
     

LETTER • OPEN ACCESS

Unprecedented Arctic sea ice thickness loss and
multiyear-ice volume export through Fram Strait
during 2010–2011
To cite this article: Xuewei Li et al 2022 Environ. Res. Lett. 17 095008

 

View the article online for updates and enhancements.

You may also like
Warming in the Nordic Seas, North Atlantic
storms and thinning Arctic sea ice
Vladimir A Alexeev, John E Walsh,
Vladimir V Ivanov et al.

-

The evolution of the Fram Strait sea ice
volume export decomposed by age:
estimating with parameter-optimized sea
ice-ocean model outputs
Yijun Yang, Chao Min, Hao Luo et al.

-

Arctic sea ice thickness, volume, and
multiyear ice coverage: losses and
coupled variability (1958–2018)
R Kwok

-

This content was downloaded from IP address 18.221.89.183 on 22/05/2024 at 02:51

https://doi.org/10.1088/1748-9326/ac8be7
https://iopscience.iop.org/article/10.1088/1748-9326/aa7a1d
https://iopscience.iop.org/article/10.1088/1748-9326/aa7a1d
https://iopscience.iop.org/article/10.1088/1748-9326/acaf3b
https://iopscience.iop.org/article/10.1088/1748-9326/acaf3b
https://iopscience.iop.org/article/10.1088/1748-9326/acaf3b
https://iopscience.iop.org/article/10.1088/1748-9326/acaf3b
https://iopscience.iop.org/article/10.1088/1748-9326/aae3ec
https://iopscience.iop.org/article/10.1088/1748-9326/aae3ec
https://iopscience.iop.org/article/10.1088/1748-9326/aae3ec
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjsswSqPTms6cdbGfOgZevi5WBSq5Dc9iIexcNAxU20lFEizxTmj5cpZyWOuhmDA02xen0TDZmgG_cy-otQk4SWZXv2c0E7Zmi0XAScCSVSCUnMHNfrLBDUjkZM_UdKhsgcrosRHeETwp1X7ZzDEvy9nT_50qP9Hk8B8D8LYphPANJb8tIm7cxRyUyjWEr8jrIOVp_vbDauw98zOM4R5hySs9Oy2RdoG5uuIHXRV7h5251O5CHklxgAPSuC2Hts6H2txEiYzT0oWRMkPcqlE_sKje6aro-rtVAgLYb2S__bdiFMdAh921z25PFqkmfP12fkErJzhdcExdPWAj_LMzlZq3YnpFT_W5&sig=Cg0ArKJSzLLwJdXTc4Hq&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://www.owlstonemedical.com/about/events/breath-biopsy-conference-2024/%3Futm_source%3Diop%26utm_medium%3Dad-lg%26utm_campaign%3Dbbcon-bbcon24-reg%26utm_term%3Diop-journal


Environ. Res. Lett. 17 (2022) 095008 https://doi.org/10.1088/1748-9326/ac8be7

OPEN ACCESS

RECEIVED

24 February 2022

REVISED

18 August 2022

ACCEPTED FOR PUBLICATION

23 August 2022

PUBLISHED

1 September 2022

Original content from
this work may be used
under the terms of the
Creative Commons
Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOI.

LETTER

Unprecedented Arctic sea ice thickness loss and multiyear-ice
volume export through Fram Strait during 2010–2011
Xuewei Li1, Qinghua Yang1,∗, Lejiang Yu2, Paul R Holland3, Chao Min1, Longjiang Mu4 and Dake Chen1

1 School of Atmospheric Sciences, Sun Yat-senUniversity, and SouthernMarine Science and Engineering Guangdong Laboratory, Zhuhai
519082, People’s Republic of China

2 MNR Key Laboratory for Polar Science, Polar Research Institute of China, Shanghai 200136, People’s Republic of China
3 British Antarctic Survey, Cambridge CB3 0ET, United Kingdom
4 Pilot National Laboratory for Marine Science and Technology, Qingdao 266237, People’s Republic of China
∗ Author to whom any correspondence should be addressed.

