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Abstract
An important question is will deep convection sites, where deep waters are ventilated and air-gas exchange into the deep ocean 
occurs, emerge in the Arctic Ocean with the warming climate. As sea ice retreats northward and as Arctic sea ice becomes 
younger and thinner, air-sea interactions are strengthening in the high-latitude oceans. This includes new and extreme deep 
convection events. We investigate the associated physical processes and examine impacts and implications. Focusing on a 
region near the Arctic gateway of Fram Strait, our study confirms a significant sea ice cover reduction north of Svalbard in 
2018 compared to the past decade, shown in observations and several numerical studies. We conduct our study using the 
regional configuration Arctic and North Hemisphere Atlantic of the ocean/sea ice model NEMO, running at 1/12° resolu-
tion (ANHA12). Our numerical study shows that the open water condition during the winter of 2018 allows intense winter 
convection over the Yermak Plateau, as more oceanic heat is lost to the atmosphere without the insulating sea ice cover, 
causing the mixed layer depth to reach over 600 m. Anomalous wind prior to the deep convection event forces offshore sea 
ice movement and contributes to the reduced sea ice cover. The sea ice loss is also attributed to the excess heat brought by 
the Atlantic Water, which reaches its maximum in the preceding winter in Fram Strait. The deep convection event coincides 
with enhanced mesoscale eddy activity on the boundary of the Yermak Plateau, especially to the east. The resulting sub-
stantial heat loss to the atmosphere also leads to a heat content reduction integrated over the Yermak Plateau region. This 
event can be linked to the minimum southward sea ice volume flux through Fram Strait in 2018, which is a potential negative 
freshwater anomaly in the subpolar Atlantic.

Keywords  Deep convection · Meridional overturning circulation · Arctic Ocean · Ocean modelling · Sea ice loss · Air-sea 
interaction

1  Introduction

The Atlantic Water (AW) is a warm and saline water mass 
that originates from the North Atlantic Ocean. While cold 
and fresh Arctic Water and Arctic sea ice are exported out of 
the Arctic Ocean by the East Greenland Current on the west 
side of Fram Strait (Karpouzoglou et al. 2022; Sumata et al. 
2022), AW is the main source of heat and salt to the Arctic 
Ocean. It is carried by the West Spitsbergen Current (WSC) 
on the east side of Fram Strait west of Svalbard (Beszczyn-
ska-Möller et al. 2012). The mean volume and heat transport 
through Fram Strait were estimated from mooring arrays 

to be 3.0 ± 0.2 Sv over 1997–2010 (Beszczynska-Möller 
et al. 2012) and 26–50 TW over 1997–2006 (Schauer et al. 
2008), respectively. The AW in the WSC has exhibited a 
warming trend for the period of 1997–2010 (Beszczynska-
Möller et al. 2012), and the increased heat transport has the 
potential to warm the intermediate AW layer in the Arctic 
Ocean (Polyakov et al. 2012) and melt more Arctic sea ice 
(Polyakov et al. 2010), in particular the sea ice near the Arc-
tic gateway of Fram Strait.

The AW circulation is an integral part of the process regu-
lating the oceanic dynamics near Fram Strait and over the 
Yermak Plateau where the regional bathymetry is complex 
(Fig. 1). Not all of the AW arriving at Fram Strait flows 
into the Arctic Ocean proper. Recirculations in Fram Strait 
reduce the amount of heat brought into the Arctic Ocean. 
The northern AW recirculation branch has a strong seasonal 
variability, which appears to be directly ascribed to the 
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seasonally varying eddy activity that also promotes the AW 
subduction beneath the ice edge (Hattermann et al. 2016; 
Wekerle et al. 2017). The seasonal increase in eddy activity 
is manifested by the strong Eddy Kinetic Energy (EKE) dur-
ing winter months (Von Appen et al. 2016).

In addition to the AW recirculation branches, the AW 
entering the Arctic Ocean splits into three primary path-
ways north of Svalbard (Fig. 1), including the Yermak Pass 
Branch, the deep Yermak Branch, and the shallow Svalbard 
Branch (Cokelet et al. 2008; Crews et al. 2019; Gascard 
et al. 1995; Koenig et al. 2017a, b; Menze et al. 2019; Pérez-
Hernández et al. 2019). A warmer and thereby less dense 
AW in Fram Strait forms a strong potential vorticity barrier 
that promotes more inflow of the Yermak Pass Branch and 
less AW recirculation (Von Appen et al. 2016; Chatterjee 
et al. 2018; Crews et al. 2019). Crews et al. (2019) found that 
the warming trend of ~ 0.5 °C /decade in the AW through 
Fram Strait can potentially change the division between the 
Yermak Pass Branch (as the dominant AW branch among 
three AW branches) and the recirculation portion, thus 
bringing more heat into the Arctic Ocean at a faster rate.

The AW is cooled and freshened through a number of 
other processes such as atmospheric surface cooling, sea ice 
melt, convective mixing, lateral eddy fluxes and exchanges 

with shelf water and trough outflows (Athanase et al. 2020; 
Boyd and D’Asaro 1994; Koenig et al. 2018; Onarheim et al. 
2014). By studying mechanisms that contribute to the cool-
ing of the WSC off west of Svalbard, Boyd and D’Asaro 
(1994) presented that the AW near the surface is transformed 
into colder or fresher water masses by atmospheric surface 
cooling and by sea ice melting. The production of the fresher 
water mass strengthens the stratification and then partially 
insulates the warm core from surface cooling. Even so, the 
cooling in the interior of the WSC is enhanced by the eddy-
driven mixing. Exchanges with shelf water and trough out-
flows can modulate the hydrographic changes in the AW 
along slopes and on shelves. Nilsen et al. (2016) showed 
half of the AW heat loss is owing to heat loss to the ambient 
colder water masses. The changes in the AW properties of 
the WSC fundamentally affect the heat input to the Arctic 
Ocean proper.

The region north of Svalbard, downstream of Fram Strait, 
is where the warm AW inflows can further directly interact 
with the sea ice (Ivanov et al. 2012, 2018; Onarheim et al. 
2014; Rudels et al. 2015). As a result, the AW is severely 
transformed and modified into a less warm and saline water 
mass in the upper layer. Onarheim et al. (2014) found that the 
sea ice concentration has shown a conspicuous decline north 

Fig. 1   The schematic circulation of the AW over the Yermak Pla-
teau and in the Western Eurasian Basin with major geographic fea-
tures labelled. Four sections (F1, F2, F3, F4) are shown in blue lines. 
Section F1 represents the Arctic gateway of Fram Strait. Grey con-
tour lines are − 200 m, − 500 m, − 1000 m and then − 2000 m. Red 

arrows along the slope in the opposite direction represent shelf-slope 
exchanges. Red circling arrows indicate AW eddy activity. WSC: 
West Spitsbergen Current; SB: Svalbard Branch; YPB: Yermak Pass 
Branch; YB: Yermak Branch; AWBC: AW Boundary Current. The 
map is adapted from Athanase et al. (2020)
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of Svalbard during winter since 1979. This corresponds with 
the trend of the increasing AW temperature and winter air 
temperature. The local wind does not contribute to the trend 
but has an impact on the interannual variability of the sea ice 
concentration (Onarheim et al. 2014). Ivanov et al. (2012) 
indicated that the shrinking ice cover can also be linked 
to the monotonic increase in the AW temperature in Fram 
Strait. The winter heat loss to the atmosphere is principally 
supplied by the upward heat flux from the AW layer through 
convective mixing, so vertical convection plays a signifi-
cant role in shaping the thermohaline structure and melt-
ing winter sea ice (Ivanov et al. 2012, 2018). This has been 
examined by Koenig et al. (2017a, b) who demonstrated the 
modelled convection-induced upward heat fluxes contribute 
to the interannual variability of winter sea ice edge location. 
While a general relationship among the above-mentioned 
processes has been proposed in this region, a detailed analy-
sis of the extreme events concerning the oceanic condition 
change and their mechanisms and potential impacts have not 
been completely explored in previous studies.

