA4 and ANHA12 are comparable to the
mooring results of 3.0 ± 0.2 Sv (Beszczynska-Möller et al., 2012) and 26-50 TW
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(Schauer et al., 2008) (Table 2). At the BSO, both volume and heat transport
peak in 2015, with the volume transport of ~3.4 Sv and the heat transport of
~100 TW. The correlation coefficient between the volume and heat transport
at the BSO is 0.80, significant at the 99 % level (p-value=0.009). From the
modelled studies and available observational results, we find that the long-term
mean volume transport of the FSBW and BSBW is of the roughly equivalent
intensity, ~3 Sv, but the model BSBW plays a relatively larger role in bringing
heat into the Arctic Ocean than the FSBW.

Figure 3. Top row: the interannual variability of volume (blue) and heat
transport (red) for the Atlantic Water at Fram Strait (a) and the BSO (b) over
2011-2019 with standard error estimates included (stardard deviation over the
square root of the number of the data samples). Bottom row: Fram Strait (c)
and the BSO (d), but for the seasonal variability. The heat transport is refer-
enced to 0 ℃. Positive values mean towards the Arctic Ocean, i.e. transports
are positive northwards across Fram Strait and eastwards across the BSO.

We illustrate the seasonal cycle of the heat and volume transport at Fram Strait
(Figure 3c), which is in good agreement with the Figure 4c from Beszczynska-
Möller et al., (2012). The volume and heat transport for the AW inflow at
Fram Strait reaches its minimum in July (~1.3 Sv and ~25 TW) and maximum
in January (~3.3 Sv and ~64 TW), with substantially higher transport in the
winter months (January-March). The fluctuation in oceanic heat transport is
strongly correlated to the volume transport. The overall annual mean cycle for
the AW inflow through the BSO demonstrates a similar variation pattern of low
transport in the summer and high transport in the winter, spanning a range
from ~2.2 to ~3.8 Sv for volume transport and from ~65 to ~112 TW for heat
transport. The summer minima for volume and heat transport at the BSO are
not synchronous. The higher AW inflow during fall and winter than summer
is largely due to the stronger AW velocity cores in the fall and winter months
(Figure S2, S4). This systematic annual cycle is passed down from the upstream
transport variability of the eastern branch of the North Atlantic Current in the
Norwegian Sea (Ingvaldsen et al., 2004; Orvik et al., 2001), which is induced by
the wind pattern variability over the Nordic Seas. The wind forcing pattern is
manifested as a strong cyclonic wind stress curl in the winter associated with the
Icelandic Low, whose intensity is reflected by a high winter NAO index. Since
this distinct seasonal cycle exists in both gateway straits, it is less likely to be
on account of their respective local effects.

3.3 AW Inflow Pathway from Online Passive Tracers

Online passive tracers representing the FSBW (T>2 ℃ & S>34.8) and BSBW
(T>3 ℃ & S>34.8) are simulated to depict the propagation of the AW inflow
in the pan-Arctic region from 2002 to 2018. We attach a video illustrating the
changing state during the simulation time (Video S1). We also show a snapshot
of the vertically integrated AW tracer concentration on June 4, 2019 (Figure 4).
The large-scale circulation of the FSBW features as the circumpolar boundary
current, marching along the continental slope and basin edges. It arrives at the
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SAT and distributes over the area through the first year and a half. Continuing
along its route, it reaches the Lomonosov Ridge and enters the Canadian Basin
after roughly three years of the simulation. It first reaches the slope of the
Canada Basin in the middle of 2007 and then more tracers accumulates in the
Canada Basin. It also gradually accumulates in the interior of the eastern part
of the Eurasian Basin and the Makarov Basin. The vertically integrated tracer
concentration is approximately 600 m along the margins of the Arctic Basin,
whereas the concentration in the central basin in proximity to the CAA is half
of that value. In terms of the BSBW, the tracers enter the Arctic Basin through
the eastern side of the SAT after passing through the Barents Sea, or flow along
the BSO as return flows and then follow the trajectory of the FSBW. The general
spatial patterns of the tracers from the two branches are quite similar but still
exhibit some discrepancies. The BSBW tracers have the highest concentration
in the eastern Arctic Basin in the vicinity of the Lomonosov Ridge. It has
two third of the concentration formed by the FSBW tracers toward the end
of the simulation (Figure 4). Being constrained by the Chukchi Borderland,
the distribution of the BSBW tracers is not significantly high along the slope
of the Canada Basin. We notice that the AW tracers are mainly bounded in
the Arctic Basin, with only limited loss via Fram Strait and with a smaller
portion export via the CAA. Integrating these two branch waters together, the
concentration in the eastern Arctic Basin is substantially larger than the other
parts of the Arctic Ocean at the end of the integration time (Figure 4a), with a
tracer concentration of nearly 1100 m.