E-mail: yangqh25@mail.sysu.edu.cn

Keywords: Arctic, sea ice thickness, thermodynamics, dynamics

Supplementary material for this article is available online

Abstract
The satellite-observed sea ice thickness (SIT) records from 2003 to 2020 identify an extreme SIT
loss during 2010–2011. Ice thickness budget analysis demonstrates that the thickness loss was
associated with an extraordinarily large multiyear ice (MYI) volume export through the Fram Strait
during the season of sea ice advance. High cloudiness led to positive anomalies of net longwave
radiation, and positive net surface energy flux anomalies supported enhanced sea ice melt from
June to August. Due to the MYI loss, the Arctic sea ice became more sensitive to subsequent
atmospheric anomalies. The reduced surface albedo triggering a positive ice-albedo amplifying
feedback and contributed to the accelerating loss of ice thickness. These tightly coupled events
highlight that the increasingly younger and thinner Arctic sea ice is becoming more vulnerable to
external forcing and created the precondition for the rapid reduction in sea ice extent in 2012.

1. Introduction

Arctic sea ice plays an important role in the cli-
mate system. The exchanges of moisture, heat and
momentum between the atmosphere and the polar
oceans are strongly influenced by ice thickness, par-
ticularly when the ice is thin. The thinning of Arctic
sea ice well reflects recent climate changes. The sub-
marine and satellite (Ice, Cloud, and land Elevation
Satellite, ICESat) records reveal a long-term trend of
Arctic sea ice thinning since 1958–2008 (Rothrock
et al 2008, Kwok andRothrock 2009).Min et al (2019)
claimed that the minimum sea ice thickness (SIT)
occurs in 2011, using a model combined with satel-
lite thickness data, and this is also found in satel-
lite data alone (Kwok and Cunningham 2015, Tilling
et al 2015, Liu et al 2020). The seasonal evolution
of mean Arctic SIT and sea ice volume (SIV) based
on CS2SMOS dataset from October 2010 through
April 2020 are contrasted in figures 1(g) and (h). The
mean SIT within the area of actual ice coverage in

October 2011 was strongly anomalous, so was the loss
in multiyear ice (MYI) volume (figures 1(g) and (h)).
Along with the observed decrease in SIT, MYI has
been shrinking faster than the entire sea ice (Comiso
2002, Kwok and Untersteiner 2011). The fraction of
MYI in the total ice extent in March decreased from
about 75% in themid 1980s to 45% in 2011 (Maslanik
et al 2011). Most notably, younger and thinner ice
becomes more sensitive to dynamic and thermody-
namic effects such as ice drift and melting (McPhee
et al 1998, Maslanik et al 2007a).

As the precondition for the rapid reduction in sea
ice extent in 2012, perennial ice in 2011 was nearly as
low as that in 2007, andMYI in the 2011–2012 winter
season was a record low (Screen et al 2011, Parkinson
and Comiso 2013, Zhang et al 2013). However, due to
the lack of satellite-observed SIT in summer, little is
known about how the ice thickness and ice age have
changed from 2010 to 2011. To advance upon these
existing studies, we use a well-validated daily SIT
reanalysis data covering the melting season, applying
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Figure 1. Interannual changes in fall sea ice thickness. (a)–(e) Spatial patterns of ice thickness in fall (October–November) based
on the ICESat (2003–2007). (f) Interannual changes in fall sea ice thickness based on the ICESat (2003–2007) and CryoSat-2
(2010–2020) satellite datasets. (g) Daily behavior of mean sea ice thickness within area of actual ice coverage based on CS2SMOS
dataset from October 2010 through April 2020. Gray shading shows the quality of CS2SMOS data. (h) Daily behavior of
total(black), first-year(blue) and multiyear (red) sea ice volumes within Arctic basin based on CS2SMOS dataset from October
2010 through April 2020. (i)–(r) Spatial patterns of ice thickness in fall (October–November) based on the CryoSat-2
(2010–2020). Arctic basin mean sea ice thickness is computed within the bounded by the gateways into the Pacific (Bering Strait),
the Canadian Arctic Archipelago, and the Greenland (Fram Strait) and Barents Seas.