The three AW inflows merge into the AW boundary cur-
rent north of Svalbard and flow along the rim of the Eurasian 
Basin (Athanase et al. 2021). Pérez-Hernández et al. (2019) 
investigated the characteristic seasonality of the AW bound-
ary current over 2012–2013 at the A-TWAIN array at 30° E. 
The strong seasonality can be explained by the fact that the 
AW is modified and transformed locally due to the convec-
tive mixing during winter and early spring (Pérez-Hernández 
et al. 2019). Similar to the upstream WSC, the AW boundary 
current is baroclinically unstable, which is indicated by the 
meandering of the current (Pérez-Hernández et al. 2017; 
Våge et al. 2016). Numerous eddies (mostly anticyclones) 
that were spawned by the current have been observed from 
shipboard sections (Pérez-Hernández et al. 2017; Våge et al. 
2016) and simulated by the model-based studies (Athanase 
et al. 2019; Crews et al. 2018). Eddies shed from the AW 
boundary current erode the AW thermohaline signature.

Focusing on the Yermak Plateau north of Svalbard 
(Fig. 1), we explore the exceptional sea ice reduction in 
2018 compared with other years between 2008 and 2019. 
It is commonly known that no sea ice cover appears west 
of Svalbard due to the great amount of heat brought by the 
WSC, whereas it is often covered by sea ice in the north 
of Svalbard. This study is motivated by more frequent and 
longer-lasting events of sea ice retreat north of Svalbard in 
recent years, and the thinner and younger ice has been exam-
ined to respond more and more strongly and tightly to the 
local winds on top as well as the AW heat below (Ivanov 
et al. 2016; Koenig et al. 2017a, b; Lundesgaard et al. 2022; 
Athanase et al. 2020). Using a 1/12° ocean model simu-
lation (Mercator Physical System), Athanase et al. (2020) 
presented extremely low sea ice concentration over the 
Yermak Plateau, causing the averaged Mixed Layer Depth 

(MLD) to be over 300 m depth in the winter of 2018. Here 
we use an eddy-permitting ocean/sea ice model simulation 
of 1/12° resolution (ANHA12) forced with different atmos-
pheric forcing fields but also without sea ice assimilation, to 
reproduce the unprecedented sea ice cover reduction north 
of Svalbard in 2018. The reproducibility of the event in a 
free-running forced ocean model ascertains that such an 
extreme event is a robust feature. We bridge the knowledge 
gap in previous studies by investigating the physical pro-
cesses affecting the anomalously deep convection north of 
Svalbard in 2018 and further examining the impacts and 
implications of the event. The event is an indication of deep 
winter convection and thus greater MLD and intermediate/
deep water formation expanding northward into the Arctic 
Ocean.

The paper is organized as follows: Sect. 2 provides a brief 
description of the model simulation and presents the meth-
ods that we use for the calculations. Section 3 introduces the 
observational datasets. Section 4 serves as a model evalua-
tion. In Sect. 5, we confirm the exceptional sea ice reduction 
that caused the deep convection north of Svalbard in the 
winter of 2018, and explain its causes by the mechanical 
process from winds and the thermodynamic process with the 
heat brought by the AW. We then demonstrate the AW prop-
erties change during the deep convection from three model 
sections north of Svalbard. This coincides with extremely 
high mesoscale eddy activity on the eastern boundary of the 
Yermak Plateau. We also suggest a potential link to the mini-
mum southward sea ice flux through Fram Strait in 2018. 
Lastly, Sect. 6 concludes the study and discusses its implica-
tions for the northward migration of the Atlantic Meridional 
Overturning Circulation (AMOC).

2 � Numerical methods

2.1 � Model setup

We utilize the output data from the coupled ocean-sea 
ice model Nucleus for European Modelling of the Ocean 
(NEMO; available at https://​www.​nemo-​ocean.​eu) for 
numerical analysis. Two major embedded engines of the 
NEMO are Oc ́ean PArall ́elis ́e (OPA) and Louvain-la-neuve 
Ice Model version 2 (LIM2). The former is the three-dimen-
sional, C-grid and primitive-equation ocean general circula-
tion model, whilst the latter is the three-layer (two layers of 
ice and one layer of snow) sea ice model with a modified 
elastic-viscous plastic ice rheology, both including the rep-
resentations of the thermodynamic and dynamic processes 
(Fichefet and Maqueda 1997; Hunke and Dukowicz 1997; 
Madec 2016). A subdomain configuration of NEMO, named 
the Arctic and Northern Hemisphere Atlantic (ANHA), is 
primarily employed to carry out the numerical simulations. 

https://www.nemo-ocean.eu
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The model mesh is extracted from the global ORCA tripolar 
grid, covering the whole Arctic Ocean, the North Atlan-
tic Ocean and part of the South Atlantic Ocean with two 
open boundaries: one in the Bering Sea and the other at 
20° S. There are 1632 * 2400 grid points at each horizontal 
level with an eddy-permitting resolution of 1/12° (hereafter 
ANHA 12), which gives a resolution of ~ 4.5 km in the Nor-
dic Seas and ~ 4.2 km north of Svalbard. ANHA12 has 50 
levels with layer thickness increasing from 1.05 m for the 
first level to 453.14 m at the bottom in a gradient manner. 
The integration period of the ANHA12 simulation used in 
this paper starts from January 2002 to the end of December 
2021 with 5-day average output. The high temporal (hourly) 
and spatial (33 km) resolution atmospheric forcing acting on 
the sea surface, including 10-m surface wind, 2-m air tem-
perature, and specific humidity, 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). These forc-
ing fields are linearly remapped onto the model grid, signifi-
cantly improving the model fidelity, and adding credibility to 
the analysis. Further information regarding the initial condi-
tions and open boundary conditions can be found in Fu et al. 
(2023). The computation of the Mixed Layer Depth (MLD) 
in ANHA12 is based on a density difference of 0.01 kg/m3 
with the surface (Da Costa et al. 2005; Thomas et al. 2015).

