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Abstract. The paper considers the features of the mutual influence caused by the ice cover of
the Arctic waters and the meridional components of the atmospheric circulation in the Northern
Hemisphere of Earth, which are manifested in the modern period. The identification of such features is
an urgent problem of climatology, meteorology, oceanography, as well as the maritime transport
industry.
The subject of this research is the statistical relationship between interannual changes in a
number of characteristics of the Arctic ice cover and components of the atmospheric circulation. The
features of the impact of external factors on them are also investigated.
The paper checks the adequacy of the hypothesis put forward that the significant factors of the
interannual variability of the characteristics belonging to Arctic air invasions that occur in the summer
season in a number of regions of the Arctic include variations in the state of their ice cover caused by
the combined effect of global warming and the decline of the average level of solar activity taking
place in the current period.
To achieve this goal, there are considered the results of a retrospective analysis of changes in
1993–2019 concerning average daily values of the average thickness of the ice cover, its
concentration, average temperature and salinity of the surface layer of the Arctic water areas, as well
as air temperatures and meridional components of wind speed in various layers of the troposphere. The
specified information has been obtained from the GLORYS, V12, NCEP / NCAR, and ERA - Interim
electronic databases. The method of correlation analysis and statistical goodness-of-fit tests were used
to assess the adequacy of the hypothesis under consideration.
Using the example of the Arctic waters located in the European, Siberian, Far Eastern and
Pacific sectors of the Northern Hemisphere, the features of the mutual influence of changes in the state
of their ice cover and meridional components of the atmospheric circulation in the summer season are
revealed. The results obtained make it possible to confirm the adequacy of the concept on the
significance of the impact on the ice cover of the Arctic waters of the southern cyclones entering high
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latitudes. The existence of a significant influence of the state of their ice cover on the characteristics of
arctic air intrusions formed in the same sectors was also established.
It is shown that in the modern period, and in the coming decades of the twenty-first century
changes in the state of the ice cover in the Arctic will be determined by competing factors of global
warming and cooling factors caused by a decrease in the average level of solar activity. The latter will
entail a decrease in the average intensity of insolation in the Arctic waters. The result of the
confrontation of these factors is currently unpredictable, since it depends on the average level to which
solar activity will decrease at the next minimum of the Suess cycle, as well as on the concentrations of
greenhouse gases in the Earth's atmosphere reached by that time. It is not ruled out that ice conditions
in the Northern Sea Route will become more difficult in the summer-autumn navigation period, which
confirms the relevance and timeliness of the implementation of the Russian Icebreaker Fleet
Development Program.
Key words: Arctic, ice cover, invasions, Arctic air, southern cyclones, statistical relationships,
solar activity, reanalysis.