SIT budgets to further investigate the dynamic and
thermodynamic mechanisms involved in the SIT
anomaly in fall 2011. In this study, we address two
major questions by sea ice budget analysis. First,
what special factors led to the precipitous decrease
of SIT in 2011? Second, are the changes predom-
inantly dynamic or thermodynamic in origin? The
paper is organized as follows: section 2 describes the
observations and model data used in this study and
presents the methods that we employed to investigate
the sea ice budgets. In section 3, we evaluate the sea ice
budget anomalies in 2011. Moreover, the mechanism
for sea ice thinning in response to the driving climatic
factors are described. We summarize and discuss the
major findings of this study in section 4.

2. Data andmethods

The evolution of SIT is governed by the dynamic
and thermodynamic processes. The thickness can be
separated by a simple conservation equation (Bitz et al
2005, Holland et al 2014)

∂H

∂t
=−∇ · (uH)+ residual, (1)

=−u ·∇H−H∇· u+ residual (2)

where H is SIT and u is ice motion. The term
on the left-hand side ∂H

∂t is referred to as ice
‘thickening’, which is determined by ice thickness
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flux divergence, ∇· (uH) and the residual. The flux
divergence can be separated into ‘advection’, u ·∇H,
and ‘divergence’, H∇· u. The residual represents the
thermodynamic melting and freezing. We adopt the
sign convention that positive values of all terms are
associated with an increase in ice thickness. In a
related approach, Holland and Kimura (2016) exam-
ine the Arctic ice concentration budget terms, which
is highly instructive, but our purpose is to assess the
ice thickness budget. The SIT is defined as grid cell-
averaged ice thickness, which is also called effective
ice thickness. The effective ice thickness is the product
of the average ice thickness and the ice area concen-
tration and equals the volume of ice per unit area of
ocean.

We apply this methodology to a well-validated
SIT and drift dataset (the combined model and satel-
lite thickness data, CMST), which was generated by
the MITgcm ice-ocean model with CryoSat2, the soil
moisture and ocean salinity (SMOS) SIT and the
satellite sensors Special Sensor Microwave Imager/-
Sounder (SSMIS) sea ice concentration assimilated
(Mu et al 2018). The CMST thickness data cover
both the cold seasons and the melting seasons for
the period of October 2010 to December 2016 on
an 18 km grid. The CMST has been already quant-
itatively evaluated against observations by a previous
study (Mu et al 2018, Min et al 2019), demonstrat-
ing an accurate performance in simulating the real
sea ice drift and thickness. To reduce the noise in ice
drift fields and hence divergence calculation, we fol-
lowHolland andKimura (2016) and smooth ice drifts
with a 400× 400 km square-window filter.

To evaluate sea ice variability, we use the Arctic
SIT and concentration data based on the European
Space Agency (ESA) and the AlfredWegener Institute
(AWI) CryoSat-2 satellite (Ricker et al 2014, Kurtz
and Harbeck 2017). The ESA ice thickness data are
provided daily from October 2010 to April 2020,
while the AWI ice thickness are provided weekly. We
also use the weekly sea ice age for the Arctic Ocean
(Tschudi et al 2020). The method used to estimate
sea ice age involves Lagrangian tracking of sea ice
from week-to-week using gridded ice motion vectors
(Maslanik et al 2011, Tschudi et al 2020).

We also use the SIT and drift in CMST data to
compute ice volume export through Fram Strait. We
follow the previous definition of gate position and
defined the gate at 82◦ N between 12◦ W and 20◦

E and 20◦ E between 80.5 and 82◦ N (Krumpen
et al 2016, see supplementary figure S1). Because the
EASE-Grid Sea Ice Age product is not provided near
coasts, the sum of first-year ice (FYI) and MYI is
slightly less than the total amount of ice.