Figure 4. A snapshot of the vertically integrated AW tracer concentration in
June 4, 2019 (a) particles are released from a combination of Fram Strait and
the BSO; (b) from Fram Strait solely; (c) from the BSO solely.

3.4 The Discovery and Sources of the CAW
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We calculate the volume transport for the AW at S3 and S6 based on the defi-
nition of T>0 ℃ and S>34.8 (Figure 5), referenced to Dmitrenko et al., (2015)
where they defined T>0 ℃ and 34.75<S<34.95 for the FSBW and T>0 ℃ and
S>34.9 for the “True” mode of the BSBW in the SAT. Other than the peak
shown at the beginning of 2017, the most obvious feature in the timeseries of
the transport at S3 is the significant transport reductions in 2013 and 2014,
indicated by the shading in Figure 5a. The reductions last for a few months,
although the one in 2014 has a longer duration. The volume transport is below 2
Sv during both events. Farther along the pathway at S6, the AW transports re-
duce to zero, or even reverse in sign during these events. Exploring these events,
we originally considered whether the circulation had temporarily reversed. Af-
ter further study, we found that instead of reversing, the negative transports
were associated with the AW being replaced by a colder water mass that did not
satisfy the criteria for the AW we had been using. Given that the replacement
water mass keeps its salinity properties but with below-zero temperature, we
define this water mass as CAW. The CAW also differs from the regular AW
with its higher density. We then compute the volume transport of the CAW,
which is defined as -1 ℃<T<0 ℃, S>34.8 for B2 and -0.5 ℃<T<0 ℃, S>34.8
for other sections. The pulses of the CAW are clear during 2013 and 2014. The
CAW replaces the regular AW and thus causes the reductions in the regular AW
transport during the corresponding time periods. The CAW transport increases
following its poleward pathway from B2 to S3, and reaches a maximum at S3.
The CAW transport at B2 is between 2 and 3 Sv during both events. Increasing
by more than twofold from B2, the CAW transport at S3 is 6 Sv in the 2013
event and 7 Sv in 2014. The CAW signal has been greatly amplified at this
section. The time lag of one or two months between its upstream sections is
expected because of the circulation timescale over a basin‐wide area. We do a
simple calculation using velocity v=20 cm/s and time t=45 days to get a trav-
eling distance of around 750 km, which is the rough distance between S1 and
S2. We do not see the CAW anomaly from the sections we set along the FSBW
pathway from Fram Strait to SAT (not shown). We notice that only when the
CAW flux at B2 (near SAT) has a large enough volume and duration, can it
trigger the domino chain effect of the CAW anomaly signals in the downstream
sections. The start and end months of the CAW events at each section are listed
in Table 3.

To identify the structure and distribution of the CAW and to uncover its vari-
ations within an annual cycle, we illustrate a cross-trough section temperature
plot at B2 and the horizontal region temperature plot near SAT in 2014 when a
significant CAW anomaly occurs (Figure S5). The hydrographic pattern of the
water masses flowing through the SAT is manifested as warm FSBW entering
the SAT with a temperature core of 1-2 ℃ along the western flank, the cold
and denser BSBW at the opposite side of the trough, and the extremely cold
and fresh surface ArW in the top 100 m. These water masses interact and vary
throughout the year, but a distinct and unstable vertical density front over the
water column consistently exists. From March to August, the CAW sits over the
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slope of the eastern side of B2 with a velocity of over 20 𝑐𝑚/𝑠 before sinking
down to the ocean bottom (Figure S5a and Table 3). It is connected to the
surface cold water until it is cut off by the reappearance of the regular AW at
the upper slope. From October to December, two AW temperature cores are
shown in the transect plot, but they have different origins from the FSBW and
BSBW respectively (Figure S5a). Only a small amount of the CAW remains
at the ocean bottom close to the eastern side. As the CAW occupies the water
column at the depth of 200-500 m, by averaging the temperature field over that
depth range from the ocean model, we are able to show where the CAW exists
at the entrance from the Barents Sea to the Arctic Basin (Figure S5b). The
CAW is clearly visible at the southern and eastern sides of the SAT and the
Voronin Trough throughout the CAW anomaly duration. They are combined
to drain the CAW from the Barents Sea.