2.2 � Sea ice and freshwater transport calculation

Monthly sea ice volume transport is calculated by following 
the method Sumata et al. (2022) used for the sea ice flux 
calculation, but we compute it from the 5-day mean output 
using the ocean model ANHA12:

The sea ice volume transport:

where vi is the cross-section ice drift velocity at each model 
grid cell; ci is the sea ice concentration at each model grid 
cell; hi is the sea ice thickness; xi is the length of each grid 
cell along the section; n is the number of grid cells in the 
cross section.

The volume, freshwater and heat transports could reflect 
the amount of seawater, freshwater, and heat exchanges in 
the coupled ocean-sea ice model, respectively. The volume 
transport depends on the cross-strait velocity and section 
area. The calculations for the volume transport and heat 
transport can be found in (Fu et al. 2023). The freshwater 
transport derives from the volume transport with the salinity 
at each model grid cell being considered. Freshwater trans-
port is equivalent to zero-salinity water flux that is added to 

TICE =

n
∑

i=1

vicihixi

or deducted from the volume transport in reference salinity 
to reach the sample salinity.

The freshwater transport:

where vi is the cross-strait seawater velocity at each model 
grid cell, Ai is the area of the single model grid cell, n is the 
number of grid cells in the cross section; Si is the seawater 
salinity at each grid cell, Sref  is the reference salinity (equals 
to 34.8) (Wang et al. 2023);

2.3 � Eddy energetics estimates

The current velocity at a given time can be split into 
the mean state and the variations from the mean state 
( u = u + u�, v = v + v� ). The Total Kinetic Energy (TKE) is 
the sum of the Mean Kinetic Energy (MKE) and the time-
varying Eddy Kinetic Energy (EKE) (Wang et al. 2020). 
The MKE is the energy related to the mean current while 
the EKE is the energy attributed to the mesoscale eddy and 
filament processes.

where u and v represent the zonal and meridional veloc-
ity in the model field, respectively; u and v correspond to 
the time-mean velocity components and are calculated over 
2008–2019; u′ and v′ correspond to the time-varying veloc-
ity components.

3 � Observational datasets

3.1 � Transport data for model evaluation

Three instrument arrays are employed to document the warm 
and saline AW inflows to the Nordic Seas across the Green-
land Scotland Ridge (GSR), including the Iceland inflow 
array north of Iceland (1 in Figure S1), the Faroe Current 
array north of the Faroe Island (2 in Figure S1), and the 
Faroe–Shetland Channel inflow array in the Faroe–Shet-
land Channel (3 in Figure S1). The Iceland inflow array is a 
meridional section located at 21.5° W spanning from 66.9° 
N to 67.25° N with three moorings. The available transport 
data at this array starts from October 1994 to July 2016 with 

TFW =
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monthly volume flux (plotted in Figure S6a). The current 
meters were deployed until 2009 to measure temperature and 
current velocity and then were replaced by Acoustic Doppler 
Current Profilers (ADCPs). The current meters were of the 
Aanderaa RCM7 type, and they recorded temperature and 
speed at the depths of 80 m and 150 m (See their Fig. 2 from 
Jónsson and Valdimarsson (2012)). More details about this 
array can be found in Jónsson and Valdimarsson (2012). The 
Faroe Current array is a combination of the Conductivity, 
temperature, depth (CTD) section and the ADCPs mooring 

sites. The bottom temperature observations measured by the 
ADCP temperature sensor are also included in recent years 
for a more accurate representation of the AW water mass in 
the Faroe Current. The location of this mooring array is at 
6.1° W spanning from 62.5° N to 64° N. The spatial resolu-
tion of the CTD stations is roughly 4 stations within 0.5° N 
and ADCPs are employed at seven different sites along the 
Faroe Current array from 62.70° N to 63.27° N (See their 
Fig. 1 and Table 1 from Hansen et al. (2015)). The time span 
of the transport measurements covers from January 1993 

Fig. 2   Observed sea ice concentration (%) averaged over February-April from AMSR2 a in 2018; b 2013–2020 mean excluding 2018; Modelled 
sea ice concentration (%) averaged over February-April from ANHA12 c in 2018; d 2011–2019 mean excluding 2018

Table 1   The long-term mean of 
the AW inflow volume transport 
(unit: Sv; 1 Sv = 106 m3/s) for 
each branch across the GSR 
from the observations and the 
ANHA12. I-Inflow: (Jónsson 
and Valdimarsson 2012); 
IF-Inflow: (Hansen et al 2015); 
FSC-Inflow: (Berx et al 2013)

Note that the results are nearly similar when comparing them using the overlapped observational and mod-
elled time series

AW inflows Observations ANHA12

Periods Mean volume trans-
port (Sv)

Periods Mean volume 
transport (Sv)

I-Inflow 1994.10–2016.07 0.88 ± 0.02 2002.01–2019.12 0.86 ± 0.02
IF-Inflow 1993.01–2017.04 3.82 ± 0.03 2002.01–2019.12 2.77 ± 0.04
FSC-Inflow 1993.01–2017.11 2.73 ± 0.06 2002.01–2019.12 3.29 ± 0.05
Total 7.43 ± 0.11 6.92 ± 0.07
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to April 2017 (plotted in Figure S6a). See more informa-
tion in Hansen et al. (2015). The Faroe–Shetland Channel 
inflow array consists of CTD hydrographic sections to col-
lect the temperature and salinity of the water mass and the 
ADCPs moored along the section to monitor the current 
velocity. This array measurement is supplemented with sat-
ellite altimetry observations which have been calibrated to 
provide a better estimate of the AW volume transport. The 
CTD section has typically been occupied six times a year 
with a decent monthly spread, although there have been no 

occupations in January and only a handful in March–April 
and July–August (Berx et al. 2013). This array lies between 
latitudes 60.2° N and 61° N and longitudes 4° W and 5.844° 
W with 15 CTD stations and 9 ADCP mooring sites (Sea 
their Fig. 3 from Berx et al. (2013)). The transport data for 
this array begins in January 1993 and throughout Novem-
ber 2017 (plotted in Figure S6a). Berx et al. (2013) have 
a more detailed description of this array. All the transport 
data from these three arrays are provided by the contributing 
institutes of Faroe Islands University of Hamburg (UHAM), 

Fig. 3   a study region north of 
Svalbard. b monthly averaged 
sea ice concentration (line 
graph; %) and sea ice thickness 
(bar; m) from 2008 to 2019 
integrated over the study region 
from ANHA12. c monthly 
averaged surface heat loss 
(line graph; W/m2) and mixed 
layer depth (bar; m) from 2008 
to 2019 integrated over the 
study region from ANHA12. d 
monthly averaged heat content 
integrated over the top 1000 m 
water column referenced to 0 °C 
over 2008–2019 from ANHA12
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Hafrannsóknastofnun Marine and Freshwater Research Insti-
tute (MFRI), and Marine Scotland Science (MSS), and were 
downloaded from this site (http://​www.​ocean​sites.​org/​tma/​
gsr.​html).

