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ABSTRACT

The Arctic sea-ice extent has shown a declining trend over the past 30 years. Ice coverage reached historic minima in
2007 and again in 2012. This trend has recently been assessed to be unique over at least the last 1450 years. In the summer
of 2010, a very low sea-ice concentration (SIC) appeared at high Arctic latitudes—even lower than that of surrounding pack
ice at lower latitudes. This striking low ice concentration—referred to here as a record low ice concentration in the central
Arctic (CARLIC)—is unique in our analysis period of 2003–15, and has not been previously reported in the literature. The
CARLIC was not the result of ice melt, because sea ice was still quite thick based on in-situ ice thickness measurements.
Instead, divergent ice drift appears to have been responsible for the CARLIC. A high correlation between SIC and wind
stress curl suggests that the sea ice drift during the summer of 2010 responded strongly to the regional wind forcing. The
drift trajectories of ice buoys exhibited a transpolar drift in the Atlantic sector and an eastward drift in the Pacific sector,
which appeared to benefit the CARLIC in 2010. Under these conditions, more solar energy can penetrate into the open water,
increasing melt through increased heat flux to the ocean. We speculate that this divergence of sea ice could occur more often
in the coming decades, and impact on hemispheric SIC and feed back to the climate.
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1. Introduction
Arctic sea-ice extent has been on the decline since the

late 1970s (Lindsay and Zhang, 2005; Lemke et al., 2007),
and has recently been assessed to be unique over at least a
1450-year period, including the relatively warm Medieval Pe-
riod (Kinnard et al., 2011). The summer sea-ice extent under-
went a decreasing trend in the past 30 years, at a rate of more
than 70 000 km2 yr−1 (Stroeve et al., 2007), and reached his-
toric minima in summer 2007 (Comiso et al., 2008) and in
2012 (Overland and Wang, 2013). At this rate, a season-
ally ice-free Arctic is expected sometime over the next few
decades, according to a variety of models (e.g., Overland and
Wang, 2007, 2013; Tietsche et al., 2011; Kay et al., 2011).
The current metamorphosis from a multiyear-ice-dominated
to a first-year-ice-dominated Arctic marine system appears to
be a key feature of a warming planet (Lemke et al., 2007).
With the reduction in multiyear ice, first-year ice has in-
creased significantly in spatial extent and seasonal periodicity
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(Maslanik et al., 2011; Tschudi et al., 2016). The thinner
ice and low sea-ice concentration (SIC) allow more absorp-
tion of solar radiation, which can increase the heat content
of the ocean surface mixed layer (Perovich et al., 2008), and
feeds back positively to more ice melt and increased energy
and mass exchange across the ocean–sea-ice–atmosphere in-
terface (Holland et al., 2006; Kumar et al., 2010, Raddatz et
al., 2013).

The rapid decline in sea-ice extent and concentration has
mostly been reported in terms of the significant change in the
marginal ice zone (MIZ), which is a transitional zone between
open ocean and pack ice (e.g., Stroeve et al., 2007). When the
sea ice retreats and ice thickness reduces rapidly, the main
feature of the ice concentration is the spread of the MIZ. The
MIZ was historically a narrow zone, but has recently become
much larger in extent. The low SIC area has become so wide
that it may be becoming hard to distinguish the division be-
tween the MIZ and pack ice, throwing this historical defini-
tion into question. The perennial ice-extent loss is mainly
caused by: ice advection toward the Canadian Archipelago
coast; ice loading into the Transpolar Drift; acceleration of
the Transpolar Drift carrying ice out of Fram Strait; and ice
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export to Baffin Bay through the Nares Strait (Nghiem et al.,
2007).

