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Abstract

As the Arctic undergoes rapid warming and sea ice continues to decline, Ocean-to-Ice Heat Flux (OIHF) plays a crucial
role in regulating sea ice dynamics. This study investigates the seasonal variations in ocean-to-ice heat flux in north of
the Fram Strait using the regional Arctic Ocean/sea ice reanalysis product from 1991 to 2020. The analysis reveals that
the OIHF exhibits significant seasonal variability, with a pronounced peak during winter in north of the Fram Strait,
driven by inflows of Atlantic water. Warm Atlantic water intrusion begins in October, reaches its peak in January and
February, and results in a delayed increase in OIHF, with maximum flux observed 2—3 months later. These results
highlight the significant role of Atlantic water inflows in influencing Arctic sea ice dynamics and emphasize the need

for further investigation into the coupled ocean-atmosphere processes that govern seasonal fluctuations in OIHF.
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1 Introduction

In recent years, the Arctic environment has undergone
rapid changes, with a notable increase in temperature in
the Arctic Ocean that is two to three times greater than the
global rise due to the Arctic amplification (Nghiem et al.,
2007; Lei et al., 2015; Serreze et al., 2009; Marshall et al.,
2015; Pithan and Mauritsen, 2014; Huang et al., 2017;
Chylek et al., 2022; Rantanen et al., 2022). The thickness
of Arctic sea ice has been observed to decrease signifi-
cantly since the 1980s, as evidenced by satellite datasets
(Stroeve and Notz, 2018; Previdi et al., 2021; Xie et al.,
2013; Rodrigues, 2008). This trend has been accompa-
nied by a substantial reduction in the coverage of multi-
year ice (Markus et al., 2009). The thinning of the ice
pack will result in increased fragmentation and mobility
of sea ice (Graham et al., 2019; Spreen et al., 2011),
which further leads to enhanced atmosphere-ocean inter-
action. This, in turn, will facilitate greater ocean mixing
and potentially increase the vertical heat flux in the upper

ocean. The warming and sea ice loss have a significant
impact on the Arctic ecosystem, and this impact are ex-
pected to intensify in the coming decades (Johannessen
and Miles, 2011; Vincent et al., 2011; Fu et al., 2020;
Grémillet and Descamps, 2023). Furthermore, the warm-
ing of the Arctic and the reduction of sea ice may also af-
fect Eurasian and North American midlatitudes weather
patterns (Honda et al., 2009; Francis et al., 2017; Over-
land et al., 2016; Blackport et al., 2019; Screen and Black-
port, 2019). Consequently, the substantial decline in Arc-
tic sea ice increased the demand for more accurate simula-
tion and prediction of the Arctic sea ice conditions.
Ocean-to-Ice Heat Flux (OIHF) represents the trans-
fer of heat from the ocean to the ice at the interface, and
plays a pivotal role in regulating the melting and growth
of sea ice (Zhong et al., 2022). In the context of signifi-
cant decline in the extent and thickness of Arctic sea ice
as revealed by early studies (Comiso, 2002; Rothrock et
al., 2003), it is imperative to gain a comprehensive under-
standing of the contributions made by the OIHF. Sea ice
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concentration, mixed-layer depth and other variables or
processes that affect the ocean heat content all have im-
pacts on OIHF. For example, the winter OIHF has in-
creased significantly as a result of the entrainment of heat
from the Atlantic water into the mixed layer, due to the
weakening of the halocline in the FEurasian Basin
(Polyakov et al., 2020). Brine-driven surface convection
has been demonstrated to drive the upward heat entrain-
ment of Atlantic water (Polyakov et al., 2013, 2020),
thereby contributing to the increase of OIHF. Additional-
ly, OIHF variations may also be influenced by Ekman
pumping, with upwelling conditions increasing the likeli-
hood of entrainment (Dewey et al., 2018; Meneghello
et al., 2018; Zhong et al., 2018).