3.2 � Sea ice concentration

Daily averaged sea ice concentration is derived from pas-
sive microwave remote sensing data of the sensor AMSR2 
(Advanced Microwave Scanning Radiometer 2) on the 
JAXA satellite GCOM-W1, applying the ARTIST Sea Ice 
(ASI) algorithm. The AMSR2 sea ice concentration dataset 
is provided by the University of Bremen, Institute of Envi-
ronmental Physics, available at https:seaice.uni-bremen.de. 
The data are gridded with 6.25 km resolution on a polar 
stereographic grid covering the whole Arctic Ocean (size: 
1216 * 1792 pixels). The AMSR2 sea ice product imple-
ments the ASI algorithm on the NASA satellite Aqua 
and covers from 2 July 2012 until today. More details and 
descriptions are introduced in the ASI User Tutorial (https://​
seaice.​uni-​bremen.​de/​filea​dmin/​user_​upload/​ASIus​ergui​de.​
pdf) (Melsheimer and Spreen 2019). In this study, the daily 
AMSR2 sea ice concentration data over February to April 
from 2013 to 2020 near the Svalbard region (Latitudes: 
76–84° N; Longitudes: 0–56° E) are utilized for demonstra-
tion and analysis.

4 � Model evaluation

As the northern end of the AMOC, the Atlantic Water 
(AW) flows into the Nordic Seas over the Greenland Scot-
land Ridge (GSR) in three branches (Figure S1), listed from 
north to south: North Icelandic Irminger Current (I-inflow), 
Faroe Current (IF-inflow), and Faroe–Shetland Channel 
Current (FSC-inflow). We consider three sections in accord 
with the mooring arrays that capture these three branches. 
Using ANHA12, we examine how the model performs in 
simulating the AW by comparing the modelled AW with 
the observations regarding the thermohaline structure, long-
term mean, and seasonal and interannual variability of the 
AW transport.

The hydrographic conditions of the I-inflow are pre-
sented by the current meters in May 2000 from Jónsson and 
Valdimarsson (2012) (See their Fig. 2). Taking into account 
that our model simulation integration spans 2002–2021 and 
the model spin-up in the first two years, we choose the sec-
tion plots in May 2004 from ANHA12 for comparison (Fig-
ure S2). The observed AW has a temperature core of over 
5 °C sitting above the Icelandic shelf between the depth of 
50–100 m. This is accompanied by a salinity core of over 
35 PSU at an almost overlapping location. The modelled 
AW nicely depicts the temperature core over a similar 

depth range despite having a higher maximum temperature 
of ~ 6 °C. The modelled salinity core also lies over the Ice-
landic shelf while the water mass saltier than 35 PSU occu-
pies a larger area in the section plot. Fresher water (< 34.8 
PSU) is found at the north of the section in the upper ocean 
of 50 m in both the observation and model.

The temperature and salinity of the IF-inflow are shown 
from the observations (averaged over 1993–2013) from 
Hansen et al. (2015) (See their Fig. 6a, c) and ANHA12 
(averaged over 2004–2013) (Figure S3). The warm (~ 8 °C) 
and saline (~ 35.2 PSU) AW cores consistently appear over 
the Faroe slope from the CTD sections. The observed AW 
is mainly situated at the top 400 m of the water column and 
gradually becomes cooler and fresher further away from the 
temperature and salinity core. These features are well simu-
lated from the ANHA12.

The thermohaline structure of the FSC-inflow is shown 
from the observations (averaged over 1995–2009) from Berx 
et al. (2013) (See their Fig. 4) and ANHA12 (averaged over 
2004–2009) (Figure S4). The water mass is warm and saline 
in the upper layer of the channel. The observed AW core is 
located over the shelf of the Shetland side, with a tempera-
ture core greater than 10 °C and a salinity core greater than 
35.35 PSU. The modelled AW presents the core at the same 
location with similar characteristics, but there is a larger 
amount of warm water of over 10 °C and saltier water of 
over 35.35 PSU at the core. The observed isotherm of 5 °C 
and isohaline of 35.2 PSU are located roughly between 300 
and 500 m and reach slightly deeper on the Shetland side. 
This is also indicated in the model simulation. The model 
simulation demonstrates generally good agreement on these 
characteristics with the observational mooring arrays. Over-
all, the model has a decent performance in simulating the 
thermohaline structure of the AW inflows across the GSR, 
at the same time, it also shows a weakly warmer and saltier 
bias.

Based on the thermohaline structure, we define the AW 
inflows using different temperature and salinity constraints 
(I-inflow: T > 3 °C (Jónsson and Valdimarsson 2012); IF-
inflow: T > 4 °C & S > 35 PSU (Hansen et al. 2015); FSC-
inflow: T > 5 °C (Berx et al. 2013)) and calculate their vol-
ume transport through the corresponding sections. These 
definitions are derived to be consistent or close to vari-
ous observational definitions. As we move from the more 
northerly to the more southerly sections, the lower bound 
for AW warms. The long-term mean of the AW volume 
transport for each inflow and the total transport are listed 
in Table 1. The mean modelled and observational I-inflow 
volume transport are nearly equivalent with a value of close 
to 0.9 Sv. The mean modelled IF-inflow (2.77 ± 0.04 Sv) 
is about 1 Sv lower than the mean observational IF-inflow 
(3.82 ± 0.03 Sv). However, the mean modelled FSC-inflow 
(3.29 ± 0.05  Sv) is higher than the mean observational 

http://www.oceansites.org/tma/gsr.html
http://www.oceansites.org/tma/gsr.html
https://seaice.uni-bremen.de/fileadmin/user_upload/ASIuserguide.pdf
https://seaice.uni-bremen.de/fileadmin/user_upload/ASIuserguide.pdf
https://seaice.uni-bremen.de/fileadmin/user_upload/ASIuserguide.pdf
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FSC-inflow (2.73 ± 0.06 Sv). This discrepancy might be 
ascribed to the fact that the model simulations are inclined 
to simulate warmer water than the observations. The lower 
modelled volume transport in IF-inflow can be explained by 
the presence of the salinity constraint. The total modelled 
AW transport is slightly less than the total observational 
transport (6.92 ± 0.07 Sv vs 7.43 ± 0.11 Sv), but they are 
comparable.