Within the region north of 80◦N—hereinafter referred to
as the central Arctic—the SIC has remained high this century,
with multiyear ice. However, the sea-ice age in the central
Arctic has clearly responded to global warming. Most mul-
tiyear ice of age greater than ten years has been replaced by
much younger ice (Belchansky et al., 2005). The loss of the
oldest ice is even more extreme, with ice of greater than five
years reaching a minimum in 2010 of just 6% of the 1983–
2002 mean (Maslanik et al., 2011), illustrating that central

Arctic ice has also been affected by this warming.
Here, we show the appearance of a record low ice concen-

tration in the central Arctic (CARLIC) in summer 2010 based
on field observations and satellite remote sensing. Large ar-
eas of open water appeared in high latitude areas, north of
85◦N, resulting in a SIC that was actually lower than that of
the surrounding pack ice at lower latitudes. This strikingly
low ice concentration in the central Arctic is unique in our
analysis period of 2003–15, and has not been previously re-
ported in the literature. The remarkable opening of the ice ap-
pears not to have been produced by local melt, but rather by

Fig. 1. Survey routes of Xue Long during its 2010 Arctic cruise. The blue
line in (a) is the northward route and the red line the return route. (b) Nav-
igation speed of the ship from 26 July to 6 August 2010, starting from Sta-
tion S26 (72◦42.04′N, 153◦33.12′W) and ending at Station BN11 (86◦04.85′N,
176◦05.88′W). The red lines are latitudinally averaged navigation speed
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sea-ice divergence. The objectives of this paper are to present
new evidence for an observed reduction in SIC at high lati-
tudes in the central high Arctic basin, and to ascertain what
role regional-scale climate processes played in the observed
processes.

2. Record low ice concentration zone

Very low ice concentration was first identified by the nav-
igation speed of the Chinese R/V ship Xue Long. The ship
started its northward journey from station S26 (72◦42.04′N,

Fig. 2. Distribution of SIC in the Arctic Ocean during August 2010 from AMSR-E data. The white circle around the pole is defined
here as the “North Pole blind zone”, due to satellite orbital geometry.
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153◦33.12′W) on 27 July along the blue line in Fig. 1a. Ten
days later, on 6 August, the ship arrived at Station BN11
(86◦04.85′N, 176◦05.88′W), from where the ship started ice
camp measurements drifting with sea ice for 12 days. Ice
conditions strongly influenced the navigation speed as the
ship is an ice-strengthened ship, not an icebreaker. The ship
traveled across a low SIC zone between 72.5◦N and 75.6◦N,
with an average speed of 8.6 knots. Between 75.6◦N and
82.6◦N, the average navigation speed reduced to 6.5 knots,
traveling in flat first-year ice of high concentration. From
82.6◦N northward, the SIC decreased quickly and large areas
of open water frequently appeared. The ship then traveled
with an average navigation speed of more than 8.2 knots (Fig.
1b).

The spatial distribution of SIC could be determined from
89-GHz Advanced Microwave Scanning Radiometer-EOS
(AMSR-E) daily satellite microwave data at 6.25-km resolu-
tion (http://www.iup.uni-bremen.de:8084/amsr/amsre.html).
AMSR-E stopped working on 4 December 2011. Its
successor—Advanced Microwave Scanning Radiometer 2
(AMSR2)—started to provide data from 18 May 2012. The
SIC data are retrieved using the ARTIST Sea Ice algorithm
(Spreen et al., 2008). The effects of melt ponds, wet snow
and atmospheric water vapor can degrade SIC estimates, but
SIC from AMSR-E reliably reflects the relative spatial differ-
ence of SIC (Meier, 2005). For convenience, we express SIC
as a fraction of unity 0–1.

As shown in Fig. 2, a region with very low SIC centered
at (83◦N, 180◦W) appeared on 31 July. It extended to a larger
area up to the orbital “North Pole blind zone” of satellite cov-
erage in the following 15 days. Although the low SIC area
disappeared in the satellite record between 18 and 25 Au-

gust, it subsequently reappeared, with the SIC reaching its
minimum on 6 September.