Figure 5. (a) Monthly AW volume transport at S3 from 2011-2019; (b) Monthly
CAW volume transport at Barent2 (B2), Section1 (S1), Section2 (S2), Section3
(S3), Section4 (S4) and Section6 (S6) from 2011-2019; The locations of each
section are shown in Figure 1.
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Table 3. The duration of the apparent CAW signals at some sections in 2013
and 2014. The CAW pulses are apparent when the volume transport is larger
than 3 Sv at S3, and it is larger than 2 Sv for the other sections.

Years 2013 2014
B2 May-Jul Mar-Aug
S1 Jun-Jul May-Oct
S2 Aug-Sep Jul-Nov
S3 Aug-Nov May-Dec
S6 Oct-Dec Aug-Jan 2015

To probe the source of the CAW, we conduct Ariane experiments for the BSBW
and FSBW. Nearly 5000 particles are homogeneously released all at once at the
BSO, representing the AW inflow (T>3 ℃, S>34.8 and v>0 m/s). Three ex-
periments start from July of 2012, 2015, and 2017 respectively and run forward
in time to the end of 2019. For the first experiment, we plot a snapshot for
the temperature of all the particles after two years (Figure 6b). At the end of
the first year, the particles cover the whole Barents Sea and begin to enter the
Eurasian Basin through SAT. After two years, the distribution of the particles
demonstrates a bifurcation near Lomonosov Ridge. The particles get cooled
along their poleward pathway, from 5+ ℃ at the BSO to 0- ℃ near Lomonosov
Ridge. The first experiment starting from July 2012 has undergone the condi-
tions that triger the CAW production when the particles were passing through
the Barents Sea during 2013 and 2014. In this Ariane experiment, the particles
with T<0 ℃ at the AW layer (400-1200 m deep) form a clear trajectory along
the rim of the eastern Eurasian Basin. Instead, only few dispersed particles
along the trajectory are seen in the other two experiments where the particles
are seeded from July of 2015 and 2017 (Figure S6b & d). These results using
Ariane tracers verify the existence of the CAW events in the ocean model during
2013 and 2014.

We similarly release the particles at Fram Strait, representing the FSBW (T>2
℃, S>34.8 and v>0 m/s). We notice that a trajectory formed by the cold
particles appears again but only in the first experiment where particles are
released from July 2012 (Figure S7). Considering that no CAW signal appears in
the FSBW before reaching the SAT, we suggest that the FSBW also contributes
to the CAW anomaly but in a slightly different way. After flowing along the
continental slope, the particles enter the SAT, mix with the BSBW, and get
cooled into the CAW. Here we point out that even though we have doubled the
number of seeding particles, the trajectory is not as clear as the one shown in
Figure 6c, which implies that the primary source of the CAW comes from the
BSBW rather than the FSBW.
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Figure 6. (a) Distribution of particles in the BSO seeded in July 2012. (b)
Distribution of all the particles after a two-year forward simulation scheme, that
is, a snapshot in July 2014. (c) Only exhibit the particles with a temperature
below 0 ℃ at the AW layer (between 400-1200 m deep) from (b).

3.5 Physical mechanisms for the CAW Formation

We now investigate the physical mechanisms causing the CAW production. As
the CAW is mainly from the BSBW, the Barents Sea is a breeding ground for
the CAW, where the air-ocean coupling heat flux is especially intense (Smedsrud
et al., 2013). We simulate the annual mean transformation rate for the CAW in
response to surface heat and freshwater fluxes from 2011 to 2019. Taking the
year of 2013 for example, when the first CAW event occurs, we first show the
transformation rate for the CAW as a function of the surface density (Figure 7a).
The positive values represent a removal of buoyancy, which means the water has
been densified, hence more CAW is formed. The transformation to the CAW is
typically at the isopycnal range of 27.9-28.3 𝑘𝑔/𝑚3. The heat flux is dominant
for the transformation to the denser water mass, whereas the freshwater flux
acts to suppress the transformation and has a comparatively little impact. This
finding is consistent with Myers & Donnelly, (2008). They found that it is the
heat surface flux (primarily sensible heat flux component) that determines the
transformation rate of the LSW.
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Figure 7. (a) The CAW cross-isopycnal volume fluxes (Sv) changing with the
surface density anomaly (𝑘𝑔/𝑚3) in 2013. The red and blue lines exhibit the
transformation rate due to heat and freshwater fluxes, respectively. The black
line is the sum of both. (b) the spatial pattern of the transformation rate at
𝜎∗=28.1 𝑘𝑔/𝑚3and Δ𝜎= 0.05 𝑘𝑔/𝑚3. (c) the interannual variability of the
transformation rate for the CAW from 2011 to 2019.

