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Abstract—A review of some major advances in studies of Arctic climate change in the last decade is pre-
sented. Mechanisms of positive feedbacks leading to accelerated climate changes in the northern high lat-
itudes are considered. Some recently popular hypotheses of the rapid Arctic climate change that failed
when confronted with observed climate changes are exemplified. Urgent problems regarding Arctic climate

change are formulated.
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INTRODUCTION

Arctic climate changes during the recent decades
are probably the most spectacular regional manifesta-
tion of the ongoing global warming. The rates of tem-
perature rise in the Arctic since the late 1970s have
been roughly 2.5 times as large as those globally aver-
aged (Fig. 1). The September sea-ice area in the Arctic
has reduced by about 40% over the last 40 years [1].
Paleoreconstruction records indicate that the current
Arctic warming has been unprecedented over the past
400 years at least [2], and the reduction in sea-ice
exceeds all the negative anomalies in the last millen-
nium [3]. Such a rapid warming in the Arctic signifi-
cantly decreases the meridional temperature gradient
in the Northern Hemisphere (NH) mid- and high lat-
itudes and alters the strength and position of heat
sources and sinks at the lower boundary of the atmo-
sphere (in particular, due to sea-ice loss). These
changes, in turn, are accompanied by circulation
change; shifts in weather regimes; and more frequent
extreme weather events, including those in the north-
ern Eurasian and North American regions [4, 5]. The
Arctic climate change has been studied in a large
number of works, which are reviewed in assessment
reports of the Intergovernmental Panel on Climate
Change (https://www.ipcc.ch/), in the Arctic Cli-
mate Impact Assessment Overview report [6], and in
the Russian Federal Service for Hydrometeorology and
Environmental Monitoring (Roshydromet) assessment
climate reports [7] with special sections focusing on
Arctic climate change. The past two decades have
shown an increase in the number and quality of satel-
lite observations; improvements in remote-sensing

18

data-processing procedures; the accumulation of new
oceanographic data; considerable progress in numeri-
cal simulation of the atmosphere, ocean, climate, and
Earth climate system as a whole; and the creation of
new atmospheric and oceanic reanalyses. With
increased computational capabilities, this has provided
a much more accurate and complete simulation and
diagnosis of the Arctic climatic processes. All this has
favored not only progress in understanding mecha-
nisms of climate changes occurring during recent years,
but, in some regions, also a qualitative change of knowl-
edge about processes and mechanisms of climate
dynamics in the Arctic, both at present and in the past.

This paper presents a review of some important,
from the author’s point of view, recent advances in
Arctic climate research, gives examples of how the
concepts critical to understanding climate dynamics
have changed, and suggests problems that remain to be
solved. For reasons of limited space and breadth of the
topic, the review is not meant to be comprehensive,
but rather offers the author’s subjective view, largely
based on personal experience and the results of Arctic
climate research in the past two decades.

FEATURES OF TEMPERATURE AND SEA-ICE
AREA CHANGES IN THE ARCTIC

The major features of the Arctic climate change
can be deduced by comparing the dynamics of global
and Arctic temperature during the instrumental obser-
vations period (Fig. 1). Much higher rates (more than
doubled) of present warming in the Arctic relative to
global warming since the 1970s are evident. This phe-
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Fig. 1. Annual mean surface temperature anomalies (°C)
in the Arctic (60°—90° N, red curve), over the globe (thin
blue curve), and doubled anomalies of global temperature
(thick blue curve) from GISTEMP (13). Time series are
smoothed with a 5-year running mean.

nomenon was called Arctic amplification (AA) [8].
Until recently, the main cause of AA was thought to be
a positive surface temperature—albedo feedback,
which is most pronounced in the presence of snow-ice
cover in the NH high latitudes. Such a positive feed-
back was suggested by M. Budyko as the cause of cli-
mate instability in the energy balance model [9]. This
hypothesis has begun to be revised since the early
2000s [10]. A recent study [11] has suggested that AA
occurs in idealized experiments for an aquaplanet with
no positive surface albedo feedback. The increase in the
meridional heat transport to high latitudes due to
increased latent heat flux played an important role in
AA in these experiments. A quantitative analysis of the
various radiative and thermodynamic feedbacks in cli-
mate models with a stationary response to increasing
greenhouse-gas concentrations has shown a significant
(comparable in magnitude) contribution of three pro-
cesses to the AA of global warming, which include
changes in the height of the effective radiation emission
height, positive albedo—temperature feedbacks, and the
Planck effect [12].