In this study, to quantify the thermodynamic
impact on the ice thickness budget, we estim-
ate monthly sea level pressure (SLP), 10 m wind
speed, surface radiation fluxes, and albedo anom-
alies, derived from the fifth generation European

Centre forMedium-RangeWeather Forecasts ReAna-
lysis product (ERA5) (Copernicus Climate Change
Service (C3S) 2017, Hersbach et al 2020).

3. Results

3.1. SIT budget anomalies
Based on theCryoSat-2 satellite observations, from20
October 2010 to 20 October 2011, the Arctic basin
had lost more than 920 km3 of ice volume, with
the central Arctic accounting for 88% of the loss
(figure 1). The CryoSat-2 satellite dataset showed that
the Arctic basin mean SIT anomalies was 0.26 m
below the average over 2010–2019. The CMST over-
estimated the sea ice thickess loss, but it well cap-
tured the general spatial pattern of the ice thickness
loss, especially in the Central Arctic. Generally, the
anomaly of the total sea ice thickening was negative in
2011, which indicated that more sea ice was being lost
in the whole Arctic region, especially in the north of
Canadian Arctic Archipelago (CAA) (figure 2). Not-
ably, the Arctic Ocean had lost 809 km3 of MYI from
2010 to 2011, accounting for 88% of the total sea ice
loss. The total exported ice volume anomaly through
the Fram Strait fluctuated little in 2010–2011, but
about 40% of the MYI loss was directly due to the
strengthened ice export at the Fram Strait.

To discriminate the sources for the SIT anomalies,
we analyzed the Arctic SIT budget anomalies covering
both the cold seasons and the melting seasons from
2010 to 2011 by subtracting the six year mean from
each month (figure 2). According to the CMST, the
total Arctic basin mean anomaly from 2010 to 2011
was 0.31 m. The thermodynamic ice loss played an
important role. The residual was dominated by ther-
modynamics, with more ice thickness loss of 0.25 m,
while the anomaly of total ice thickness divergence
and advection was −0.05 m and −0.01 m, respect-
ively. Correspondingly, the thermodynamic forcing
and the sea ice divergence accounted for 81% and
16% of the ice thickness loss.

According to the timing of ice advance versus ice
retreat, we time-integrated the Arctic SIT budget into
seasonal means for the seasons of sea ice advance
(October–April) and retreat (May–September). The
Arctic sea ice thickening increased (declined) rap-
idly from October to April (May–September). Dur-
ing the season of sea ice advance, the thickening
anomaly is relatively weak. The negative thickening
anomaly (approximately −0.1 meters per month)
appeared along the north of CAA and the coast of
the East Siberian Sea (ESS). Most regions were sub-
ject of enhanced divergence, while increased con-
vergence is indicated around the coast of the BS.
Advection anomalies transported sea ice from BS,
CS, and ESS to the Fram Strait along the CA coast,
resulting in increased SIT north of Spitsbergen and
the Fram Strait. Residual (thermodynamic) anom-
alies were relatively weak but matched the overall

3
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Figure 2. Components of the Arctic sea ice thickness budget anomalies from October 2010 to September 2011 (unit: meters per
month). The panel shows the Arctic sea ice thickness budget anomalies by subtracting the six year mean (from October 2010 to
September 2016) for each month. The top row (a)–(d) shows the sea ice thickness budget anomalies during sea ice advance (from
October to April) and the bottom row (e)–(h) shows that during sea ice retreat (from May to September). (a), (e) thickening;
(b), (f) advection; (e), (g) convergence; (d), (h) residual for each term in equation (2).

thickening anomalies throughmost of the Arctic, res-
ulting in enhanced ice thickening north of the BS and
CS and reduced ice thickening in ice thickness in the
north of CAA. The dynamic anomalies around north
and east Greenland induced residual thermodynamic
changes. Increased ice advection east of Greenland
caused enhanced ice melting and hence an anom-
alous freshwater flux to the ocean, while increased
divergence north of Svalbard induced greater freez-
ing. These changes demonstrate a stabilizing ther-
modynamic feedback that responds to the dynamic
anomalies, as neither change is reflected in the overall
ice thickening anomalies.

