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Abstract: - An increase in surface air temperature (SAT) and reduced sea ice extent (SIE) in the Arctic develop
with high degree of agreement in the summer season. On this basis it is proposed index for measuring SIE
change which is the summer SAT in the marine Arctic that is defined as the maximal Arctic water area covered
with ice in winter. Correlation between summer SAT and September SIE based on data from 1980 to 2013 is 0.93. On this basis the anomalies of Arctic September SIE was restored started from 1900. Restored SIE
showed a significant decrease in 1930-40s with minimum in 1936 which, however, accounted for a half of the
minimum in 2012. Impact of the inflow of warm and salty Atlantic water on distribution in winter SIE in the
Barents Sea is considered. It is established increased air temperature trend in late autumn and early winter,
when the atmosphere gain the heat from the ice-free areas, which grow with the development of warming. The
close relationship between the increase in summer air temperatures and reduced ice are in September used to
assess the onset of summer Arctic ice disappearing.
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[31] reported four stages in the development of the
Arctic sea ice cover occurred in the twentieth
century: two stages of expansion (1900-1918 and
1938-1968), and two stages of ice cover reduction
(1918-1938 and 1968-1999), expressed on
background of the secular decline of sea ice extent.
According to Vinje [27] the sea ice extent in the
Greenland and Barents Seas in April steadily
declined since 1864, and in 1998 was reduced by
33%.
Comparison of historical ice series from various
sources shows significant differences between them
and rapid disappearance after transition to satellite
observations [1] - the main tool for sea ice
monitoring since 1978. Assessments of sea ice
observations from satellites show reduction of the
sea ice extent, which was accelerated over the past
two decades [2, 5, 7, 15-17, 23, 25, 26].
Presence or absence of the significant Arctic sea
ice reduction during the first warming of the Arctic
in the 1930s is a subject for discussion [22]. The
authors conducted experiments with a global
atmospheric circulation model with prescribed sea
ice boundaries and concentration taken from
HadSST dataset. The results did not show the
warming in the Arctic in the 1930s, while the
warming was developed when the sea ice in the
model is reduced. In this connection it is interesting
to estimate the state of sea ice in the Arctic in the
1930s, when the warming in the Arctic has been
observed. Some indications of the reduced ice extent
in the 1930s are discussed in papers [28, 29], written

1 Introduction
The earliest systematic information about arctic
sea ice is available for the Atlantic region of the
Arctic Ocean since the twentieth century [6, 18, 27,
30]. The first sea ice charts have been prepared in
the Danish Meteorological Institute based on ship
observations in the Greenland and Barents Seas
mostly collected in spring and summer months (i.e.,
from April to August). Growth of shipping along the
coast of Siberia occurred in the 1930s results in
extension of sea ice observations toward the
Siberian Arctic seas. Since then aircraft-based
surveys become the primary source of ice
observations typically presented in form of ice
charts. The ice charts produced for the period since
1933 are an important part of the historical archive,
which was collected in Arctic and Antarctic
Research Institute [3, 11], and successfully used to
prepare historical ice series for the Arctic seas [19].
The earliest historical data about the sea ice in the
Barents and Siberian Arctic seas were collected
since 1924 [7-9, 31] from various sources.
The longest dataset starts in 1870 [21] and covers
the oceans with a resolution of 1 ° x 1 ° [10].
Historical Arctic sea ice data in this dataset were
taken from [4], and cover the period since 1901
[13]. Another long-term sea ice dataset can be found
at [11].
Analysis of historical sea ice data had been
carried out many times using continuously growing
available observations. Data showed significant
long-term changes in ice distributions. Zakharov
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directly in the period of the development of the first
Arctic warming. Our paper presents an evaluation of
the past and future changes in sea ice in the twenty
and twenty-first centuries and their interrelation
with other components of the Arctic climate system
on basis of sea ice, air and water temperature
observations in the Arctic and the Northern
Hemisphere.

a

2 Data
Sea ice data are presented by the sea ice index
(the average of sea ice extent in the Arctic since
1978, in millions sq. km) taken from the NSIDC site
[13]. The average sea ice extent data have been
collected since 1924, and can be found at the AARI
website [11]. The average monthly air temperatures
for the Arctic meteorological stations are derived
from data archive surface meteorology in the North
Polar Region, which was prepared in AARI, and
from the NCEP/NCAR reanalysis [12]. The sea
surface temperature (SST) is taken from the
HadSST dataset [10]. The average Atlantic water
temperatures in the 0-200 m layer at the Kola
section (33°30’ E) in the Barents Sea are taken from
the PINRO website [14].

b

c

3 Discussion
3.1 An empirical assessment of external
influences and feedbacks on reduction of the
Arctic SIE

Fig. 1. Average surface air temperature in winter
(a), in summer (c) at meteorological stations in the
marine Arctic (b) during 1951-2013. Dotted line
shows a 6th order polynomial approximation.