The second specific feature of the Arctic climate
change is a significant positive interdecadal tempera-
ture anomaly in the mid-20th century (Fig. 1), called
the Early Twentieth Century Warming (ETCW). This
global temperature anomaly is most pronounced in
the NH high latitudes [14]. In the Arctic, the ETCW
amplitude is well above (approximately twice) the
global average (Fig. 1). While for global temperatures
the present warming exceeded the ETCW peak in the
latter half of the 1970s, it occurred in the Arctic only in
the mid-1990s. Maximum temperatures at the Malye
Karmakuly weather station (Novaya Zemlya) during
the ETCW remained record-breaking until 2012 [15].
All this indicates larger internal climate variability in
the Arctic, a regional enhancement of climate fluctu-
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ations in the NH high latitudes, or both. A persistent
Arctic cooling after the ETCW, from the mid-1940s to
the mid-1970s, made it impossible for a long time to
speak of a significant tendency toward warming in the
Arctic until the early 21st century. One interesting
example of such an uncertainty is J. Walsh’s note of
1993 “The Elusive Arctic Warming” [16], where the
negative Arctic temperature trend in the last (to that
date) four decades was found from station and satellite
observational data. It has also been suggested that such
a tendency runs counter to the strongest greenhouse-
induced Arctic warming projected by climate models.

The rates of temperature rise during the ETCW were
comparable to current trends, globally and in the Arctic,
although the rate of atmospheric greenhouse-gas con-
centration increase in the 1920s to the 1930s was approx-
imately one-fourth of that in the last 40 years. Thus,
anthropogenic emissions of greenhouse gases cannot
explain the ETCW phenomenon. A hiatus in major vol-
canic eruptions and solar activity variations may have
contributed to this warming [17], but they, according to
model estimates, are unable either to explain such a
rapid temperature rise in the mid-20th century.

Long-term (several-decade scale) natural fluctua-
tions of climate are suggested to be an important factor
in the ETCW. An obvious candidate for such fluctua-
tions is the Atlantic Multidecadal Oscillation (AMO),
quasi-periodic (with a period of 50—70 years) sea-sur-
face temperature variations in the North Atlantic [18]
thought to be associated with corresponding variations
in the strength of Atlantic meridional overturning cir-
culation (e.g., [19]). The AMO is in phase with Arctic
temperature variations [20]. However, such variations
explaining changes of meridional oceanic heat trans-
port in the North Atlanitc across 30° N, with ampli-
tude of approximately 0.1 PW (about 10% of the total
oceanic heat transport), are linked rather weakly to
variations of the heat transport across latitudes north
of 65° N [21]. Although the hypothesis that the AMO
is the main cause of quasi-cyclic fluctuations of the
climate in the Arctic is most popular, there are some
studies suggesting a role of other processes, which will
be discussed below.

Thus, the ETCW is of interest not only as a signifi-
cant climate anomaly in the historical past, but also as
the key to understanding the current warming. If the
internal climate variability is able to drive warming of
such a magnitude, what is the contribution of natural
variability to the current warming? This question
remains open, and some model estimates indicate that
such a contribution may be half of the observed warm-
ing during recent decades [20]. Under conditions of a
strong long-term natural climate variability in the Arc-
tic with a monotonic warming caused by global cli-
mate changes, the assessment of climate trends
depends fundamentally (sometimes even qualitatively)
on the length and start of the period chosen for analy-
sis [22, 23].
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The third important feature of Arctic climate
change follows from a comparison of the dynamics of
Arctic temperature anomalies with dynamics of dou-
bled anomalies of global temperature (Fig. 1). It can
be seen that, with such scaling (given the AA effect) of
the change, the doubled global temperature anomalies
compare well with Arctic anomalies from 1960
through 2000, but anomalies during the ETCW are
significantly different. There is also a difference
between anomalies of the early 20th century. While
global anomalies exhibit a hiatus in global warming,
temperature in the Arctic continued to rise. This indi-
cates the nonlinearity of the interaction of global
warming and Arctic climate change and/or the inde-
pendent dynamics of the Arctic system.

Thus, three important features of Arctic climate
change, which imply major urgent scientific problems,
are the AA of global climate change, significant inter-
nal (including multidecadal) climate variability and
ETCW as its probable manifestation, and a nonlinear
relationship between Arctic and global-average surface
temperature changes.