Direct measurement of OIHF is challenging because
it requires high-frequency, high-precision measurements
of temperature, salinity, and vertical velocity within the
near-surface boundary layer beneath drifting sea ice.
Therefore, previous studies have primarily derived OIHF
estimates indirectly from observational data. For example,
if the melting and thickening of sea ice is assumed to be a
slow process under quasi-equilibrium conditions (Per-
ovich et al., 1989), the OIHF can be obtained through the
thermal equilibrium equation. Since turbulent measure-
ments are rare and sparse both in space and time, paramet-
ric methods can also be used to analyze the OIHF from a
large-scale perspective (Zhong et al., 2022). Based on ob-
servations, previous studies have provided a basic under-
standing of the variability of OIHF. In the Arctic, the
equilibrium ice thickness of about 3 m may be main-
tained by an annual average OIHF of 2 W/m?2 (Maykut,
1982; Maykut and Untersteiner, 1971). Therefore, OIHF
was assumed to be constant at 2 W/m? in earlier studies,
while later observations contradicted this assumption. For
example, the seasonal variations of OIHF have been stud-
ied, with values reaching up to 60 W/m2 in summer
(Maykut and McPhee, 1995; Perovich et al., 1997) and
less than 2 W/m? in winter (Krishfield and Perovich,
2005). Zhong et al. (2018) observed an increase in winter
OIHF in the Beaufort circulation area, rising from
0.76 W/m? in 2006—-2012 to 1.63 W/m? in 2013-2018.
Zhong et al. (2022) further suggested that the winter in-
crease in OIHF is primarily driven by the deepening of the
mixed layer, which enhances subsurface heat entrainment
and leads to higher OIHF.

During the melt season, the sea ice concentration de-
creases and then solar radiation enters the upper ocean
through thin ice, heat is rapidly mixed and stored in the
upper ocean (Krishfield and Perovich, 2005; Maykut,
1982; Maykut and McPhee, 1995; Steele et al., 2010;
Timmermans, 2015; Toole et al., 2010). In summer, solar
heating of the upper mixed layer is the primary source of
OIHF (Krishfield and Perovich, 2005; Maykut, 1982;
Maykut and McPhee, 1995; Steele et al., 2010; Timmer-
mans, 2015; Toole et al., 2010) and thus previous studies
attributed OIHF primarily to solar radiation rather than to

warm water upwelling. However, some subsequent stud-
ies have elucidated the mechanisms of increased OIHF
caused by winter entrainment of heat from warm water
sources, such as the Atlantic or Pacific warm water (Peter-
son et al., 2017; Jackson et al., 2012; Steele and Morison,
1993; Yang et al., 2001). During non-melting periods, so-
lar radiation decreases and more heat is transported from
the warm deep water to the ice floor by entrainment from
storm-induced upwelling. The winter ocean heat transport
is influenced by mixed layer depth, sea ice concentration,
ocean convection (McPhee, 1992), and Ekman upwelling.
These factors show significant seasonal and interannual
variations, which also strongly affect the variations of the
OIHF.

The winter OIHF is largely influenced by the Pacific
water or Atlantic water (Fer et al., 2017; Jackson et al.,
2012; Steele and Morison, 1993; Yang et al., 2001). The
Arctic Ocean is located at the north of the North Atlantic
Current, where heat from the Atlantic water can enter the
Arctic Ocean through the Nordic seas (Fig. 1). Atlantic
water enters the Arctic Ocean through two primary in-
flow pathways: the Barents Sea branch transports the
greatest quantity of heat to the atmosphere above the shal-
low continental shelves of the Barents and Kara Seas
(Smedsrud et al., 2013), while the Fram Strait branch
transports ocean heat to the warm layer of the Arctic
Ocean (Aagaard and Carmack, 1989). Ocean heat from
the Atlantic water can penetrate to the surface and induce
melting of the sea ice in the Barents Sea and Greenland
Sea (Carmack et al., 2015; Dmitrenko et al., 2014; Ivanov
et al., 2012; Onarheim et al., 2014; Polyakov et al., 2010).
Evidence suggests that Atlantic water contributes to the
sea ice melting in the Greenland Sea, as indicated by sig-
nificant sea ice loss in the Eurasian Basin and increased
heat content of Atlantic water (Onarheim et al., 2014;
Polyakov et al., 2017; Walczowski and Piechura, 2011).
Nevertheless, the impact of seasonal variations in At-
lantic water on the north of Fram Strait remains to be elu-
cidated. Climate simulations for future scenarios suggest
that deep convection may become widespread in the Arc-
tic Ocean (Lique et al., 2018), potentially transporting
more oceanic heat toward the sea ice.