The seasonal cycles of the AW volume transport for each 
branch from ANHA12 and observations are then exhibited 
(Figure S5). The modelled seasonal cycles of the AW inflows 
well depict the observational seasonal cycles, although the 
relative strength between IF-inflow and FSC-inflow is not 
well presented in the model. The FSC-inflow has the most 
prominent seasonal cycle. It is anomalously eastward in the 
winter and westward in the summer referenced to the mean. 
It is consistent with the seasonal cycle of the cyclonic cir-
culation in the Nordic Seas, which is governed by the strong 

Icelandic Low in the winter. It is in phase with IF-inflow 
but out of phase with I-inflow. The interannual variability 
of the AW volume transport for each branch from ANHA12 
(2002–2019) and observations (1993–2017) is shown in 
Figure S6. Each modelled AW branch is on a very similar 
scale as the observational ones. The interannual variability 
of I-inflow and FSC-inflow shares decent similarity between 
ANHA12 and observations from 2004 to 2015 with a cor-
relation coefficient of 0.55 for the I-inflow and 0.51 for the 
FSC-inflow. In contrast, the correlation coefficient for the IF-
inflow is only 0.24. There is an outstanding spike at the end 
of 2015 in FSC-inflow and this feature has been captured by 
both the observational and the modelled time series. There-
fore, ANHA12 has relatively good simulation performance 
in terms of AW volume transport as well. ANHA12 has also 
been applied previously to present the Denmark Strait Over-
flow Water in February along the sections Látrabjarg and 
Kögur on the continental Icelandic shelf, and the model well 

Fig. 4   Modelled surface heat loss (W/m2) from ANHA12, averaged over February-April from 2011 to 2019
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illustrates the overall structure of the water column along 
these two sections (Garcia-Quintana et al. 2021; see their 
Fig. 2). It also well captured the observed reversal of Davis 
Strait net transport toward the Arctic Ocean at the end of 
2010 (Myers et al. 2021; see their Fig. 1). A similar model 
evaluation conducted using ANHA12 concerning the AW 
inflows at Fram Strait and the Barents Sea Opening also sup-
ports the feasibility of its further application (Fu et al. 2023).

5 � Results

5.1 � Exceptional sea ice loss in the winter of 2018

It was identified in Athanase et al. (2020) that there is an 
exceptional sea ice retreat over the northern Yermak Plateau 
with the deepest Mixed Layer Depth (MLD) in the winter 
of 2018 using the Mercator 1/12° system. Averaging over 
the winter months (Feb.–April, when the largest MLD was 
observed in ANHA12) each year from 2013 to 2020, the 
observational sea ice concentration from the AMSR2 satel-
lite record confirms that there is a significant sea ice cover 
reduction north of Svalbard in 2018 compared to the past 
decade (Figure S7). This feature has also been captured by 
ANHA12 of the same model resolution with a larger area of 
open water extending towards the northern Yermak Plateau, 
compared to observations (Figure S8). Similarly, ANHA12 
shows thin and even absent sea ice (less than 1.25 m) in this 
same region in the winter of 2018 (Figure S9). To highlight 
the difference, we show both the observational and mod-
elled sea ice concentration in the region only in 2018 and a 
composite of the other years (Fig. 2). Other than extending 
towards the northern Yermak Plateau, the exceptional sea ice 
retreat in 2018 extends further to the east along the slope of 
the Eurasian Basin following the Fram Strait Branch Water 
(FSBW) pathway (Fig. 2).

Using ANHA12, we are able to study this phenomenon 
and the associated physical processes in a larger temporal 
context. We chose a study region that covers the north of 
Svalbard in the model field (Fig. 3a). The monthly aver-
aged sea ice concentration and sea ice thickness from 2008 
to 2019 integrated over the region are computed using 
ANHA12 (Fig. 3b), together with the monthly surface heat 
loss and MLD (Fig. 3c). At the beginning of 2018, the sub-
stantial heat loss, corresponding with the minimum sea ice 
concentration and thickness, causes the deep MLD. We 
remark that the sea ice cover reached its minimum starting 
in the last few months of 2017 and throughout the whole 
year of 2018. Without the insulating sea ice cover in 2018, 
more oceanic heat is lost to the atmosphere (Fig. 4). Over 
the past decade, in most years, the heat loss is mainly con-
centrated in the northwest of Svalbard and along the FSBW 
pathway near the coast of Svalbard. The given year, 2018, 

is the only year with a great heat loss to the atmosphere 
over the whole Yermak Plateau with a shift of the region of 
maximum loss to the Yermak Plateau. The surface heat loss 
is estimated to be ~ 350 W/m2 in the area without the sea ice 
north of Svalbard (Fig. 4). The open water condition allows 
intense winter convection, causing the averaged MLD to be 
over 300 m depth over north of Svalbard (Fig. 3c) and the 
maximum MLD to be over 600 m depth (Fig. 5) in 2018. In 
comparison, the MLD in other years is typically less than 
70 m depth.

As shown in the monthly MLD time series in Fig. 3, there 
is the second-largest MLD peak in the winter of 2013. It 
is also indicated in the spatial MLD plot in Fig. 5 with a 
slightly deeper MLD along the FSBW pathway near the 
north of Svalbard compared to the other years except 2018. 
The MLD in 2013 does not reach the same magnitude and 
time span as the one in 2018, because the low sea ice cover 
does not last for a long period and the heat loss is not as sig-
nificant as the one in 2018. Despite this, by calculating the 
heat content integrated over the top 1000 m water column 
referenced to 0 °C (Fig. 3d), we reveal two apparent heat 
content reductions in this region in both 2013 and 2018, 
from ~ 40 to ~ 34 TJ in 2013 and a larger drop from ~ 40 
to ~ 30 TJ in 2018. These two significant heat content reduc-
tions in large parts contribute to the total heat content loss 
over the last decade. By the end of 2019, the total heat con-
tent over the north of Svalbard is below 30 TJ. The running 
correlation between sea ice concentration and surface heat 
loss over the time length of 13 months is computed from 
2008 to 2019 (Figure S10). These two aspects have shown a 
positive correlation over most of the integration time, imply-
ing a greater heat loss that comes with low sea ice concentra-
tion. Note that a greater heat loss presents as a lower value 
in our calculation with a negative sign. However, the cor-
relation became negative in 2018 when the sea ice cover was 
minimum in the north of Svalbard. This could be explained 
by wind-induced motion that causes the re-import of sea ice 
to the region on account of the thinner and fracturing sea ice 
in the vicinity of the region (Ivanov et al. 2016).

5.2 � Mechanical mechanism: wind effect

Winds can modulate the sea ice motion, and the favorable 
winds could push ice offshore from Svalbard and expose 
direct contact with the relatively warm upper ocean and the 
atmosphere in winter (Ivanov et al. 2016; Lundesgaard et al. 
2022). Athanase et al. (2020) explored the role of winds 
during the 2018 event and found the anomalously southwest 
wind stress component that is favorable to moving the sea 
ice out of the region (See their Fig. 9b). Our model study 
confirms the crucial role of winds in reducing the sea ice 
by dissecting the wind stress, which is derived from a dif-
ferent reanalysis-based forcing field (CGRF dataset). The 
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anomalous wind prior to the event at the end of 2017 points 
to the southwest in the model field. It is composed of the 
negative zonal wind stress (reaching ~ 0.05 N/m2 to the west) 
combined with more strongly negative meridional wind 
stress (reaching ~ 0.12 N/m2 to the south) (not shown). The 
resulting Ekman transport forces the northwestward offshore 
sea ice movement. Prior to the deep winter convection in 
2018, the sea ice north of Svalbard had begun to decline 
rapidly (Fig. 3b). Hence, the observed and modelled sea ice 
anomalies and thereafter the deep winter convection are ini-
tiated by the wind forcing that functions as a driving force to 
establish an open water condition north of Svalbard.