INTRODUCTION
Changes in the characteristics of the ice cover of the Arctic waters caused by various
processes in the climatic system of our planet have a significant impact on both the safety of
navigation on the waterways passing through them, and on the environmental conditions in
the Arctic zones, as well as the life of the population there. Therefore, the identification of the
factors causing such changes and their consequences are an urgent problem of oceanography,
meteorology, climatology, and operation of transport systems and complexes.
The identification of factors influencing the state of the ice cover in all regions of the
Arctic is of the greatest interest. One of them is the interannual variability of the
characteristics of the meridional components comprising the atmospheric circulation in the
Northern Hemisphere of the Earth, which provide the incoming of warm temperate air in the
Arctic and accelerating the processes of ice melting [3, 8, 16, 26].
The entry of southern cyclones into the Arctic plays a significant role in the delivery
of this air to the Arctic. With their arrival, not only the air temperature rises in the Arctic, but
also storms intensify there with causing the destruction of ice cover, which accelerates ice
melting [26].
Arctic air invasions (AAI) into the temperate latitude regions, which lead to the
formation of blockings in them, are also significant meridional components of atmospheric
circulation in the Northern Hemisphere [10, 14, 15, 18]. Nevertheless, the relationship
between these processes and the ongoing changes in the state of the Arctic ice cover has been
insufficiently studied.
According to modern ideas about the reasons for the variability of atmospheric
circulation characteristics [21, 25], significant changes include those in the properties of the
underlying surface, as well as the absorbed solar radiation, which penetrates into waters in the
Arctic mainly in the summer season (from June to September).
This allows us to assume that among the significant factors of interannual variability
of the characteristics concerning AAI invaded in the regions of temperate latitudes in the
summer season, there may be changes in the state of the ice cover in some Arctic regions; in
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the modern period, those changes are caused by the combined influence of climate warming
factors [19, 21] and average level of solar activity.
The hypothesis put forward is not trivial, since the characteristics of the ice cover of
the Arctic, and possibly the AAI, can also be influenced by other factors (a decrease in the
average salinity of the surface layer of its waters (ASSL), changes in the characteristics of its
surface currents, etc.) [11, 16].
Despite the fact that the factors of variability of the Arctic ice cover have been studied
by domestic and foreign scientists for many decades [3, 16, 19], their role in the ongoing
changes in the characteristics of AAI has been insufficiently studied.
Confirmation of the adequacy of the hypothesis put forward would have the greatest
practical importance for the Arctic regions, along which its most important transport route
(the Northern Sea Route) passes, the development of which is one of the strategic priorities of
Russia [5]. Such regions can include all the waters of the Arctic Ocean and the Arctic seas
(from the pole to the corresponding sections of the continental coast), which are located in the
following sectors of the Northern Hemisphere: European (0-60E), Siberian (60–120E), The
Far East (120–170E) and the Pacific (170E – 120W).
Despite the fact that during the period of modern climate warming, the average ocean
surface temperatures (OST) of all Arctic regions have increased, and the total ice cover area
(TIA) and its volume (TIV) have significantly decreased [16, 19], the trends of these
indicators have changed in some of its regions over the past years. Confirmation of the
adequacy of the hypothesis put forward for the indicated regions of the Arctic would allow
not only to take into account the ongoing changes in the state of their ice cover when
forecasting the AAI, but also to clarify the existing ideas about the trends of its further
changes and the development of sea transport here. Consequently, testing this hypothesis is of
significant theoretical and practical interest.
In view of the above, the purpose of this paper is to test the adequacy of the hypothesis
put forward.
METHODS AND MATERIALS
To achieve this goal, a technique was applied that involves the two-stage testing of the
adequacy of the hypothesis put forward. The first stage consists in checking the presence of
significant statistical relationships between the time series of the TIA and the TIV for the
specified regions of the Arctic, as well as a number of AAI characteristics and invasions of
southern cyclones. The second stage involves testing the validity of the assumption that the
features of modern changes in the TIA and TIV in the indicated regions of the Arctic are due
to the combined effect of climate warming factors and a decrease in the average level of solar
activity.
At the first stage, the following characteristics of macrocirculation processes were
taken into account:
- Total duration of southern cyclones invading in the Arctic in a particular sector
(TDSC);
- Total duration of blockings occurring in the same sectors (TDB);
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- The average values of the speed of movement in the lower tropospheric layer of air,
which enters the Arctic (Vs) and leaves it (VN) within a given sector, as well as their difference
VS - VN.
The values of TIA and TIV were calculated for each month (from June to September),
and also on the average for the summer season for all Arctic waters, which belong to each
sector considered. The specified indicators for each sector were calculated as:

where h i is the average ice thickness of the i- th area, which has the shape of a trapezoid with
bases located along one or another parallel; l i - its average ice coverage; S i - the area of the
same region, which was calculated taking into account the latitudes at which its northern and
southern boundaries (trapezoid bases) are located, as well as the distance between them; N is
the total number of districts that belong to the considered sector.
The OST and ASSL values for all Arctic waters belonging to the same sector were
calculated as the weighted sum of the corresponding indicators:

Where ti is the average surface temperature of the i-th region; si - average salinity on the
surface of the i -th region.
The values of ti, si, hi, li for each region were determined as the arithmetic mean of the
values of the corresponding indicators set at its vertices. At the same time, the GLORYS 12
v.1 reanalysis [20] was used as factual material about the values of these indicators in all
points of the considered regions of the Arctic.
The source specified presents estimates for every day in the interval of 1.01.1993–
31.12.2019 concerning average daily values of these indicators, which correspond to nodes of
a uniform coordinate grid with the increment of 0.08333. The estimates mentioned were
obtained using the NEMO ocean model.
When verifying the model, we used the satellite monitoring results of the variability of
ti, si, hi, and li for the same period. To reduce the variance of errors of such estimates, the
Kalman filter is applied.
When assessing the TDSC and TDB values, the typification of macrocirculation
processes in the Northern Hemisphere proposed in [6] was used, as well as the elementary
circulation mechanisms (ECM) described in the same place. Upon them, southern cyclones
invade the Arctic or blockings occur in the sectors under consideration [7]. The mentioned
ECMs are given in table 1.
Table 1. The ECMs at which southern cyclones invade the Arctic in the indicated sectors of the
Northern Hemisphere or where blockings are formed.
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No.
Sector
1
European
2
3
4