During the season of sea ice retreat, strong neg-
ative thickening anomalies were dominated by the
residual processes, which means that the thermody-
namics played a greater role in the summer ice retreat.
In the regions where multi-year ice exists along the
BS and CA coasts, a strong sea ice thinning is found,
only very weakly offset by convergence and advection
(figures 2(f) and (g)). At the same time, themean sur-
face net heat flux of the entire Arctic Ocean from June
to August was more than the mean values from 2011
to 2016 by up to 4 W m−2.

3.2. Dynamic transportation of the sea ice anomaly
The total sea ice and MYI fluxes through Fram
Strait from October 2010 to September 2011 were
2282 ± 246 km3 and 1830 ± 189 km3, respect-
ively (table S1). Compared with the average from
2010 to 2016, an additional 329 km3 of MYI were
exported through Fram Strait. During the season of

ice advance, especially in October, January, March
andMay, ice dynamics driven by specific atmospheric
circulation anomalies over the Arctic Ocean led to
a significantly enhanced sea ice export through the
Fram Strait (figure S4(a)). About 72% of theMYI loss
was during the season of ice advance in 2011. The
loss of MYI extended into the CA and the north of
CAA, especially for the sea ice existing in the Arctic
for more than four years (figures 3(a)–(d); supple-
mentary figure S3). Although the data used are dif-
ferent, previous studies have also shown an abnormal
increase in sea ice fluxes through the Fram Strait in
2011 (Ricker et al 2018, Min et al 2019). The MYI
loss for the season of sea ice advance contributed to
the negative summer SIT anomalies. Thus, in order
to investigate the thickness anomalies in terms of ice
dynamics, we assessedmonthlymeanNSIDC ice drift
anomaly according to the export volume through the
Fram Strait (figure 3).

From October to January, there was a strong
and sustained negative AO phase (−1.3) that had
not been seen since the late 1960s (Stroeve et al
2011). It was also found that the DA indiex showed
a strong positive phase (0.68). The peak SLP anom-
alies (of 12 hPa) were centered east of the Arctic and
gradually moved westward (figures 3(i) and (j)). In
October 2010, the SLP anomalies led to a gradual
convergence of sea ice from the north of the CAA
toward the center of the Arctic Ocean (figures 3(e)
and (i)). By January 2011, the peak SLP anomalies
were centered south of Greenland. The enhanced
transpolar advection transported sea ice from the
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Figure 3. Seasonal dynamic components of Arctic sea ice thickness budget anomalies and their relation to wind forcing. Seasonal
Arctic sea ice drift anomaly vector overlaid with the sea ice age (a)–(d) and the dynamic components (advection term plus
convergence term:−u·∇H − H∇·u; (e)–(h) from October 2010 to May 2011. Winds velocity vector anomalies at 10 m (m s−1)
and sea level pressure anomalies (hPa) (i)–(l). Positive values indicate convergence, while negative values indicate divergence.

BS and CA to the Fram Strait (figure 3(f)). Com-
pared with the average from October 2010 to January
2016, the amount of MYI exported through the Fram
Strait increased by 219 km3 from October to January
(table S1).

In March, the negative SLP anomaly shifted
toward the eastern Arctic Ocean, and the enhanced
Transpolar Drift Stream exported an additional
116 km3 of MYI through Fram Strait (table S1), con-
tributing to the thinning of sea ice north of CAA. The
positive AO weakened the Beaufort Sea High, pro-
moting a cyclonic atmospheric circulation anomaly
(figures 3(c) and (g)). Under these cyclonic surface
wind anomalies, the Ekman transport deflected ice
drift towards to the coast. This process decreases the
recirculation of ice and increases the ice divergence
over the Arctic (figure 3(g)). From 2011 February to
April, the DA experienced two sharp shifts. In March,
the positive DA produced ameridional wind anomaly
that enhanced the Transpolar Drift Stream, exporting
more ice out of the Arctic via Fram Strait. However,
the surface wind anomalies decreased the Transpolar
Drift Stream, leading to reduced ice transport out of
the Arctic Ocean through Fram Strait in February and
April.