The map in Figure 7b demonstrates the spatial pattern of the transformation at
a particular density bin in 2013. It exemplifies that the transformation predomi-
nantly occurs in the Barents Sea, especially along the southern and eastern sides
of the SAT and in the Voronin Trough where we also can see the CAW (Figure
S5). The mean surface heat loss is ~90 𝑊/𝑚2 and the E-P is ~16 𝑐𝑚/𝑦𝑟 for
these regions where the transformation into the CAW is most pronounced. Inte-
grating the transformation volume for the CAW in the Barents Sea, we are able
to examine the interannual variability of the transformation from 2011 to 2019.
The time series Figure 7c presents high transformation rates in two consecutive
years, ~5.8 Sv in 2013 and ~4.5 Sv in 2014. The results are consistent with the
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pulses of the CAW formation (Figure 5, Table 3). Therefore, the surface heat
flux over 2013-2014 at the Barents Sea provides critical preconditioning for the
transformation of the AW into the CAW.

3.6 The Evolution and Fate of the CAW

Having explored the origin of the CAW and the processes for its formation, we
then investigate the downstream fate of the CAW in the Arctic Basin. We set up
another Ariane experiment by releasing around 2000 particles all at once at B2,
starting from July 2013. These particles represent the CAW (−1 ℃ < 𝑇 < 0 ℃,
S>34.8) entering the Arctic Basin through the SAT. As we have seen in Figure
S5a, the particles sit at the slope of the eastern SAT (Figure 8a). We present
the early stages of the evolution after 15 days, 30 days and 50 days of their
release (Figure 8b). Only the particles located deeper than 400 m are shown
here to avoid too much clutter. Fifteen days after the particles are seeded, the
particles still gather together in close proximity at the tongue of the Voronin
Trough, lying at the depth range of 400-600 m. After another 15 days has
passed, being colder and saltier than the ambient water, the particles start to
move deeper downslope while transiting along their poleward pathway. Fifty
days from the their release, the particles clearly demonstrate the cascading
process that the CAW undergoes, with some distributed near the basin edge of
500 m and successively extending along the 2000 m isobath. At the end of the
simulation the particles entering into the Canadian Basin generally reside within
the deep layers (>1200 m), whereas the particles staying in the Eurasian Basin
spread over the entire depth profile (Figure 8c). Furthermore, the particles in
the upper layer (<600 m) tend to reside in the eastern Eurasian Basin while the
deep ones settle in the interior of the basin near the side of Lomonosov Ridge.

To further evaluate the impact the CAW anomaly has on the Arctic Basin, we
calculate the heat and freshwater content integrated over the whole water col-
umn from 2011 to 2019 (Figure 9). We focus on the eastern region covering the
CAW trajectory. We also note that the vertically integrated tracer thickness is
exceedingly high within the region from our online passive tracer study (Videos
S1). The heat content has experienced a significant downturn right after the
CAW events in 2013 and 2014. It reaches the minimum in 2015 and then re-
turns back to the previous level. The heat content has reduced by over 50% by
2015 compared to 2013. The decline is dictated by the CAW anomaly signals
propagating to the region. The heat content quantifies the heat contained in
the AW layer referenced to 0 ℃. The CAW events have negligible impact to the
interannual variability of the freshwater content (Figure 9b). The signals have
been masked by the strong seasonality that is associated with the sea ice melt
and freeze. In contrast to the freshwater content time series, the heat content
time series indicates that seasonality has much weaker influence.
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Figure
8. (a) Distribution of particles in B2 seeded in July 2013. (b) The locations of
the particles after evolving for 15 days, 30 days, and 50 days. (c) The locations
of the particles at the end of the simulation, on December 31, 2019.
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Figure 9. (a) The simulated region in the Arctic Basin, indicated
in blue quasi-parallelogram. (b) the heat content and (c) the fresh-
water content integrated from the whole water column from 2011 to
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2019 .