Due to observational limitations, unresolved issues re-
main in the study of OIHF in the Arctic. Because direct
observations are rare and sparse both in space and time,
studies of continuous OIHF across different spatiotempo-
ral scales remain limited. This study analyzes seasonal
variations in climatological OIHF averaged from 1991 to
2020 based on the regional Arctic Ocean/sea ice reanaly-
sis (RARE) 1.15.2, mainly focusing on the north of the
Fram Strait (the yellow box in Fig. 1). Using the RARE
product, this study provides a high-resolution OIHF anal-
ysis over a thirty-year period. Factors such as sea ice con-
centration, potential temperature, current velocity, and the
Arctic circulation system are considered to elucidate the
potential mechanisms in regulating the variation of OIHF
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Geographical distribution of topography over the Fram Strait and the surrounding region. The red and purple

arrows show the approximate main pathways of the warm (Atlantic water) and cold water (transpolar drift), respective-
ly. The yellow dashed box indicates the region of interest, while the white dashed line represents the profile analyzed in

this study.

in north of the Fram Strait. Section 2 introduces the
RARE reanalysis product and some methods used in this
study; Section 3 presents results on the spatiotemporal
variation of OIHF in north of the Fram Strait (81°—87°N,
30°W-60°E) and the oceanic factor controlling the varia-
tion in OIHF, also some discussion compared with previ-
ous researches are given; Section 4 summarizes the study.

2 Data and methods

RARE is a newly developed, high-resolution dataset
designed to provide comprehensive insights into the Arc-
tic Ocean and sea ice dynamics over a 41-year period
(1980—2020). The RARE reanalysis spans the subpolar/
polar cap northward of 45°N, with horizontal resolutions
ranging between 2 km and 5 km and vertical resolutions
between 1 m and 10 m in the upper 100 m (Carton and
Chepurin, 2023). The ocean/sea ice model relies on Geo-
physical Fluid Dynamics Laboratory (GFDL) Modular
Ocean Model (MOMS5)/Sea Ice Simulator (SIS1) numer-
ics (Winton, 2000; Griffies, 2004), while the sea ice com-
ponent employs a five-layer version of the GFDL sea ice
simulator version 1 for its dynamics (Carton and Chep-
urin, 2023). The dataset includes temporal resolutions at
both 5-d and monthly intervals, capturing key oceano-
graphic and atmospheric interactions within this climati-
cally sensitive region.

RARE employs the same modeling and data assimila-
tion framework as the coarser-resolution Simple Ocean
Data Assimilation 3.15.2 (SODA3), developed under the