From May to August, the AO (DA) index shifted
from positive (negative) to negative (positive) phase.

In May, the peak SLP anomalies (of 8 hPa) were
centered over the CA, implying enhanced Ekman
convergence (figure 3(k)). The Beaufort Gyre was
stronger than climatological values, leading to
enhanced ice transport from the south to the north
Arctic and from the ESS to Fram Strait. Although the
total SIV export through the Fram Strait in May 2011
did not increase significantly, the anomaly of MYI
export volume in May–July 2011 was 160 km3.

The relationship with the atmospheric mode and
the variability of the SIV export is broadly consist-
ent with the mechanism outlined by Wu et al (2006),
Wang et al (2009), Cai et al (2021a, 2021b) andWang
et al (2021). The correlation coefficient between the
DA (AO) index and the ice export anomalies was 0.58
(−0.35), reaching statistical significance at the 95%
level. TheDA is dynamicallymore important than the
AO on the amount of sea ice driven out of the Arc-
tic, because the sea ice export is dominated by the
meridional wind anomaly, which is consistent with
results given by Maslanik et al (2007b). Additionally,
in March, the surface air temperature exhibited pro-
nounced warming over the eastern Arctic, but less in
thewesternArctic (figure S4(d)). The positive AOand
DA phase dynamically drove sea ice to be thinner,
resulting in an enhanced heat flux from the ocean,
while +AMO (0.15, slightly warm yr round) and
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Figure 4. Thermodynamic residual anomalies and their relation to thermal forcing during June–August 2011. (a)–(c) The
monthly thermodynamic residual anomalies (unit: meters per month) of the Arctic sea ice thickness budget in 2011 summer.
(d)–(f) Surface anomalies of net energy flux; (g)–(i) net longwave radiation; (j)–(l) net shortwave radiation; m-o sensible heat
fluxes; (p)–(r) latent heat flux in 2011 summer (unit: W m−2). Shading indicates fluxes, which are positive upward. The cloud
area fraction anomalies (s)–(u) and albedo anomalies (v)–(x) are denoted in bottom row.

−PDO (−1.23, very warm, yr round) were consist-
ently warm, leading to thermodynamic melt (Rigor
et al 2002, Cai et al 2021a, 2021b). The loss of MYI,
together with warmer surface air temperatures, led to
further loss of sea ice.

3.3. Thermodynamic forcing and thermodynamic
feedback
Compared with the 6 year mean (from May 2011
to September 2016), the SIT budget from May to
September 2011 showed a negative anomaly, indic-
ating that the loss of SIT increased during the sea-
son of sea ice retreat, especially in the north of CAA
(figure 2(e)). The spatial pattern of the thermody-
namic residual anomaly was very similar to that of net
surface energy flux (figures 4(a)–(f)). Persistent neg-
ative (downward) net surface energy flux anomalies
were found overmost parts of the negative thermody-
namic residual anomalies in June-August, which was
evident from figures 4(d)–(f). The net surface energy
flux provided 8.67 W m−2 more than normal values
into sea ice during summer 2011 in CA.

Negative net surface longwave radiation anom-
alies in June were found over most of the Arctic
Ocean, except the BS and CS (figure 4(g)). Anomalies
of the net longwave radiation were roughly the same
as those of the downward component (not shown),
contributing to the energy surplus at the surface. The
cloud fraction had a moderately negative anomaly in
BS and CS and a positive anomaly in eastern Arctic
in June (figure 4(s)). Corresponding to these anom-
alies in cloud amounts, these areas had strong anom-
alies of the downward longwave radiative forcing. In
July, the reduced cloud cover over the Arctic (negative

anomaly in figure 4(t)) had led to a increase in upward
longwave radiation (positive anomaly in figure 4(h)).
The cloud cover increased again in August, so that the
downward longwave radiation was enhanced which
warmed the surface.