Siberian
Far Eastern
Pacific

No.
1
2
3
4

Sector
European
Siberian
Far Eastern
Pacific

Invasion of southern cyclones
Longitudes
ECM
2a, 2b, 3, 8a, 8bk, 8ck, 8dk, 9a, 9b,
0 - 60E
12a, 12bk, 12ck, 13k
2a, 2b, 2c, 3, 4b, 4c, 6, 7bk, 13k
60 - 120E
1a, 2b, 3, 8bl, 8dk, 12bk, 13k, 13j
120 - 170E
9b, 13k
170E – 120 W
Blocking formation
Longitude
ECM
4b, 4c, 10a, 10b
0 - 60E
8bk, 8cl, 8dk, 12a, 12bk, 12ck
60 - 120E
6, 8cl, 12a, 12cl
120 - 170E
6, 7bl, 8cl, 9a, 9b, 10b, 12a, 12bl
170E - 120W.

Total duration of the effect in a given month of the period 1993–2018 of each ECM
mentioned in table 1 is presented in the source [13]. The values of TDSC or TDB for a certain
month in any sector were calculated as the sum of the total duration of the effect in the month
of all ECMs mentioned in the corresponding line of the table 1. If an effect of a certain ECM
began in one month and ended in another, its effect period duration was taken into account in
the month to which most of this period belongs.
Indicators VS and VN were estimated at the southern Arctic border, for which the
parallel of 70N is conventionally taken, in the atmospheric layer corresponding to the
geopotential of 1000 hPa. Thereby, the information from the ERA - Interim reanalysis [23]
was used. The source specified presents data for the period starting from 01.01.1979 on
changes in the average daily values of meridional components of wind speeds in various
layers of the atmosphere above the points of the Earth's surface, which correspond to the
nodes of the coordinate grid with a step of 0.7× 0.7.
Positive (negative) values of this indicator correspond to the winds of the southern
(northern) points of the compass. Therefore, when assessing the VS and VN we calculate the
sums of its positive and negative values in all points located on the parallel 70N between the
meridians that limit this or that sector. The results obtained were normalized with regard to
122 (the total number of days in the summer season) and to the total number of such points
(85 for the European and Siberian sectors, 70 for the Far Eastern sector, and 100 for the
Pacific sector).
The study of statistical relationships between the TIA and TIV series, as well as
between the considered characteristics of the atmospheric circulation was carried out using
the correlation analysis method [2] and Student's test [9]. Links were assessed for three time
periods: 1993–2019, 2000–2019, and 2012–2019. Linear trends were compensated for in all
compared series before conducting the analysis.
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It was assumed that the hypothesis is adequate if the reliability of the statistical
conclusion about the significance of the correlation between changes in the ice cover
characteristics and the considered atmospheric circulation indicators is at least 0.95.
When performing the second stage of the study, the presence of the conditions was
checked; they are necessary for a certain mechanism of changes in the TIA and TIV in the
sectors under consideration to have a significant impact on these processes.
A decrease in the intensity of insolation in high-latitude regions of our planet is
possible with a decrease in the values of the solar constant and / or the transparency
coefficient of Earth's atmosphere. The latter is possible with a decrease in the average level of
solar activity over an 11-year cycle [1, 17]. Therefore, a prerequisite for the significance of
this mechanism for decreasing the TIA and TIV in the Arctic waters is a decrease in the
average level of solar activity over the 11-year cycle.
It follows from [1, 24], that in the modern period, the average level of solar activity
actually decreases as approaching to the next least value of its 189-year cycle (Suess cycle),
which is expected in the middle of the twenty-first century. Consequently, a decrease in the
average intensity of insolation in high-latitude regions of our planet will most likely occur in
the coming decades. If this level at the minimum of the mentioned cycle turns out to be low
enough, climate cooling would develop not only in the Arctic, but also in some regions of
temperate latitudes. It is quite possible that an increase in TIA and TIV which is happening in
the period of 2012–2019 is the first manifestation of such a cooling.
If this is true, then an increase in TIA and TIV should be observed to some extent not
in certain regions of the Arctic, but in all its regions under consideration. It should also be
accompanied by a halt in the OST increase in their water areas, as well as in average air
temperatures in different layers of the troposphere.
The check for the availability of these effects was carried out by identification,
depending on the time of the TIA, TIV and TPO, which is calculated for each sector
considered. The tendencies of changes in mean air temperatures in the tropospheric layers
above each sector corresponding to the geopotential values of 300, 500, 700, and 1000 hPa
were also estimated. The NCEP/NCAR reanalysis was used as factual material about the
changes in the average daily air temperatures that occurred in the period 1979–2019 in the
indicated tropospheric layers [22].
The angular coefficient value for the linear trend of the corresponding time series
calculated for the time intervals of 1979–1999, 2000–2019, or 2012–2019 by the least squares
method [2] was considered as a quantitative measure for the estimated tendency of each
process under study. The results of such calculations were considered significant if the
reliability of such a statistical conclusion assessed by Fisher's test exceeded 95% [9, 12].
One of the alternative mechanisms that can lead to a decrease in the TIA and TIV in
the considered regions of the Arctic could be a decrease in the volume of warm air entering
them from temperate latitudes. The latter is possible with a decrease in TDSC and/ r VS.
Another mechanism could be a decrease in the ASSL. In this case, other things being
equal, in the regions where the decrease in ASSL took place, the increase in OST and air
temperature in certain layers of the troposphere over the oceans under the influence of climate
warming factors should have continued.
8
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Migration of drifting ice from other regions of the Arctic could also lead to an increase
in TIA and TIV in its certain regions (the values of these indicators decreased accordingly
there). Therefore, if the observed increase in TIA and TIV is a result of such migration, then
this effect should be reduced to zero with the expansion of the boundaries of the region within
which the values of these indicators are estimated.
These features were taken into account at the second stage of the study upon
determining the cause that could lead to an actual increase in TIA and TIV.
RESEARCH RESULTS AND THEIR DISCUSSION
At the first stage of the study, the values of TIA, TIV, OST, and ASSL were calculated
for each month and each considered sector of the Northern Hemisphere in accordance with
the described methodology. As an example, Fig. 1 shows the change over time in the TIA,
TIV indicators for the Siberian sector.