The variation in low SIC in the central Arctic can be seen
in the daily averaged SIC (ASIC),

ASIC(t) =
1
S

�
S

C(x,y, t)dxdy , (1)

where C(x,y, t) is the SIC at each grid point, and S is the
area of the zone circled between a latitude (here, it is taken
as 85◦N) and the blind zone of satellite coverage (about
88.25◦N). The variation in ASIC during 2003–15 from 1 Au-
gust to 30 September is plotted in Fig. 3. It is shown that
the ASIC was very high (> 0.9) in the central Arctic in most
years. The lower ASICs appeared in 2007, 2010, 2012 and
2013. The minimum ASICs of the central Arctic dropped to
about 0.87 (2007), 0.85 (2012) and 0.86 (2013). However, in
2010, the ASIC dropped abruptly to about 0.78, though the
ice coverage of the whole Arctic was more than that in 2007
and 2012. The very low SIC in the central Arctic appeared in
late July and existed continuously until late September. Fig-
ure 3 shows that the ASIC in early September was even lower
than that encountered by the ship in early August 2010. As of
the publication of this article, the record low of SIC in 2010
in the central Arctic has not been broken.

Here, we define a useful integral to express the interan-
nual difference in SIC in the central Arctic:

AOW2M =
1
T

∫ T

0
[1−ASIC(t)]dt , (2)

where T is equal to 61 days within August and September,
and AOW2M is a two-month averaged area of open water.

Fig. 3. Interannual features of low SIC in central Arctic. Daily average SIC north of 85◦N from 1 August to 30
September from 2003 to 2015.
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Higher values of AOW2M indicate a joint effect of lower SIC
and/or longer duration of the low ASIC. The AOW2M for the
central Arctic surrounded by 85◦N in Fig. 4 clearly shows
that the averaged area of open water reached its maximum
in 2010 because of a longer-lasting low SIC. The AOW2M in
2007 was the second lowest ASIC this century (Fig. 4). In
2012 and 2013, the minimum ASICs were close to that in
2007, but the AOW2M in these years was much lower than
that of 2007.

The two plots of SICs using the regional minimum days
of 5 September 2007 and 6 September 2010 are plotted in
Figs. 5a and b, respectively, to compare their differences. It
is clear that the low overall concentration in 2007 was caused

Fig. 4. Two-month averaged area of open water in the central
Arctic surrounded by 85◦N and the blind zone from 2003 to
2015.

by an extreme retreat of the ice edge; whereas, within the
pack ice, the concentration remained high (Fig. 5a). The low
concentration in 2010 was different, as it formed as an open-
ing within the pack ice (Fig. 5b). It can be seen from Fig. 5
that in 2010 not only did the SIC north of 85◦N decline, but
the overall SIC in the Atlantic sector was also significantly
reduced.

3. Discussion on the driving factors of CAR-
LIC

Based on optical measurements, Zhao et al. (2009) stud-
ied the sea-ice melt rate in the central Arctic. They found
that only 0.33 cm d−1 of sea ice could be melted by absorp-
tion of solar radiation, even with the strong solar insolation
in August. The solar radiation penetrating open water in the
summer is the main heat source to the ocean surface mixed
layer, as widely addressed by previous studies (e.g., Kadko
and Swart, 2004). Work by Perovich et al. (2008) showed
the strong influence of heat in the ocean surface mixed layer
on the reduction of sea ice in the Beaufort Sea, while ques-
tioning whether the receipt of surface radiation would be able
to melt ice at higher latitudes. Repeated in-situ ice thickness
measurements by an electromagnetic induction (EM31) were
conducted during the 12-day ice camp in 2010 started from
(86◦04.85′N, 176◦05.88′W). The sea ice surrounding the ice
camp was first-year ice, based on ice-core analysis (Lei et
al., 2012). The measurements of ice thickness along four re-
peated profiles suggested an average melt rate of 2 cm d−1,
primarily bottom melt (Xie et al., 2013). The melting rate was
2.5 times greater than the average ∼ 0.8 cm d−1 during a sim-
ilar period of the SHEBA experiments in 1998, even though
SHEBA was at much lower latitudes (70◦–80◦N) (Perovich
et al., 2003). The high melt rate occurred due to the heat
absorption through the large area of open water. However,
even with this rate, it would still need 100 days to melt a 2-
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Fig. 5. Distribution of ice concentration in the Arctic Ocean with the lowest daily average SIC north of 85◦N in
(a) 2007 and (b) 2010.
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m-thick layer of ice. Therefore, the sea-ice melt could not be
solely responsible for the record low SIC at the end of July.
Instead, the rapid opening and closing shift of the low SIC
region suggests that the divergence/convergence of ice drift
might be more relevant to the CARLIC.