In addition to warm Earth by reducing thermal
energy loss to space, clouds can also cool the Earth by
reflecting incoming sunlight to space. The net short-
wave radiation showed a negative anomaly at the west
of Arctic in June (figure 4(j)). The negative cloud frac-
tion anomaly at the west of Arctic resulted in up to
a 40 W m−2 anomaly in downward shortwave radi-
ation. Although the pattern of downward shortwave
radiation (not shown) was similar to that of cloudi-
ness, the upward shortwave radiation anomaly in the
BS, CS and ESS was offset by enhanced sea ice albedo
in June. In July, the negative cloud area fraction
anomalies reduced the solar energy reflected to space
(figure 4(t)). At the same time, the change in albedo
increased the shortwave radiation absorbed, which
further promoted melting and warming (figures 4(k)
and (w)). In August, due to the increased cloud area
fraction, the net shortwave radiation exhibited negli-
gible positive anomalies. However, the melting of sea
ice resulted in a decrease in albedo over most of the
Arctic in August and contributed to an increase in net
shortwave radiation absorption in CA (figures 4(x)
and (l)).

The energy flux anomalies caused by net longwave
and shortwave radiation were only compensated by
corresponding increases of the sensible heat fluxes to a
minor extent, because the surface temperature cannot
increase significantly above 0 ◦C with ice present; the
bulk of the energy went into ice melting rather than
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warming of the surface. However, close to the ESS and
LS the positive sensible heat flux anomalies increased
(figure 4(o)) indicating that the sea surface temperat-
ure is warmer than usual.

The net surface energy flux anomalies provided
extra energy, beginning in June. The net surface heat
budget of the Arctic Ocean was dominated by radiat-
ive fluxes, and the exchange of heat between the Arc-
tic Ocean and atmosphere was strongly moderated by
the surface albedo, which was associated with the ice
types (Perovich et al 2002, Perovich and Polashenski
2012, Webster et al 2015, Lei et al 2016). The cor-
relation between the net heat flux anomalies and ice
albedo in summer was 0.94, which was significant at
the 95% confidence level (figure S6) as expected. Due
to the significantly enhancedMYI export through the
Fram Strait during the season of ice advance, once
surface ice melt begins, the albedo of FYI is con-
sistently smaller than that of MYI, resulting in more
heat absorbed in the ice and transmitted to the ocean
(Perovich and Polashenski 2012). From mid-June in
2011, the melt pond fraction exhibited values up to
two standard deviations above themean values for the
years 2000–2011, even higher than in summer 2007
(Rösel and Kaleschke 2012). Additionally, due to the
reduced cloud cover, the downward solar radiation
increased, while albedo feedback further amplified
the net shortwave radiation anomaly in July. Based
on the investigation conducted in this paper and pre-
vious studies, more absorbed solar radiation leads to
moremelting andmore openwater, which accelerates
the decline of Arctic sea ice. Both dynamical and ther-
modynamical forcings of teleconnection pattern can
speed up the ice/ocean-albedo positive feedback loop
(Perovich et al 2008, Cai et al 2021a, 2021b). Hence
the loss of MYI and the anomalies of cloud fraction
played significant roles, whereas the albedo anomalies
acted through an amplifying feedback process when
the melting was already initiated.

4. Summary and discussion

In this work, our study presents the thickness and
volume of the Arctic Ocean ice cover from satel-
lite observations (2003–2020), indicating there was
an extreme SIT loss during 2010–2011. We quantify
the SIT budget to investigate the special factors led
to the precipitous decrease of SIT in 2011, using
a daily SIT reanalysis data covering the melting
season.