simple ocean data assimilation project (Carton et al.,
2018; Grodsky et al., 2024). The sequential data assimila-
tion was conducted in RARE product to constrain temper-
ature and salinity fields, based on the observational data
from World Ocean Database, in situ and satellite-derived
sea surface temperature, and sea ice thickness estimates
from Pan-Arctic Ice-Ocean Modeling and Assimilation
System (PIOMAS) (Carton and Chepurin, 2023). The im-
proved spatial resolution of RARE has demonstrated en-
hanced agreement with observations, yielding stronger
and more compact current structures and improved along-
isopycnal heat and salt transport (Carton and Chepurin,
2023), which is substantial for the OIHF variation in the
upper ocean. This higher resolution has also shown im-
proved simulation accuracy in sea ice fields, aligning well
with atmospheric forcing fields (Ge et al, 2023).
RAREIL.152 is compared to a coarser-resolution
SODA3.15.2, which uses the same modeling and data as-
similation system (Carton and Chepurin, 2023). The
RARE dataset produces stronger more compact currents,
enhances eddy kinetic energy, and strengthens along-
isopycnal heat and salt transports, but reduces vertical ex-
changes and thus strengthens upper ocean haline stratifi-
cation. Comparative analyses between RARE, SODA3,
and the Hadley Centre EN4.2.2 objective analysis demon-
strate that, in regions with extensive data coverage, such
as the Nordic seas, the three products produce similar
time-mean distributions of temperature and salinity (Car-
ton and Chepurin, 2023). However, in areas with sparse or
temporally variable data coverage, EN4.2.2 exhibits
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greater sensitivity to data inhomogeneities, which may af-
fect its accuracy in long-term climate analyses (Carton et
al., 2019). Furthermore, RARE and SODA3 products en-
able examination of interannual temperature variability
impacts from subpolar gyres on the Arctic Ocean (Carton
and Chepurin, 2023). This high-resolution RARE product
aims to improve documentation and deepen understand-
ing of oceanic and sea ice dynamics within the Arctic cli-
mate system, providing valuable insights into mesoscale
processes, climate feedback mechanisms, and variability
(Carton and Chepurin, 2023). The SODA product has
been widely used to study the global and regional ocean
dynamics (e.g., Carton et al., 2005; Carton and Giese,
2008; Shenoi et al., 2005; Liu et al., 2011; Duan et al.,
2013). Considering the RARE and SODA dataset use the
same modeling and data assimilation system, these also
lend some credibility to the RARE data and results in this
work. The RARE dataset is publicly accessible at https://
www?2.atmos.umd.edu/~ocean/index_files/rarel.15.2
download.htm.

To provide an overview of the spatiotemporal distribu-
tions of OIHF in the Arctic Ocean, the climatological dis-
tributions of sea ice and oceanic variables are analyzed us-
ing the RARE product from 1991 to 2020. The ocean/sea
ice model of RARE uses GFDL MOMS/SIS1 numerics
(Carton and Chepurin, 2023; Winton, 2000; Griffies,
2004). And the sea ice model Sea Ice Simulator version 1
(SIS1) is a reformulated three-layer sea ice model. The
model retains the layer structure but treats the upper half
of the ice as a variable heat capacity layer. In this way, the
brine reservoir is treated more physically and naturally
without an increase in computational expense. It avoids
double counting the melting of brine contained in the ice
when ice melts at the surface. Thus, the reduction in brine
that accompanies surface melting is automatically han-
dled in the new model. A further advantage of the new
model is that it is fully implicit, eliminating the need to
switch to a zero-heat-capacity model when the ice be-
comes thin (Winton, 2000). In SIS1, the OIHF (F) is a
linear function of the ice-ocean temperature difference
(Winton, 2001) in Eq. (1), where K represents the heat
transfer coefficient at the ice-ocean interface. T, is the sea
surface temperature, and T7; is the temperature of the
ice/ocean interface which is fixed at the (salinity depen-
dent) seawater freezing temperature.

F = Ko(To = Tf). M

The Sea Ice Concentration (SIC) in RARE dataset was
compared with that of the National Snow and Ice Data
Center (NSIDC), focusing on the marginal ice zone (SIC
< 0.8) as illustrated in Fig. 2. The seasonal climatological
distributions of SIC in both datasets show minimal dis-
crepancies, thereby providing a degree of validation for
the accuracy of the RARE dataset.