5.3 � Thermodynamic mechanism: AW transport

Having explored the mechanical processes caused by 
winds, we then relate the sea ice reduction to the possi-
ble thermodynamic contribution associated with the heat 

brought by inflowing AW. The AW is defined as a water 
mass with a temperature greater than 2 °C and a salinity 
greater than 35 PSU, adapted from Beszczynska-Möller 
et al. (2012) who used T > 2 °C without salinity constraint. 
By calculating the AW volume and heat transport through 
Fram Strait, we notice an apparent warm AW signal spike 
in 2017 (Fig. 6). The AW volume transport reaches its 
maximum of ~ 5.5 Sv in 2017, accompanied by a peak of 
the AW heat transport of ~ 110 TW. To investigate how 
much of the heat will be advected into this region, we pre-
sent the temperature field over the AW layer of 200–600 m 
averaged over August-October in 2017 before other pro-
cesses (i.e. substantial heat loss to the atmosphere during 
the event) kick in (Fig. 7). Compared with the mean state 
over 2008–2019, warmer AW of ~ 4 °C is found to enter 
the Yermak Plateau and propagate along the FSBC path-
way north of Svalbard. The whole Yermak Plateau region 
exhibits a generally warmer status than the mean state. 

Fig. 5   Modelled mixed layer depth (m) from ANHA12, averaged over February-April from 2011 to 2019
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The additional amount of heat carried by the AW eventu-
ally contributes to the apparent sea ice reduction during 
the event. To demonstrate our point of enhanced AW heat 
results in the sea ice melting, we computed the oceanic 
heat flux at the sea ice base north of Svalbard (Figure 
S11). The spike in the oceanic heat flux at the beginning of 
2017 reduces the sea ice thickness, showing the direct link 
between the excess AW heat and thinning sea ice. The heat 
flux to sea ice during the deep winter convection in 2018 is 
significantly large, of ~ 100 W/m2, despite the anomalously 
thin/missing ice in this region. This attests that while the 
favorable winds create open water conditions before the 
event, the melting of sea ice during the event is attributed 
to the upward AW heat. Therefore, the AW through Fram 
Strait and the subsequent warmer ocean state in the AW 

layer plays a crucial role in preconditioning the region for 
deep winter convection. 

5.4 � AW properties change and mesoscale eddy 
activity

To understand the hydrographic properties of the AW along 
the water column over the Yermak Plateau, we compute sec-
tion plots at model sections F2, F3, and F4, showing the 
temperature, salinity, and cross-section velocity during the 
event (February-April in 2018) and the long-term average 
over 2008–2019 (Figs. 8, S12, S13). Our three sections well 
document the property changes of the AW as it propagates 
eastward along the north of Svalbard over the long term and 
during the event. The long-term AW state over 2008–2019 

Fig. 6   Monthly averaged Atlantic Water (AW) volume (line; Sv) and heat (bar; TW) transport through Fram Strait (F1, shown in Fig. 1) from 
2008 to 2019. The AW definition is T > 2 °C, S > 35 PSU. The positive value represents the AW flowing northward into the Arctic Ocean

Fig. 7   Mean temperature fields over the depth of 200–600  m averaged over August-October in 2017 (a) and during 2008–2019 (b) from 
ANHA12 simulation
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in section F2 has exhibited two AW cores with temperatures 
of ~ 3.5 °C and salinities of ~ 35.15 PSU (Fig. 8d, e). The 
velocity fields in F2 also indicate three AW inflows with the 
strongest being the Yermak Pass Branch that flows across 
the Yermak Plateau (Fig. 8f). The long-term AW becomes 
cooled and freshened as it reaches section F3. There is only 
one clear AW core with a temperature of ~ 3 °C and a salin-
ity of ~ 35.1 PSU (Figure S12d, e). The cooling and fresh-
ening effect continues when it arrives at F4. The area of 
the AW core has shrunken and its location is limited to be 
over the slope (Figure S13d, e). During the event in F2, the 
deep convection mixes the cold and fresh surface water with 
warm and saline AW, making the water column less strati-
fied (Fig. 8a, b). While the temperature and salinity of the 
AW core near shore remain almost unchanged, the one away 
from the shore gets cooled and freshened during the winter 
of 2018, changing from ~ 3.5 to ~ 2.5 °C for temperature and 
from ~ 35.15 to ~ 35.05 PSU for salinity (Fig. 8a, b, d, e). 
Though using a different transect across the Yermak Plateau 
at 81.5° N, the study from Athanase et al. (2020) showed a 
drastic AW property change at the AW layer between the 
onset and cessation of the deep convection in the winter of 
2018. The temperature of the AW was above 3 °C at the end 
of 2017 and cooled to 1.5–2.5 °C at the end of March and 
the salinity of the AW changed from ~ 35.2 PSU to be in 
the range of 35.05–35.2 PSU. The thermohaline structure 

in section F3 is also weakly stratified and the thermohaline 
properties of the water mass are more consistent vertically 
through the water column (Figure S12a, b). The AW core 
away from the shore disappears and the one near the shore 
experiences a decrease in both temperature (from ~ 3.5 °C 
in F2 to ~ 3 °C in F3) and salinity (from ~ 35.15 PSU in F2 
to ~ 35.1 PSU in F3). The AW during the event is further 
cooled and freshened downstream along the FSBW pathway 
in section F4. The temperature and salinity of the AW core 
over the slope in F4 are ~ 2 °C and 35 PSU, respectively (Fig-
ure S13a, b). The convective mixing area does not extend 
to section F4 (Figure S13a, b, Fig. 5). Nevertheless, we 
observe a second AW core at the northern end of the section 
with temperature cores of > 2 °C and salinity cores of > 35 
PSU. The dipolar flow around the 50 km marking suggests 
enhanced eddy fluxes during the event. The enhanced eddy 
fluxes are responsible for the AW return flows at section F4 
and accelerate the exchange of heat away from the AW core 
along the main FSBW pathway. To confirm this, we plot the 
eddy kinetic energy (EKE) difference between during the 
event and the long-term mean over 2008–2019 (Fig. 9a). The 
plot presents an enhanced mesoscale eddy activity appearing 
on the boundary of the Yermak Plateau, especially to the 
east during 2018. By selecting the region east of the Yer-
mak Plateau, which covers the area of the AW return flows, 
we compute EKE and MKE averaged over 200–600 m in 

Fig. 8   Section plots in section F2 averaged over February-April in 
2018 (a, b, c) and averaged over February–April for 2008–2019 (d, 
e, f). (a, d) mean temperature T (°C). (b, e) salinity S (PSU). (c, f) 
normal to cross-section velocity. The velocity is positive towards the 

Arctic Ocean. The x-axis shows the distance in kilometres and the 
y-axis shows the ocean depth in metres. See the section location in 
Fig. 1, marked in blue
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the AW layer (Fig. 9b). We detect an extremely high EKE 
during the event, peaking at slightly over 1.5 × 10−4 m2∕s2 
with the second highest peak of MKE (~ 3.0 × 10−4 m2∕s2 ) 
throughout the time series. The variability of EKE and MKE 
is well correlated but not necessarily consistent with each 
other. As Zhao et al. (2014) suggest that numerous eddies 
are found in the Arctic halocline, we implement a similar 
analysis but now averaged over 100–200 m (Figure S14). 
The EKE maximum during the 2018 event stands out in 
this new time series, reaching at 2.5 × 10−4 m2∕s2 , implying 
enhanced mesoscale eddy activity in the Arctic halocline.