The ice thickness budget analysis suggests 81%
of the ice thickness loss from 2010 to 2011 can be
explained by thermodynamic forcing, while 19% of
the loss is attributed to ice dynamics. Notably, the
Arctic Ocean had lost 809 km3 of MYI from 2010
to 2011, accounting for 88% of the total sea ice loss.
About 40%of theMYI volume loss was directly due to
the strengthened ice export through the Fram Strait.
An extraordinarily large amount of MYI volume

export through the Fram Strait during the season of
sea ice advance is the important contributor to Arctic
SIT and volume loss from 2010 to 2011. In terms of
sea ice dynamics, the DA-associated ice drift anom-
alies during the season of ice advance are the major
driver to the additional 233 km3 of MYI transport
through the Fram Strait. First-year ice, which was
more sensitive to anomalies in the thermodynamic
forcing, then replaced the MYI. The net decrease of
SITwas partly explained by an increase inMYI export
through the Fram Strait (Kwok et al 2009, Ryan and
Münchow 2017).

Our results further demonstrate that the cloud
cover exhibits a strong correlationwith the thermody-
namic melt of SIT. Due to the loss of MYI, the Arctic
ice thickness becomes more sensitive to atmospheric
anomalies in the following summer. The thermal-
related Arctic SIT loss is associated with the anomal-
ous cloudiness and enhanced downwelling net energy
flux. Furthermore, the enhanced sea ice melt reduces
the surface albedo, triggering a positive ice-albedo
amplifying feedback and contributing to the accel-
erating loss of MYI. This illustrates that the increas-
ingly younger and thinner Arctic sea ice is becoming
more vulnerable to external forcing, suggesting that
new record lows of Arctic sea ice extent may occur
over the next few years.

Stroeve et al (2011) highlighted the importance
of the negative winter growth feedbackmechanism—
thinner ice grows faster than thicker ice due to its
decreased insulation. Thus, although the summer sea
ice in 2011 is rapidly declining, the negative feedbacks
over winter allow for recovery following low summer
SIT. However, the MYI volume in October 2011 was
a record low. Late-forming seasonal ice tends to be
more vulnerable than MYI, which lead the Arctic sea
ice more vulnerable to the storm which arrived in the
central Arctic in August 2012 (Parkinson and Comiso
2013). Considering the preconditioning of Arctic ice,
evenwithout the storm, theArctic sea ice extentmight
still have reached the minimum record in September
2012 (Zhang et al 2013). This illustrates, in the con-
text of Arctic climate change and younger and thinner
sea ice, that the Arctic sea ice is becoming more vul-
nerable to external forcing.

Data availability statement

The ICESat ice thickness products from 2003 to 2008
is provided by NASA Goddard Space Flight Cen-
ter (https://nsidc.org/data/NSIDC-0393/versions/
1). The NASA GSFC (Goddard Space Flight Cen-
ter) CryoSat-2 daily ice thickness data from Octo-
ber 2010 to April 2020 are available from NSIDC
(https://nsidc.org/data/RDEFT4/versions/1). The
AWI CryoSat-2 weekly ice thickness data on a 25km
EASE2 grid are available at Meereisportal (ftp://ftp.
awi.de/sea_ice/product/cryosat2). The combined
Cryosat-2 and SMOS satellite data (CS2SMOS)
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data from October 2010 through April 2020 is
available from AWI (ftp://ftp.awi.de/sea_ice/product/
cryosat2_smos). The weekly sea ice age for the Arc-
tic Ocean is from NSIDC website (https://nsidc.org/
data/NSIDC-0611/versions/4). The Arctic Oscilla-
tion (AO) index is derived from the Climate Predic-
tion Center (CPC) (www.cpc.ncep.noaa.gov). The
SLP, 10 m wind speed, surface radiation fluxes, and
albedo from October 2010 to September 2016 are
derived from monthly ERA5 atmospheric reana-
lysis data from the European Centre for Medium-
Range Weather Forecasts (ECMWF; https://cds.
climate.copernicus.eu/cdsapp#!/dataset/reanalysis-
era5-single-levels-monthly-means?tab?form).

The data that support the findings of this study are
available upon reasonable request from the authors.
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