There are many reasons responsible for the
amplification of the warming and decline of sea ice
extent (SIE) in the Arctic. The primary reason, in
our opinion, is an increase of heat and moisture
transports into the northern polar region, which
triggers feedbacks in the Arctic climate system and
accelerates the warming and degradation of the SIE.
The Arctic warming was evident as an increase of
surface air temperature (SAT). Air temperature
changes in the marine Arctic, which is defined as
the Arctic water area with presence of sea ice in
winter [2], primarily affect the growth of ice cover
in winter and its melting in summer. To estimate the
average air temperature in this area we used records
of 41 stations with observations started not later
than in 1951. These stations were located on islands
and at the coast of the Arctic Ocean (Fig. 1), from
which the summer Arctic sea ice retreat begins.
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Fig. 1 shows rapid growth of summer SAT since
1996 with an absolute maximum in 2012. The
winter temperatures before 1991 and the summer
temperatures before 1996 had weak negative trends,
which changed to significant positive trends for the
period after these years. In full accordance with
rapid growth of summer air temperatures, the
shrinking of the sea ice extent in the end of summer
was accelerated (Fig. 2), and reached its absolute
minimum in 2012. The correlation coefficient
between the changes of summer air temperature in
the marine Arctic and September sea ice extent
equals to -0.93, suggesting that the summer SAT
can be considered as an integral indicator (or index)
of external influences on the SIE.
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Fig. 2. (1) The average Arctic sea ice extent in
September taken from NSIDC site [13]. (2) The
average surface air temperature in summer (JJA) in
the marine Arctic (temperature scale is inverted). R
is a correlation coefficient between (1) and (2) for
1980-2014. Value in brackets is a correlation
coefficient between the residuals of (1) and (2) with
quadratic polynomial approximations.
Dependence of the September SIE from the
summer SAT decreased in the Siberian Arctic seas
under influence of sea ice dynamics. The correlation
between the summer SAT and September SIE in
those seas is characterized by the coefficient of 0.75 for 1951-2013. This correlation is responsible
for ~60% of the variability of the September SIE.
The rest of SIE variability is accounted by ice
dynamics induced by impact of winds and currents,
which form ice massifs – areas of compact ice
spreading out of the Arctic Basin.

Fig. 3. (a) Positions of seven meteorological
stations in the marine Arctic with collected
observations since 1900; (b) 1 – reconstructed
September SIE in the Arctic from 1900 to 2013. 2 –
observed SIE for 1980-2013.

3.3 Influence of the ocean on winter sea ice
distribution
In spite of the fact that the winter SAT increases
faster than the summer SAT, the reduction of winter
SIE in the Arctic is much slower in comparison with
summer shrinking. One of the reasons is that the
Arctic seas in winter are completely covered with
ice. Therefore, changes in the Arctic winter SIE are
associated with a shift in the sea ice edge in the
Nordic Seas and the Northwestern Atlantic that is
determined by the boundary between the Arctic
water and the salt and warm Atlantic water [32, 33].
Variations of winter SIE include the component
determined by changes of the Atlantic Water (AW)
inflow and by the shift of AW distribution in the
Nordic Seas and the Northwestern Atlantic.
An influence of this component on the winter
SIE is clearly evident in the Barents Sea from longterm historical datasets of SIE, AW temperatures at
the Kola section, and sea surface temperature (SST).
For example, Table 1 contains correlation
coefficients between the SIE, AW temperature, and
SST in the Barents Sea derived for 1928-2013.

3.2 Reconstruction of the past Arctic SIE
based on the temperature index
Taking into account strong relationship between
the summer SAT and the Arctic SIE, the state of
September SIE in previous year can be estimated.
Unfortunately, most of the weather stations in the
marine Arctic began their work after 1950, and just
seven of them were operated until the beginning of
the 20th century (Fig. 3).
The
correlation
between
the
summer
temperatures at these stations and the Arctic SIE in
September over 1980-2013 equals to -0.81. The
reconstruction of the September SIE for the past
years based on the regression model between the
SAT and SIE shows (Fig. 3) significant SIE
decrease in 1930-40, which is close to the Viese’s
estimate [28], who found decrease about 1 million
km2. However, the strongest reconstructed SIE
reduction for 1930-40s, occurred in 1936, equals to
only a half of the ice reduction in 2012.
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Table 2. Correlation coefficients between the
monthly mean AW temperature in 0-200 m layer
along the Kola section and the monthly SIE in the
Barents Sea for 1951-2009. (95% level of
significance of the coefficients is 0.26)

Table 1.Correlation coefficients between the
mean annual AW temperature in 0-200 m layer
along the Kola section, HadSST in the Barents Sea,
and the monthly SIE in the Barents Sea for19282013. (95% level of significance of the coefficients
is 0.21)

Months
Months

TAW

2
3
4
5
6
7
8
9 10 11 12
1
TAW -0,54 -0,64 -0,59 -0,66 -0,79 -0,75 -0,67 -0,56 -0,47 -0,37 -0,34 -0,51
SST -0,52 -0,62 -0,65 -0,75 -0,80 -0,79 -0,74 -0,67 -0,57 -0,48 -0,33 -0,47

1
2
3
4
5
6
7
8
9 10 11 12
-0,68 -0,70 -0,68 -0,77 -0,86 -0,77 -0,59 -0,47 -0,41 -0,30 -0,40 -0,54

3.4 Effect of summer SIE reduction on
winter air temperature in the Arctic

The correlation of the monthly mean AW
temperature at the Kola section and SIE for 19512009 reaches its maximal value of 0.86 in May
(Table 2).
Shift of the correlation maximum to May can be
explained by significant impact of AW inflow
occurred in southern part of the Barents Sea that
prevents the southward spreading of sea ice edge. A
correspondence between distributions of the AW
and the sea ice in the Barents Sea can be seen from
fig. 4, showing similar spatial pattern of surface
salinity distribution and sea ice edge in June of 1969
and 1987. In June 1969 the salty AW occupies a
smaller area, and sea ice goes further to south in
comparison with June 1987.