5.5 � Sea ice flux through Fram Strait in 2018

Another impact of this event is its potential linkage to the 
unprecedented low sea ice export out of the Arctic Ocean in 
2018, shown in both the observations (Sumata et al. 2022; 

see their Fig. 3) and ANHA12 (Fig. 10a). Though using 
the same method for sea ice flux calculation as Sumata 
et al. (2022), we expand the section (FIce, spanning from 
− 18° W to 12° E at 78.8° N) to connect East Greenland to 
Svalbard for documenting all the sea ice export out of the 
Arctic Ocean through Fram Strait in the model. The south-
ward sea ice volume flux has exhibited a declining trend 
from ~ 130 km3/month to ~ 40 km3/month over 2008–2019, 
with a minimum yearly flux of ~ 35 km3/month in 2018. This 
number is close to the annual mean volume flux of ~ 40 km3/
month computed from Upward Looking Sonars (ULSs) and 
Ice Profiling Sonars (IPSs) (Sumata et al. 2022). We exam-
ine this relationship by comparing the sea ice drift super-
imposed on a map of the sea ice thickness in the Arctic 
between the event in 2018 and the long-term average over 
2008–2019 (Fig. 10b, c). The long-term averaged sea ice 
congregates along the northern edge of the CAA with the 

Fig. 9   a Eddy kinetic energy 
averaged over February–April 
in 2018 minus eddy kinetic 
energy averaged over February–
April for 2008–2019 (m2/s2); 
the integrating region east of the 
Yermak Plateau for the calcula-
tion of kinetic energy is indi-
cated by the black box. b time 
series of eddy kinetic energy 
(EKE; red line) and mean 
kinetic energy (MKE; blue line) 
averaged over 200–600 m from 
2008 to 2019
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sea ice thickness over 4 m (Fig. 10c). The sea ice primarily 
exits the Arctic Ocean on the west side of Fram Strait along 
with the East Greenland Current and eventually enters the 
North Atlantic Ocean. The strength of the sea ice export 
velocity out of the Fram Strait significantly reduces in 2018 
relative to the long-term mean. Therefore, the minimum 
southward sea ice export is mainly induced by the reduced 
sea ice export velocity through Fram Strait and thinner sea 
ice transported by the Transpolar Drift. It can also be partly 
ascribed to the absence of sea ice over the Yermak Plateau 
which results in a very small amount of sea ice flux on the 
east side of Fram Strait during the event (Figs. 2, 10b). The 
southward freshwater flux through Fram Strait has also been 

declining during recent years (Figure S15). The declining 
trend is indicated in Karpouzoglou et al. (2022) as well, see 
their Fig. 7. Together with a relatively low southward fresh-
water flux of ~ 160 km3/month, the minimum sea ice export 
in 2018 might be a potential negative freshwater anomaly to 
the Nordic seas and subpolar North Atlantic Ocean.

6 � Discussion and conclusions

Focusing on the Yermak Plateau north of Svalbard (Fig. 1), 
we explore the exceptional sea ice reduction in 2018 
compared to the rest of the years in the last decade. The 

Fig. 10   a Monthly (grey line) and annual (black line) averaged south-
ward sea ice volume flux (km3/month) through section FIce (shown 
in (b, c)) from 2008 to 2019. The trend is depicted using the linear 
least square method (blue dashed line). The positive value indicates 

the sea ice export out of the Arctic Ocean. b sea ice drift (red arrow; 
m/s) and sea ice thickness (colour; m) averaged over February–April 
in 2018. c Same as (b), but for 2008–2019
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phenomenon was initially identified by Athanase et  al. 
(2020) using the Mercator 1/12° ocean model, confirmed 
by the sea ice AMSR2 observation. This finding is supported 
by our study applying the ANHA12 ocean model simulation 
(Fig. 2). Our ANHA12 configuration is evaluated by com-
paring the mooring measurements and ANHA12 in terms 
of the thermohaline structure, the interannual and seasonal 
variability, as well as the long-term mean of the volume 
transport from three AW inflows across the Greenland Scot-
land Ridge (GSR) (Figure S1–6, Table 1). The AW volume 
and heat transport through Fram Strait were also evaluated 
by a previous model study using ANHA12 (Fu et al. 2023). 
The disappearance of sea ice north of Svalbard renders deep 
convection over the Yermak Plateau in 2018, leading to a 
significant heat content reduction of ~ 10 TJ (Fig. 3). Note 
that the amplitude of the winter deep convection is confined 
by the structure of the local ocean bottom bathymetry. The 
concept of deep convection here is relative to the mean state 
of the typical winter convection that occurs in this region 
(maximum MLD > 600 m in 2018 vs ~ 70 m in other years 
over the Yermak Plateau; Fig. 5). It has been proposed from 
several previous studies that the winter ice-free condition 
north of Svalbard was preconditioned by favorable wind-
induced motion that pushes the sea ice out of the region 
and the higher water temperature in the AW layer. A large 
heat flux to the atmosphere and the subsequent deep con-
vective mixing play a crucial role in maintaining the open 
ocean condition by entraining the warm AW from the AW 
layer and thereby bringing ocean heat to the surface (Ivanov 
et al. 2016; Koenig et al. 2017a, b; Lundesgaard et al. 2022; 
Athanase et al. 2020). Our model study has not only more 
explicitly confirmed the two strongly suspected drivers of 
the favorable wind and the AW heat in the 2018 deep con-
vection event, linking the additional heat north of Svalbard 
in the AW layer to the anomalous AW inflow through Fram 
Strait, but also extended the existing studies by probing the 
potential impacts and implications of the event.

The southwestward wind over the study region before the 
deep convection in 2018 suppresses the sea ice advection, 
which is in good agreement with Onarheim et al. (2014)’s 
finding that the southward component of the local wind can 
be accounted for the reduced sea ice in this region. Our study 
quantifies the wind effect by indicating the westward wind 
stress of ~ 0.05 N/m2 and stronger southward wind stress 
of ~ 0.12 N/m2 in our model field (not shown). The negative 
correlation between sea ice concentration and heat lost to the 
atmosphere also implies the wind-forced motion causing the 
re-import of sea ice after the deep convection (Figure S10). 
Our study specifically finds that water temperature averaged 
over August-October of 2017 prior to the deep convection 
north of Svalbard in the AW layer is generally higher than 
the mean state over 2008–2019, which has been ascribed to 
the anomalous heat carried by the AW through Fram Strait, 