Fig. 1. Change in the Siberian sector of monthly average values: a) TIA; b) TIV

As seen from Fig. 1, for the period of 1993–2018 the monthly average values of TIA
and TIV for the Siberian sector in the summer months decreased significantly; however, in
the period of 2012–2018 there were increasing trends in the changes in these indicators. It
follows from this that the phenomenon under consideration is not local in nature, but
manifests itself on the scale of the entire Siberian sector. An increase in TIA and TIV in the
THE COMPLEX SYSTEMS, № 2 (8), 2020
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same years was also recorded for other sectors of the Arctic, which corresponds to the ideas
about the phenomena that are possible, if the hypothesis put forward is valid. Hence it follows
that the phenomenon under consideration cannot be caused by the migration of drifting ice.
The changes in the parameters TDSC and TDB for the summer season, as well as the
values of VS and VN were further calculated for each sector. As an example, Fig. 2 shows such
calculations for the Siberian sector (60–120E).

Fig. 2. Time dependence of the meridional component characteristics of atmospheric circulation in
the Siberian sector averaged over the period of June - September:
a) Average duration (T) of southern cyclones and blockings;
b) Average speeds of these components V N, V S and the difference V S - V N

As seen in Fig. 2a, in the period of up to 2008 the TDSC values for the Siberian sector
significantly exceeded the TDB values. Subsequently, they became equal on average (TDSCs
were higher than TDBs in 2013–2015 and 2017–2018, and TDBs exceeded them in 2009–
2012 and 2016). Moreover, in 2012–2018 TDSCs for this sector increased, which makes it
possible to admit the possibility of an increase in the flow of warm air entering the Arctic
region under consideration from temperate latitudes in the summer months.
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Figure 2b shows that for a summer season, the time dependences of VS, VN and VS - VN
are complex oscillations. The main mode period of V S variations is 2.66 years. The period of
the main oscillation modes VN and VS - VN is close to 13 years. The phases of these oscillations
are shifted by 180.
In the summer months of 1982-1983 and 2001-2012 in the Siberian sector, air
transport across a parallel of 70N in the direction from south to north prevailed. All other
things being equal, this should have caused a warming of the climate in this Arctic region and
a decrease in TIA and TIV there. In other periods of time, including in the period of 2013 2018, air transport across the same parallel in summer was carried out in the southern
direction, on average. At the same time, dry and cold Arctic air entered the temperate
latitudes, which gave rise to blockings causing an abnormal heat in Europe, and increasing the
fire hazard in Siberia.
There were not found significant alterations in the nature of VS changes in 2012-2019.
Consequently, the inflow of temperate air into the Arctic in the summer periods of the
indicated years did not decrease, and therefore, there cannot be a reason for the increase in
TIA and TIV.
A similar conclusion is valid not only for the Siberian, but also for other studied
regions of the Arctic.
The results of the correlation analysis of the relationships between the time series of
the TIA and the TIV for the period of June - September, as well as the considered
characteristics of the atmospheric circulation for the Siberian sector are presented in Table 2.
As follows from Table 2, interannual changes in average TIA and TIV values for the
summer period in the Siberian sector positively correlated with variations in VS on all the
studied time intervals. At the same time, the reliability of the conclusion about their
significance exceeds 0.95 only in the period of 2012-2018. For other periods of time under
consideration, its values exceed the level of 0.85.
Table 2. Correlation analysis results

VS
TIA
TIV

-0.092
-0.036

TIA
TIV

-0.211
-0.220

TIA
TIV

0.934
0.916

VN
VS - V N
TDSC
1993-2018, 95% threshold = 0.39
0.317
-0.331
-0.174
0.339
-0.372
-0.175
2000-2018, 95% threshold = 0.46
-0.338
-0.361
-0.406
0.384
-0.391
–0.358
2012–2018, 95% threshold = 0.76
0.966
-0.954
–0.853
0.954
-0.944
–0.844
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0.097
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0.355
0.258
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Interannual changes in the TIV are negatively correlated with variations in VS - VN at
any time intervals studied. The links between these processes are significant with a reliability
of at least 0.95 only in 2012-2018.