The transfer of momentum from the atmosphere to the ice
is critical to sea-ice drift (Martin and Gerdes, 2007). Ignor-
ing the geopotential gradient and nonlinear interaction, the
equation of ice motion as a continuum is (Leppäranta, 2005)

ρh
(
∂vvv
∂t
+ f kkk× vvv

)
= ∇ ·σσσ+τττa+τττrmw , (3)

where vvv is ice velocity; ρ is sea ice density; h is ice thickness;
f is the Coriolis parameter; σσσ is the two-dimensional internal
ice stress; τττa and τττw are the wind and water stresses acting on
the upper and bottom surfaces of sea ice. Provided ρ and h
are locally homogeneous, the divergence of ice drift, D, and
relative vorticity, ζ,

D =
∂u
∂x
+
∂v
∂y

; ζ =
∂v
∂x
− ∂u
∂y
,

can be obtained by taking the curl and divergence for both
sides of Eq. (3):

ρh
(
∂ζ

∂t
+ f D

)
= ∇×∇ ·σσσ+ curlτττa+ curlτττw

ρh
(
∂D
∂t
− f ζ
)
= ∇ (∇ ·σσσ)+divτττa+divτττw

. (4)

Then, the equation for the divergence of ice drift is

ρh
(
∂2D
∂t2 + f 2D

)
= f [∇× (∇ ·σσσ)+ (curlτττa+ curlτττw)]

+
∂

∂t
[∇(∇ ·σσσ)+ (divτττa+divτττw)] . (5)

Considering that the time scale of ice drifting is larger than
the inertial period, the two-order temporal derivative is small,
and the variation of the divergence of the stresses is negli-
gible, through analyzing the order of magnitude, D can be
approximately expressed by

D ≈ 1
ρ f h

[∇× (∇ ·σσσ)+ (curlτττa+ curlτττw)] . (6)

The equation of ice concentration is as follows (Hibler,
1979):

∂C
∂t
= −
(
∂uC
∂x
+
∂vC
∂y

)
+S A+ε , (7)

where S A is related to ice growth, and ε represents diffusion
terms. Because the new ice formation is negligible in this
season, and the diffusion and advection are both small, the
relationship between the divergence of sea-ice drift and con-
centration becomes

∂C
∂t
= −CD . (8)

Replacing D with a spatially averaged version in the region
north of 85◦N, and substituting Eq. (8) into Eq. (1), we obtain

1
ASIC(t)

dASIC(t)
dt

≈− 1
ρ f hS

�
S
(∇×(∇·σσσ)+curlτττa+curlτττw)ds,

(9)
where S is the area north of 85◦N, and the left-hand side of
Eq. (9) is the relative rate of variation of ASIC. Because the
internal ice stress and the drag stress of water are unknown,
ASIC(t) cannot be obtained from Eq. (9). The response of the
variation in SIC depends on the SIC itself. When sea ice is
dense, the sea ice responds weakly to the wind stress curl, as
the internal stress σσσ arising from the interaction of different
parts of ice floe balance most of the wind forcing. Otherwise,
when the sea ice is sparse, the ice drift becomes more respon-
sive to wind (Kwok et al., 2013; Olason and Notz, 2014). The
water drag stress for sea ice usually responds to ice drift. The
curl of wind stress in this equation is the only forcing factor,
and the other terms are response factors and are expected to
respond to the wind in different ways.