One of feedbacks that amplify the warming in
the Arctic is the result of summer SIE reduction,
which increases the air temperature in late autumn
and early winter (Fig. 5). In the period with negative
air temperatures, the heat accumulated in ice-free
areas releases to the atmosphere. An additional
contribution to the warming is due to increase of the
water vapor content in the air surface layer,
accompanied by increased downward long-wave
radiation.

a

Fig. 5. Trend of the monthly mean SAT in the
marine Arctic for 1993-2012. Period of 1993-2013
was chosen as a period of rapid SAT increase.

b

The largest values of SAT trends occur from
October through February, exceeding background
value (average for March-September), and
contribute up to 75% to amplification of the trend
caused by this feedback.

3.5 Summer sea ice disappearance

Fig. 4. Sea surface salinity and the sea ice edge
in the Barents Sea in June 1969 (a) and 1987 (b).Sea
surface salinity is taken from the digital
“Climatological Atlas of the Nordic Seas and
Northern North Atlantic” issued by NOAA in the
International Ocean Atlas and Information Series in
2014. Ice edge position (black curve) is taken from
HadSST dataset.
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The close relationship between the summer air
temperature and reduced ice area in September
(Fig. 3) allows predicting the evolution of
September SIE using statistical modeling.
According to the elaborated statistical model the
arctic summer sea ice can disappears in the middle
of the 2030s. The date of disappearance of the
summer ice cover can be estimated using simple
extrapolation of the September SIE record,
suggesting robustness of the estimates in case of
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found in range of the earliest disappearance of
September sea ice, estimated from global climate
models [20].

coincidence of the results in both predictions. Fig. 6
shows the result of applying both methods for
prediction of the time of the summer SIE
disappearance.

4 Conclusion
We propose to use summer SAT in the marine
Arctic as a predictor for estimates of September SIE
changes. The marine Arctic is defined as the area of
the Arctic, which is covered with sea ice in winter.
The correlation coefficient between the summer
SAT and the Arctic SIE in September equals to 0.93 for 1980-2013. Based on this correlation,
September SIE anomalies were reconstructed for
1900-2013. The reconstructed SIE dataset shows
significant reduction in 1930-40s with minimum of
ice extent registered in 1936. However, it was just a
half of the reduction found in 2012.
The close relationship between the increase of
summer air temperature and the reduction of
September SIE is used to assess the onset of
summer Arctic ice disappearance. Remaining the
current rate of warming of air temperature we found
that such an event can happen as early as the middle
of 2030s. An impact of sea ice dynamics on
September SIE variability is evident in the Siberian
Arctic seas, where about 40% of the SIE variability
is governed by winds and currents.
Changes of the Arctic winter SIE are associated
with a shift in the sea ice edge in the Nordic Seas
and in the Northwestern Atlantic, which is
determined by the boundary between the Arctic
water and the salt and warm Atlantic water. An
impact of the inflow of the warm and saline Atlantic
water and shift of AW distribution on the winter SIE
is evident in the Barents Sea. The correlation
coefficient between the monthly Atlantic water
temperatures and SIE in the winter/spring months
reaches to -0.86 in May. We argue the shift of
highest negative correlation to May by significant
influence of the AW inflow, which prevents the
southward spreading of sea ice edge in the Barents
Sea.
The largest positive trends were found in surface
air temperature in the marine Arctic during the last
decade are were observed in the late autumn and
early winter, when the heat accumulated in ice free
water areas releases to the atmosphere. This process
is responsible for up to 75% of the trend in this
period.
This research has been supported by the Ministry
of Education and Science of the Russian Federation
project 2014-14.610.21.0006 RFMEFI61014X0006
and the Russian Foundation for Basic Research
grant 13-05-01006А.
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Fig. 6: (a) 2-nd degree polynomial extrapolation
of the SIE in September (coeff. determination is
0.78); (b) extrapolation of relationships between the
summer temperatures and SIE in September (coeff.
determination for linear model is 0.85; for quadratic
model is 0.89); (c) quadratic extrapolation of the
summer air temperature (coeff. determination is
0.65), indicating achievement of 7.1 and 8.4 ° C
about 2027 and 2038, respectively.
Derived empirical estimates include influence of
both anthropogenic and natural factors, affecting the
rapid decline of summer ice in the Arctic. They
show possible disappearance of the sea ice in
September in the middle 2030s. This prediction is
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