reaching its maximum of ~ 110 TW during the winter of 
2017 (Figs. 6, 7). The warm pulse of the AW through Fram 
Strait can be an indicator of the negative sea ice anomalies 
north of Svalbard (Ivanov et al. 2012, 2016), even though 
its impact alone might not be able to set the sea ice variabil-
ity on the interannual time scale (Lundesgaard et al. 2021), 
indicating the mutual effects of winds and AW heat at play 
in the 2018 event. The maximum AW volume and heat trans-
port are transmitted from the AW peak at the end of 2015 
in the Faroe–Shetland Channel Current (FSC-inflow) over 
the GSR, diagnosed by both the observational and modelled 
transport time series (Figure S6). The maximum AW peak 
occurs concurrently with the positive highest annual mean of 
the Arctic Oscillation (AO) index in 2015, which manifests 
itself as a trough of low pressure over the Arctic Ocean. 
The resulting strong westerly winds might act as a driving 
force accelerating the FSC-inflow. The apparent warm AW 
signal in 2017 brings more heat into the AW layer of the 
study region and enhances the sea ice melt initially through 
upward heat transfer. With the weakening/missing capping 
effect from sea ice cover north of Svalbard driven by the 
wind forcing, substantial heat loss due to wintertime cool-
ing produces denser water, triggering deep convection. The 
vertical overturning and mixing weaken the water stratifica-
tion but strengthen the rate of heat advection and dissipation, 
and thus contribute to the sea ice melting to a much greater 
extent (Polyakov et al. 2017). These processes form a posi-
tive feedback loop that leads to the unprecedented sea ice 
reduction over the Yermak Plateau in 2018.

One significant impact of the deep convection event in 
2018 is the modification of the AW hydrographic properties 
(Athanase et al. 2020). By drawing three model sections that 
are nearly perpendicular to the continental slope north of 
Svalbard, our section plots provide a more detailed descrip-
tion of how the AW core properties alter during the event 
along its eastward propagation pathway (Figs. 8, S12, and 
S13). Similar to the AW over the whole study period, the 
AW during the event still gets cooled and freshened along 
its pathway, as the temperature and salinity of the AW core 
of ~ 3.5 °C and ~ 35.15 PSU near the shore in section F2 
decreases to of ~ 2 °C and ~ 35 PSU in F4. A second AW core 
featuring the dipolar flow in F4 indicates the active partici-
pation of eddies, which are a key attribute to the lateral AW 
ventilation into the interior Eurasian Basin (Figure S13). 
Another significant impact of the 2018 event is that it cor-
responds to enhanced mesoscale eddy activity on the bound-
ary of the Yermak Plateau, especially to the east (Fig. 9a). 
The enhanced mesoscale eddy activity is suggested by the 
strikingly high Eddy Kinetic Energy (EKE) averaged over 
the eastern region to the Yermak Plateau, which appears 
in both the AW layer and Arctic halocline (Fig. 9b, Figure 
S14). The lateral mesoscale eddy fluxes represent an effec-
tive means of transporting warm and salty AW and releasing 
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the heat from the AW boundary current. The extremely 
high EKE might be the result of the mixed-layer instabili-
ties induced by the drastic buoyancy gradients crossing the 
ice-edge meltwater fronts (Manucharyan and Thompson 
2017). Since the eastern Yermak Plateau is situated at the 
Marginal Ice Zone (MIZ, Fig. 2), eddies in this region play 
a crucial role in interacting with sea ice and distorting the 
ice edge (Johannessen et al. 1987; Smith and Bird 1991). 
Cyclonic eddies can cause the convergence of sea ice, trap-
ping and advecting it to the warmer surface waters; on the 
other hand, they transport AW heat in the mixed layer under 
the sea ice over the MIZ, significantly warming the ice-
covered ocean and subsequently causing the expansion of 
the MIZ width (Johannessen et al. 1987; Manucharyan and 
Thompson 2017). Therefore, eddies in this region can also 
determine the MIZ by fracturing sea ice dynamically and 
melting sea ice thermodynamically. The exceptional sea ice 
loss north of Svalbard can partly contribute to the minimum 
southward sea ice volume flux through Fram Strait in 2018 
(Fig. 10). Considering the southward freshwater flux through 
Fram Strait also being relatively low this year (Figure S15), 
it means less freshwater is transported to the Nordic Seas 
and then the northern Atlantic Ocean. This likely results 
in a salinity increase in the upper layer, dampens the water 
stratification, and potentially exerts a promoting effect on the 
transformation processes of the Atlantic Meridional Over-
turning Circulation (AMOC) in the North Atlantic.

The transformation of the AW due to the deep winter 
convection also potentially provides an additional source of 
water to the lower limb of the AMOC. Lozier et al. (2019) 
concluded that the AMOC variability in the subpolar North 
Atlantic is primarily dominated by the conversion of warm, 
salty and shallow AW to cold, fresh and denser deep waters 
in the Irminger and Iceland basins. Huang et al. (2020) later 
revealed that the wintertime deep water formation taking 
place in the interior of the Greenland basin supplies the 
densest portion of overflow waters across the GSR based on 
historical hydrographic data over 2005–2015 and satellite 
altimeter data. Our model study further suggests that deep 
convection sites, which play a role in the transformation loop 
of the AMOC, may have begun to exhibit a trend of mov-
ing northward into the Arctic Ocean as the sea ice retreats. 
More frequent convection events over the Yermak Plateau 
in recent years together with the anomalously 2018 deep 
convection from our study hints at the possibility of such 
an occurrence.

The Arctic Ocean has experienced drastic changes in 
recent decades. The Arctic has been warming nearly four 
times faster than the rest of the globe since 1979 and has 
shown the largest temperature change, the so-called “Arctic 
Amplification” (Rantanen et al. 2022). Guarino et al. (2020) 
also proposed a warming world and the possibility of an ice-
free Arctic Ocean (less than 106 km2) in summer as early as 

2030–2050. The link between the region of deep convection 
and the location of AMOC headwaters under a warming 
climate is investigated utilizing simulations from the climate 
models (Lique et al. 2018; Lique and Thomas 2018). The lat-
itudinally northward migration of the deep convection region 
corresponds to the northward retreat of the winter sea ice 
edge that allows greater air-sea buoyancy fluxes to impact 
the Eurasian Basin. Since the mixed-layer subduction is the 
key process contributing significantly to the AMOC conver-
sion, the northward migration of the deep convection sites 
indicates the northward shift of the AMOC headwaters. The 
region north of Svalbard is the most dominant region of the 
AMOC deep limb under the future warmer climate (Lique 
and Thomas 2018; See their Fig. 4). Our study exemplifies 
that more years of greater deep convection and extremely 
deep MLD can be anticipated as the Arctic Ocean is becom-
ing seasonally ice-free with a trend of younger and thinner 
sea ice (Cavalieri and Parkinson 2012; Comiso 2012; Spreen 
et al. 2020; Timmermans and Marshall 2020). The deep con-
vection sites for the AMOC are expected to move northward 
into the Arctic Ocean (Bretones et al. 2022) and the interme-
diate/deep water formation and circulation will accordingly 
change in the future warmer Arctic Ocean. This will have 
important implications for a wide range of ocean processes, 
including the heat and salt redistribution as well as nutrients 
and gases intake in the high-latitude ocean. Therefore, keep-
ing track of anomalously deep convection events in the Arc-
tic Ocean with ocean/climate models at higher resolutions is 
warranted to better understand the future ocean revolution.
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