The considered relationships of the interannual variations in the TIA and TIV , as well
as the TDSC values with changes in VS are also significant only for the period of 2012-2018.
Consequently, in 2012-2018 the factor that generates the correlation between the
processes under consideration intensified. Similar features of the relationship between the
processes under consideration were revealed for other studied sectors.
Since the air from the Arctic largely enters the temperate latitudes during the invasions
of the Arctic air, it follows from the results obtained that the intensity of these
macrocirculation processes in a certain sector is significantly and stably statistically related to
both the TIA and the TIV values of the same sector.
Since the main process, where temperate latitude air penetrates the Arctic are
invasions of southern cyclones, the presence of significant negative correlation between TIA
and VS corresponds to representations made in [26] that changes in repeatability of synoptic
process data are an important factor in the destruction and melting of Arctic ice. The validity
of this conclusion is also confirmed by the presence of a relatively strong (albeit insignificant)
negative correlation between the series of TIA, TIV and TDSC values.
Absence of significant correlation between interannual changes in TIA, TIV and VN
values with TDB variations is explained by the fact that invasions of arctic air are the
processes preceding to the formation of blockings, but not the blockings themselves, the
duration of the existence of which are affected, among other things, by other factors [15].
Time dependences of the OST values averaged for the summer season in all studied
regions of the Arctic was analysed in the second phase of the study. It was found that for the
period of 1993–2018, the monthly average values of these indicators increased in June by
0.5, and in July – September by 1, which confirms the conclusions in [3, 16, 19]. Moreover,
in the period of 2012–2018 their increase was not found anywhere (changes in OST in all
regions have the nature of fluctuations with an amplitude from 0.3C in June to 0.7C in
September). The same features of the OST variability were also revealed in other studied
sectors of the Arctic.
Similar studies of the features of the ASSL interannual variability were carried out for
the surface waters of the Siberian sector, and other Arctic sectors. It was established that for
the periods of 1993–2019 and 2012–2019, there were areas in them where downward trends
prevail in the summer months, but this is not the case everywhere. In the regions of the Arctic,
where decreasing trends are revealed in the changes in the ASSL, they are not significant, as a
rule. Significant differences in the variability of this indicator in 2012–2019 compared to
1993–2019 are not found. Consequently, decrease in TIA cannot be the main reason for the
increase in TIA and TIV values in 2012–2019 in the water areas of the Arctic sectors under
consideration.
We also estimated and compared the dependence of the values expressing the angular
coefficient of the linear trend (ACLT) of the monthly average air temperatures over each
studied sector in July estimated for the periods of 1979–1999, 2000–2019 and 2012–2019 on
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the latitude and the level of the geopotential corresponding to the considered tropospheric
layer. Examples of such dependences for the Siberian sector in July are shown in Fig. 3.
Fig. 3a shows that in July, in the period of 1979-1999, there was an increase in
monthly average air temperatures in all the considered layers of the troposphere and at all
latitudes. On average, the rates of these processes increased as the latitude of the points for
which their values were estimated, increased.
From Fig. 3b it follows that in the period of 2000–2019 in July the values of the
average air warming rates significantly decreased in the same layers of the troposphere at all
latitudes, and at an altitude of 300 hPa its cooling was revealed. The higher the latitude of the
corresponding point, the more noticeable it is.
Figure 3c shows that in the period of 2012–2019, warming (albeit at a much lower
rate) in the Siberian sector of the Arctic was noted only in the 1000 hPa layer. Cooling was
revealed in the other considered layers of the troposphere. Similar results were obtained for
the rest of the considered regions of the Arctic.
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Fig. 3. Dependence on the latitude of the values expressing the angular coefficient of the linear trend
of monthly average air temperatures over the Siberian sector in July estimated for the following
periods: a) 1979–1999, b) 2000–2019, c) 2012–2019.