The upper waters (0—500 m) in the Atlantic Ocean are

divided into four major water masses (Emery and
Meincke, 1986), including Atlantic Subarctic Upper Wa-
ter, Western North Atlantic Central Water, Eastern North
Atlantic Central Water, and the South Atlantic Central
Water. Analysis of the water masses allows the influence
of the Atlantic water on OIHF in north of the Fram Strait
to be investigated. The potential temperature and salinity
ranges that define the upper Atlantic waters in the North
Atlantic are identified as 2.0—4.0°C and 34.0-35.0, re-
spectively (Emery and Meincke, 1986). The temperature-
salinity (7-S) analysis was performed to illustrate the vari-
ations in water masses. The characteristics of the water
masses associated with the North Atlantic Current (not
shown) indicates that Atlantic water primarily accumulate
at depth of 100—200 m after entering the Arctic Ocean
through the Fram Strait. Therefore, subsequent analysis
will focus on the core depth of Atlantic water within
100—200 m range.

3 Results and discussion

3.1 Variation of OIHF

The monthly climatological OIHF was averaged over
1991-2020 in the Arctic Ocean, which demonstrates that
the seasonal variation of OIHF is more pronounced in the
Atlantic sector compared to other regions (not shown).
Therefore, the spatial distribution of OIHF in the Atlantic
sector was examined to illustrate the seasonal properties.
As illustrated in Fig. 3, a broad zone with high-OIHF
values, extends across the latitudinal range of 72°—81°N
and the longitudinal range of approximately 18°W—54°E.
This high-OIHF zone exhibits notable seasonal variation
in both intensity and spatial extent, reaching the maxi-
mum width and intensity during winter (December—
February, Figs 3a—c). Meanwhile, a discrete region with
such relatively high-OIHF values also occurs in north
of the Fram Strait (81°—87°N, 30°W—60°E), reaching a
maximum of 30 W/m? over the wintertime (Figs 3a—c).
This region is distinct from the main broad high-OIHF
zone previously mentioned. Such high-OIHF features over
the northern Fram Strait is most extensive in January
(Fig. 3b), gradually diminishing in February (Fig. 3c)
and largely disappearing by March (Fig. 3d). During the
summertime, there is a notable decline in OIHF values,
with minimal heat flux observed and a reduction in the
extent of the broad high-OIHF zone (June—August,
Figs 3g—i). By the autumn (September—November, Figs
3j—-1), the OIHF over the Norwegian Sea began to in-
crease again. Generally, OIHF in north of the Fram Strait
shows the most significant seasonal variation over the
wintertime, which might be attributed to oceanic process-
es rather than the solar heating given the high-latitude
location.

To figure out the consistency between OIHF and the
SIC in north of the Fram Strait, the spatial distribution of
monthly climatological SIC from 1991 to 2020 was pre-
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Fig. 2. Seasonal climatological distribution of sea ice concentration in RARE (a—d) and NSIDC (e—h) from 1991 to
2020, with marginal ice zones plotted in yellow lines. DJF: December—February; MAM: March—May; JJA: June—

August; SON: September—November.

sented in Fig. 4. Figure 4 demonstrates that the broad
high-OIHF zone identified in Fig. 3 is located within the
marginal ice zone, where the SIC is relatively low, partic-
ularly south of 78°N. In such low-SIC area, the penetra-
tion of solar radiation could increase, which can further
enhance the subsurface heat entrainment and finally in-
duce such high-OIHF at the ice-ocean interface. This in-
teraction highlights a positive feedback over the low-SIC
region: such higher OIHF occurs result from the enhanced
heat entrainment and solar radiation absorption, which
could further reduce SIC by melting sea ice. Meanwhile,
as sea ice melts, additional solar radiation penetrates into
the ocean, increasing oceanic heat content and sustaining
the upward heat flux. The high OIHF values observ-
ed during winter are typically associated with high SIC

(Figs 4a—c), usually along with thick ice cover. Under the
harsh sea ice conditions in north of the Fram Strait, the in-
fluence of solar radiation on OIHF is minimal, and the lo-
cal atmospheric processes are unable to affect the OIHF
by enhancing ocean mixing or convection. Based on these
results, we hypothesized that the increased OIHF values
may primarily arise from the intrusion of warmer waters
into this region, such as the transport of Atlantic warm
water. To further investigate the potential processes driv-
ing these high OIHF values, we then examined the tempo-
ral variation of potential temperature in north of the Fram
Strait (Fig. 5).