We calculated the daily averaged wind stress curl
(AWSC) north of 85◦N in August and September 2010 using
daily wind velocity data from NCEP Reanalysis 1 (Kalnay et
al., 1996). The relative rate of variation of ASIC was calcu-
lated using the daily ASIC. The total correlation coefficient
between ASIC and AWSC was −0.54, at much higher than
the 99.5% confidence level. It can be seen from Fig. 6a that
ASIC responds well to each event with high averaged wind
stress curl. It verifies that the wind stress curl is one of the
most important factors in producing CARLIC.

Although the relative rate of variation of ASIC correlated
well with wind stress curl, the response of ASIC itself to wind
stress curl was related to the degree of sea-ice concentrating,
as shown in Fig. 6b. From early August, a positive AWSC
lasted for a couple of weeks, driving the ASIC decline from
0.97 to its first minimum of 0.89. Then, a seven-day nega-
tive AWSC acted on the area to cause a convergence of the
ice-drift field, and the ASIC recovered to 0.96. After this,
a three-week period dominated by positive AWSC occurred.
The ASIC declined again and reached its minimum of 0.78 on
6 September. A rapid increase in the ASIC occurred again,
responding to the strong negative trend of AWSC since 13
September, and all of the open water in the central Arctic
closed over this period. The positive AWSC occurred once
again after 20 September, but the ASIC did not respond to it
anymore because freezing of sea ice had begun at these high
latitudes.

The AWSCs of August in recent years are plotted in Fig.
7. Since 2007, the wind stress curl in the central Arctic was
negative, except in 2010. This may explain why the CARLIC
only occurred in 2010. During the sea-ice minimum in 2007,
the amount of multiyear ice was reduced in the Pacific sector
of the Arctic Ocean, and replaced with an increased areal ex-
tent of first-year ice (Barber et al., 2012). With positive wind
stress curl, the ASIC in 2007 reached the second low record.
In 2012 summer, the sea-ice cover of the Arctic reached its
recorded minimum, but the ice concentration in the central
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Fig. 6. Influence of wind stress curl on SIC. The green bars present the time series of negative averaged
wind stress curl (AWSC) north of 85◦N. (a) Correlation of AWSC and relative rate of variation of ASIC
(blue dots). The correlation coefficient is −0.54. (b) Comparison of AWSC and ASIC (red dots).

Fig. 7. Averaged wind stress curl in August each year.

Arctic was still high. This means that the wind stress curl did
not drive the occurrence of low SIC in the central Arctic after
2010.

However, in 2003 and 2006, positive wind stress curls
with magnitudes much larger than those in 2007 and 2010
were found, but no CARLIC events occurred. Therefore, it

seems that the wind forcing is not the only factor in gener-
ating CARLIC. A reasonable explanation is that the SIC in
2003 and 2006 was higher (see Fig. 3), responding poorly to
wind forcing. The response of the ice to wind forcing has re-
cently become more pronounced, since in summer the Arctic
is now dominated by first-year ice types, smaller floe sizes
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and decreased concentration (e.g., Asplin et al., 2009), al-
lowing for increased ice speeds within the gyres (Galley et
al., 2013).

Besides the regional wind forcing by positive wind stress
curl, the ice drift patterns on the basin scale might also con-
tribute to the CARLIC. The trajectories of the buoys from
the International Arctic Buoy Program (IABP; Rigor, 2002)
from 1 January to 30 September 2010 (Fig. 8a) were clus-
tered into two regions, separated by the dashed purple line:
one group went toward the Fram Strait within the Transpo-
lar Drift, and the other went eastward into the Beaufort Gyre.
No buoy went across the dashed line in the first 10 months
of 2010, which means that the ice flowing out of the Arctic
was partly compensated for by export from the Laptev Sea
and western sector. The lack of full compensation favored a
low ice concentration.