4 Summary and Discussion

In this paper, we model the AW in the Arctic Ocean based on its distinct ther-
mohaline properties at two key Arctic gateways – Fram Strait and the BSO. The
AW both at Fram Strait and the BSO present clear inflow cores with a more
barotropic constituent than the downstream sections (Pnyushkov et al., 2015).
The interannual variability of the AW inflow transport at Fram Strait and the
BSO exhibits different patterns but the seasonal cycles are more similar. During
fall and winter months, the intensified AW inflow flowing at a faster speed fa-
cilitates the volume and heat transport through these two sections. The model
results from ANHA4 and ANHA12 demonstrate general agreement with the ob-
servations regarding long-term means of the volume and heat transport at Fram
Strait and the BSO, indicating that we can use the ocean model simulations to
study questions of AW propagation in the Arctic Ocean. In comparison to the
FSBW, we find that the BSBW is more conducive to transporting heat to the
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Arctic Ocean across the entrances. The pathways of the FSBW and BSBW in
the Arctic Ocean are depicted using online passive tracers. The tracers concen-
trate in the eastern Arctic Basin in the proximity of the Lomonosov Ridge. The
amount of flux entering the Canada Basin is limited as the tracers are blocked
by the Chukchi Borderland (Video 1).

By looking at the transport reductions of the AW at S3 and the transport
anomalies of the AW at S6 in 2013 and 2014, we detect the CAW pulses along
the rim of the eastern Eurasian Basin. Our results show that the cold dense
AW is cascading off the shelf from the eastern flank of the SAT and the Voronin
Trough. Studies from Luneva et al., (2020) also shows that St. Anna Trough is
one of the most favorable sites that produce the intense dense water descending
fluxes. The CAW signals have been markedly amplified when reaching S3 (Fig-
ure 5). We speculate that this is due to the considerable mixing/entrainment
with the ambient AW along the path to S3, which leads to more surrounding
AW transforming to the CAW. The region above the continential slope along
the pathway is a mixing hotspot (Schulz et al., 2021). The diapycnal mixing
owing to the temperature gradient between the two water masses results in the
largest portion of the heat loss of the AW. Our Ariane tracer forward analysis
suggests that the source of the CAW is primarily from the BSBW, and with
minor contributions from the FSBW. The FSBW contributes to the CAW pro-
duction by mixing with the BSBW at the eastern SAT. The transformation into
the CAW principally occurs at the Barents Sea, and we find that the vigorous
and enduring sea surface cooling over 2013-2014 in the Barents Sea provides
critical preconditioning for the transformation from the AW to the CAW. Ad-
ditionally, the warm and saline AW inflows through Fram Strait and the BSO
are not high during these two years, which limits heat input to the Barents Sea.

The CAW is not uncommon near the SAT, which we also see from the obser-
vational arrays in earlier years, e.g. September 2009 (Dmitrenko et al., 2015;
Zhurbas & Kuzmina, 2020). As our analysis suggested, our models are inclined
to simulate warmer water than the observations (Table 1), but this cannot alter
the perspective that an increasing amount of the colder and denser AW could
be produced during 2013-2014. Due to the restricted short simulation period
from our study, we could not diagnose the trend of more warm and saline AW
flowing into the Arctic Ocean through Fram Strait and the BSO, which acts as a
crucial attribute to the Arctic Atlantification (Polyakov et al., 2017). However,
the high variability in the AW inflows we have presented in this research can
partly account for the AW fluctuations at the AW layer of the Arctic Basin with
abrupt cooling/warming events.

The heat transport through the BSO is the prime heat source to the Barents Sea
and shows an anticorrelation with the winter Barents Sea ice extent (Årthun et
al., 2012; Docquier et al., 2020). As sea ice functions like an insulating layer,
the winter sea ice retreat as a result of the Arctic Atlantification makes the
Barents Sea more susceptible to the atmospheric forcings, which thus enhances
the air-sea heat fluxes (Moore et al., 2022). This scheme thereby increases the
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possibility to create appropriate conditions for the CAW formation, which is
dependent on the effective region for cooling and less heat transport advected
to the area. Farther downstream along the AW progression pathway, the sea
ice extent decline also promotes stonger upper-ocean currents and associated
vertical shear, coinciding with the enhanced ventilation of the AW and the
weakening of stratification in the Eastern Arctic Ocean (Polyakov et al., 2020).
All in all, the AW into the Arctic Basin could be cold (T<0 ℃). The CAW
has significantly reduced the heat content of the eastern Arctic Basin in 2015
according to our study, and it also has potential impact on the structure of the
nutricline and the biological production along the circulation pathways (Jung
et al., 2021; Polyakov et al., 2020). However, more future studies are needed
to garner a better understanding of its ramifications to the Arctic Ocean under
the context of global warming.
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