Figure 5 presents the monthly climatological distribu-
tion of average potential temperature at depth of 100—
200 m over 1991-2020. This depth range was selected as
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Fig. 3. Monthly climatological distribution of ocean-to-ice heat flux (OIHF) from 1991 to 2020.

it represents the core layer of relatively warm Atlantic wa-
ter, as described in Section 2. By focusing on this depth,
we aim to capture the spatial distribution of the primary
heat source in north of the Fram Strait. Figure 5 reveals a
distinct region of high potential temperature extending
from the North Atlantic Ocean to the Fram Strait, consis-
tent with the positions of the two primary pathways of
warm Atlantic water shown in Fig. 1. This pattern sug-
gests that the temperature distribution effectively reflects
the transport of Atlantic water. During spring and sum-
mer, warm waters reach up to approximately 82°N,
with little to no warm water signal further north, such as
in the Nansen Basin, north of the Fram Strait (Figs 5e—j).
However, in autumn and winter, these warm waters ex-
tend into the north of the Fram Strait (Figs Sa—d and k-1),
suggesting a potential seasonal heat transport from the
North Atlantic Ocean.

The averaged potential temperature distribution indi-
cates that the water in north of the Fram Strait reaches its
highest temperatures in winter (Figs 5a—c), which is con-
sistent with the notable increase in OIHF values observed
during the same period (Figs 3a—c). Further examination
reveals that potential temperatures in this region begin to
rise in October (Fig. 5k), and remain elevated through

February and March (Figs 5¢c—d). However, when examin-
ing the monthly distribution of OIHF (Fig. 3), high OIHF
values in north of the Fram Strait primarily begin in De-
cember (Fig. 31), reaching the peak in January (Fig. 3b),
and start to weaken by February (Fig. 3c). This suggests
that changes in subsurface temperature may exert a cumu-
lative lag effect on the OIHF. The most significant impact
on the OIHF occurs approximately 2—3 months after the
sustained increase in potential temperature of the subsur-
face layer. Therefore, we conclude that the extreme high-
OIHF values in winter are primarily driven by the intru-
sion of Atlantic waters, which raises subsurface tempera-
tures and subsequently enhances the heat flux at the ice-
ocean interface. Based on this, we further quantified the
characteristics and volume transport of Atlantic water in
subsequent analyses.

3.2 Atlantic inflow

The northward inflow of Atlantic water is a key com-
ponent of the Atlantic meridional overturning circulation,
driven by thermohaline convection (Ganachaud and Wun-
sch, 2000), and transports warm Atlantic water toward the
surface in the northern regions (Aagaard, 1989). To exam-
ine the spatiotemporal variations of the North Atlantic
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Current, we focused on the north of the Fram Strait
(81°—87°N, 30°W—60°E), indicated by the yellow box in
Fig. 1, where winter OIHF increased apparently (Fig. 3).
The analysis centers on the water masses within the core
depth range of 100—200 m. Monthly climatological 7-S
diagram for the north of the Fram Strait is shown in Fig. 6.
The colorbar represents the proportion of grid points with-
in each 7-S unit relative to the total number of grid points.
The 7-S range for Atlantic water is outlined by a red box
(Fig. 6), highlighting the intrusion of Atlantic water into
the north of the Fram Strait. It is evident that during
winter, the proportion of Atlantic water significantly in-
creases over the entire region (Figs 6a—c), indicating a
substantial intrusion of warm Atlantic water into the
north of the Fram Strait. This is consistent with the poten-
tial temperature increase observed earlier (Figs S5a—c).
Furthermore, the 7-S diagram shows that from October
onward (Fig. 6k), the proportion of Atlantic water gradu-
ally rises, reaching its peak around January and February
(Figs 6b—c), after which it decreases during spring and
summer (Figs 6d—j). These findings align closely with the
spatial distribution and temporal changes in potential tem-
perature shown in Fig. 5, indicating that the intrusion of
this warm water mass directly influences the subsurface