DISCUSSION
As it follows from the results obtained, the changes in the state of the Arctic ice cover
occurring in the current period suggest that the ratio between the intensity of factors causing
climate warming and cooling has changed in favour of the latter. The consequences of this
change are manifested in different ways at different latitudes. They are most noticeable in the
Arctic, where changes in solar activity most noticeably affect the intensity of insolation in its
water areas.
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The distributions of the average rates of interannual changes in air temperatures
similar to those shown in Fig. 3 correspond to the ideas about possible changes in these
indicators. Those changes would take place if in the period of 2000–2019 the energy flow
absorbed during the melting of drifting ice to the surface of the water areas of the considered
Arctic region decreased (most rapidly in 2012–2019).
The fact that this condition is actually fulfilled is evidenced by the conclusions [1],
from which it follows that the average levels of solar constant and solar activity in the period
under consideration decreased and will continue to decrease for approximately 25–35 years.
Therefore, the hypothesis put forward is adequate.
CONCLUSION
Thus, using the example of the Arctic waters located in the European, Siberian, Far
Eastern and Pacific sectors, it was found that changes in the state of their ice cover in the
summer season not only depend on variations in the TDSC, but they also have significant
effect on the characteristics of Arctic air invasions into temperate latitude regions of the
Northern hemisphere of our planet.
Necessary conditions for the significance of the impact on changes in the TIA and TIV
values of the Arctic waters can lead to an increase in their values. They were performed in the
summer seasons of 2012–2019 only for such a mechanism as a decrease in the average
intensity of their insolation caused by a decrease in the average level of solar activity.
Since a new minimum of Suess cycle may occur in the middle of the twenty-first
century, it is possible that ice conditions in the summer-autumn navigation period in the
Arctic, including the Northern Sea Route, will continue to be complicated (if the cooling
factor will be stronger than warming factors). As a result, the implementation of the State
program approved by the Russian government for the development of Russian icebreaker fleet
is urgent.
This work was carried out within the framework of the Basic Research Program
implemented by the Institute of Geography at the Russian Academy of Sciences, project no.
0148-2019-0009, and R&D of FRC IBSS (registration number: AAAA-A19-119061-1900819).
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