The averaged SLP field of April to August 2010 (Fig.
8b) also matches the drift patterns identified from the IABP
buoys. This pattern drives the production of a divergence in
the central Arctic, which is quite similar to the double-gyre
ice drift pattern reported by Wang and Zhao (2012). Using
Polar Pathfinder monthly 25-km EASE-Grid Sea Ice Motion
Vectors (Fowler, 2008), Wang and Zhao (2012) divided the
ice drift pattern into four main types: Transpolar Drift plus
Beaufort Gyre (TPDBG; 38% of total occurrence), anticy-
clonic (15%), cyclonic (16%), and double-gyre (15%). The
TPDBG type is the typical ice drift pattern in the Arctic, with
the highest occurrence. The double-gyre drift type is quite
similar to the TPDBG type, except that the sea ice in the cen-
tral Arctic drifts to the Canadian Archipelago, not to the Fram
Strait—quite similar to the typical characteristic of the drift-
ing pattern in 2010. Although the double-gyre drift pattern
benefits divergence in the central Arctic, its occurrence usu-
ally lasts a short time. However, in 2010, the double-gyre
pattern at the basin scale lasted more than 10 months, which

might have been the immediate cause of the CARLIC.

4. Summary and conclusions
A record low concentration of sea ice and large area of

open water in the central Arctic during summer 2010 is re-
ported in this paper. The lowest averaged SIC north of 85◦N
reached as low as 0.78, becoming the sparsest than at any
time in the historical record. We conclude that, in this par-
ticular case, the low SIC was caused more by ice divergence
than by in-situ melt, based on the temporally resolved mea-
surement of ice melt at a nearby ice camp. A high correlation
between SIC and wind stress curl is revealed to address the
contribution of regional wind forcing on the divergence of
ice drift. The high correlation coefficient suggests that re-
gional wind forcing might have been a key driving factor of
the sea-ice drift in summer 2010. However, in 2003 and 2006,
the magnitude of the wind stress curls were much larger than
those in 2007 and 2010, but no CARLIC events occurred, be-
cause the heavy ice seems to have prevented the occurrence
of low SIC, as the region was still dominated then by mul-
tiyear ice forms. The drift trajectories of ice buoys (IABP)
depicted a divergent transpolar drift in the Atlantic sector and
an eastward drift in the Pacific sector. This feature illustrates
a double-gyre drift pattern, cyclonic in the Transpolar Drift
and anticyclonic in the Beaufort Gyre, which resulted in ice
divergence in the central Arctic. In 2010, this drift pattern
resulted in high concentrations of sea ice at lower latitudes,
which decreased within the high latitudes toward the pole
(Fig. 1). This pattern was also observed in 2009 (Barber et
al., 2009), and again in 2012 (Babb et al., 2013), while the
occurrence in 2010 lasted more than 10 months and the per-
sistent divergence drove CARLIC.

An important question relates to the frequency of future
occurrences of CARLIC-type events in the central Arctic,

Fig. 8. Ice-drift pattern in 2010. (a) Drift trajectories of ice buoys in the Arctic Ocean from 1 January to 30
September 2010. Red dots are the start positions of each buoy. The dashed purple line is the division of the two
drifting groups. (b) Averaged SLP of April–August 2010.
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which is difficult to project given its rare occurrence and our
limited knowledge about their formation and maintenance.
Based on our results, however, a long-lasting positive wind
stress curl favors the occurrence of CARLIC, which might
occur again when such a wind condition reappears. This
divergence of ice drift in the central Arctic might be a sig-
nificant feature of sea-ice rapid decline at high latitudes in
the future, due to the preconditioning that the open water
would have on increasing melt from an enhanced ocean sur-
face mixed layer temperature. The physical significance of
CARLIC is that more solar energy can penetrate into open
water, which can in turn enhance the ice melt and feed back
to the atmosphere (Vihma, 2014). The large area of open wa-
ter in the ice pack potentially has substantial biological im-
plications as well. Further investigation is necessary to reveal
the climatic significance of this double-gyre pattern, and its
coupling to sea-ice motion and melt.
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