temperature distribution.

To better understand the vertical intrusion characteris-
tics of Atlantic water, we presented the distribution of po-
tential temperature within the latitudinal range of signifi-
cant OIHF variation along the 0° meridian (82°—88°N).
As expected, during the winter months, a pronounced
warm signal is observed, gradually extending northward,
with warm water exceeding 1°C penetrating up to depths
smaller than 100 m (Figs 7a—c), thereby significantly in-
fluencing OIHF (Figs 3a—c). This vertical seasonal varia-
tion is consistent with the changes in the proportion of
water masses shown in Fig. 6, clearly demonstrating that
the water mass intrusion begins to intensify in October
(Figs 6k and 7k). The warm water signal progressively
extends both northward and upward, reaching its peak in-
tensity in late winter (Figs 7b—c), weakening during
spring (Figs 7d—f), and becoming weakest in summer

(Figs 7g—).

3.3 Relationship between OIHF and the Atlantic
inflow

Based on the analysis of spatiotemporal variations in
OIHF over the north of the Fram Strait in Sections 3.1 and
3.2, it is concluded that the notable increase in OIHF is
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primarily driven by enhanced heat transport from the
North Atlantic Current during winter. To further investi-
gate this relationship, the correlation between OIHF and
volume transport of Atlantic water was examined in this
section. Spatial averaged climatological OIHF were calcu-
lated over the north of the Fram Strait (81°—87°N,
30°W—60°E, indicated by the yellow dashed box in
Fig. 1). Additionally, the monthly climatological volume
transport of Atlantic water across the defined transect
(shown as the white dashed line in Fig. 1) was quantified.
Figure 8 shows the time series of OIHF and Atlantic wa-
ter transport, which exhibits clear seasonal variations,
reaching a minimum in summer and a maximum in win-
ter. The peak in the spatial averaged OIHF occurs in Jan-
uary, with a significant increase beginning in October
(Fig. 8). The correlation coefficient and p-value (r =
0.86, P <0.001) indicate a strong positive correlation be-
tween the OIHF and volume transport of Atlantic water.
These results further emphasize the relationship between
the seasonal variations of OIHF and the North Atlantic
Current system. The seasonal variation in Atlantic water
intrusion into the Arctic Ocean can be partially attributed
to the seasonal fluctuations in Arctic strong cyclones (Liu

and He, 2023). During the winter months, both the fre-
quency and intensity of these cyclones increase (Liu and
He, 2023), which in turn enhance the potential vorticity of
the North Atlantic Current, thereby facilitating further
transport of Atlantic water into the Arctic Ocean. These
cyclones also influence the subsurface and upper ocean
layers through vertical mixing (Liu and He, 2023). The
mixing and intrusion processes driven by Arctic cyclones
disrupt the stable stratification of the ocean, reducing sub-
surface ocean density and the buoyancy frequency. This
disruption accelerates the northward intrusion of Atlantic
water, increasing subsurface ocean heat content and pro-
moting mixing between warm Atlantic water and colder
Arctic water. As a result, these processes contribute to an
increase in ocean heat content and facilitate Atlantifica-
tion in the Arctic Ocean. Previous studies have also exam-
ined the intrusion of the North Atlantic Current into the
north of Svalbard, similar to the focus of this study (Duarte
et al., 2020). However, their analysis primarily centered
on sea ice melt rather than OIHF, and they did not ac-
count for the seasonal variations of the North Atlantic
Current, which play a significant role in influencing win-
ter sea ice dynamics.



Liu Yuang et al. Acta Oceanol. Sin., 2025, Vol. 44, No. 3, P. 71-83 79

a. Dec. b. Jan. c. Feb.
o o o
< < <
) ) 5
o o o
5 5 5
= =2 =
8 8 8
g g g
> ° il °
~ o I =5 Sy i
335 340 345 35.0 355 335 340 345 350 355 335 34.0 345 350 355
Salinity Salinity Salinity
d. Mar. e. Apr. f. May
I I I
g g E H0.7
1= 1= <
5 5 5
o o o
£ £ ]
2 2 2
E E E {0
5 5 g
5 S S
~ o . ~ 0 : ~ & i £
335 340 345 35.0 355 335 340 345 350 355 335 34.0 345 350 355 k=
.. . . 405 g
Salinity Salinity Salinity S
g. Jun. i. Aug. &~
o o o 0.4
= -3 = = - R
% 4 s % % 4t
1= < <
5 5 5
o o o
5 5 5
=2 = =2r 103
8 8 8
E E = A
§ pe : § |
& bmmeST & ety S bt i Al
335 340 345 350 355 335 34.0 345 350 355 335 34.0 345 35.0 355 02
Salinity Salinity Salinity
j- Sept. k. Oct. 1. Nov.
© © © 0-1
< 1= <
) 5 5
o j=% o
5 5 5 0
= =2 =
8 8 8
g g g
5 5 5
& Lo i =, H - : = Pt
335 340 345 350 355 335 34.0 345 350 355 335 34.0 345 350 355
Salinity Salinity Salinity

Fig. 6. Monthly climatological temperature-salinity diagram at the depth of 100-200 m in the north of the Fram Strait
from 1991 to 2020. Color represents the proportion of water masses, and red boxes indicate Atlantic water.

4 Conclusions

This paper investigates the seasonal variations and
driving mechanisms of OIHF over north of the Fram Strait
and the surrounding regions using the high-resolution
RARE dataset from 1991 to 2020. The results show that
the OIHF exhibits significant spatiotemporal variability,
with a belt-shaped region of high heat flux in the marginal
ice zone. This region reaches its maximum width and in-
tensity during winter, especially in north of the Fram
Strait. Analysis of potential temperature and salinity re-
veals that the proportion of Atlantic water in north of the
Fram Strait increases significantly during winter. This
warm water intrusion begins in October, peaks in January
and February, and then decreases during spring and sum-
mer. The enhanced presence of Atlantic water raises sub-
surface temperatures, which, combined with the north-
ward heat transport, drives the observed winter peaks in

OIHF. The warming in subsurface layers also leads to a
lagged response in the OIHF, with a delay of about 2—3
months. Furthermore, vertical distributions of potential
temperature also reveal a clear seasonal pattern, with
warm Atlantic waters penetrating northward and upward
during winter. This significantly reduces ocean stratifica-
tion and promotes vertical heat transport, further intensi-
fying OIHF. The strong correlation between OIHF and the
volume transport of Atlantic water shows that the season-
al peak in OIHF is driven by increased inflows of At-
lantic water during winter.

Overall, this study highlights the critical role of the
North Atlantic Current and its seasonal dynamics in shap-
ing variations in OIHF and their impacts on Arctic sea ice.
Future research should focus on understanding the drivers
of these seasonal variations, particularly the role of Arctic
cyclones and their interactions with oceanic processes.
Additionally, detailed heat budget analyses are necessary
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dashed box in Fig. 1) from 1991 to 2020.

to further quantify the contributions of OIHF to sea ice
changes in north of the Fram Strait, which is essential for
improving predictions of Arctic sea ice dynamics in a
warming climate.
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