PROGRESS IN STUDIES
OF ARCTIC PROCESSES

As in other fields of physics, progress in climate-
change research depends primarily on the appearance
of new data on the dynamics of the Earth’s climate
system. In the Arctic, the problem with empirical data
is particularly urgent because of severe weather condi-
tions and the sea-ice cover that makes regular meteo-
rological and oceanographic measurements difficult
in many regions of the Arctic Ocean (AO).

Regular oceanographic measurements in the
northern high latitudes, from the 1990s to the present,
have provided a three-dimensional picture of Atlantic
water inflow and transformation changes in the Arctic
Basin over the past several decades. This has revealed
important features of current changes and their mech-
anisms, including new assessments of the role that the
oceanic inflow plays in sea-ice extent and thickness
changes [24, 25]. Among major advances in experi-
mental oceanography are direct (buoy-station) mea-
surements of current velocity and water temperature
(from the surface to the seafloor) in a section along the
western entrance to the Barents Sea from 1997 [26],
the annual Nansen and Amundsen Basins Observa-
tional System (NABOS) expeditions (since 2002) [24]
aimed at exploring the transformation of Atlantic
water in the Eurasian Basin of the Arctic, and the
development of a Unified Database for Arctic and
Subarctic Hydrography (UDASH) archive of tem-
perature and salinity profiles for the AO and subpolar
seas [27].

With a reduction in the amount of stationary mete-
orological observations in the Arctic after the collapse
of the Soviet Union and the termination of the polar
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drifting station program in 1992, the number of satel-
lites remotely sensing the atmosphere and surface of
the Earth in the polar region has increased. One fun-
damentally important achievement here is the cre-
ation of Arctic sea-ice thickness data based on satellite
altimetry. Unlike the sea-ice concentration deter-
mined quite precisely from satellite microwave radi-
ometers since 1979 [28], the sea-ice thickness before
the early 2000s was known only from miscellaneous
and local data from stationary and submarine sonars;
from measurements at drifting stations; and from air-
craft data, including electromagnetic sensing and
altimetry [29]. Empirical estimates of climatic trends
in sea-ice thickness contained large uncertainties,
from a decrease ranging from about 10% per decade in
the last 40 years of the 20th century from submarine
sonar data to 3% per decade according to measure-
ments of ice-surface vibrations from Russian North
Pole drifting stations [30, 31]. Estimates from simula-
tions with ocean—sea ice general circulation models
also differed significantly [32]. Satellite altimetry data
of sufficient accuracy in 2003—2008 (NASA Ice,
Cloud, and land Elevation Satellite (NASA ICESat))
and afterward from 2010 to the present (European
Space Agency Cryosphere Satellite 2, ESA CryoSAT-2)
have eventually allowed reliable estimates of sea-ice
thickness and seasonal and interannual variations with
almost the complete spatial coverage of the Arctic and
with high spatial resolution [33]. Although the period
of continuous records is only 10 years so far, the sea-
sonal cycle and interannual fluctuations of sea-ice
thickness are strongly suggestive of the reliability of
oceanic reanalyses—ocean models using atmospheric
reanalyses as boundary conditions and assimilating
available data from oceanographic observations and
sea-ice concentrations. Their results appeared to be
very similar to satellite data [34, 35].

The development of oceanic reanalyses in the early
20th century is a substantial progress in the Arctic cli-
mate research. The reanalyses provide full spatial and
temporal datasets of sea-ice characteristics, tempera-
ture, salinity, current velocity, and ocean surface
height, making it possible to investigate processes in
regions and at depths where measurements have never
been made. Results from the Pan-Arctic Ice Ocean
Modeling and Assimilation System (PIOMAS) reanal-
ysis [34], providing data since 1979, are available for
the analysis of Arctic sea-ice characteristics. High-res-
olution (1/4 deg) MERCATOR reanalysis [35] pro-
vides data on ocean characteristics for the period from
1993. Changes in the mean sea-ice thickness in the
Arctic from these two reanalyses are shown in Fig. 2a.
It can be seen that the sea-ice thickness in a minimum
of'the seasonal cycle has decreased nearly by half since
1980. There are also significant interannual variations,
particularly a large increase from 2010 to 2015, which
occurred during just the first years of the CryoSAT-2
mission [36].
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Fig. 2. (a) Monthly mean sea-ice thickness (m) in the Arc-
tic from PIOMAS (solid curve) and Mercator (dashed
curve); (b) annual mean sea-ice thickness in the Arctic
from HadISST1 (thick grey curve), SIBT1850 (dashed
curve), and gridded data reconstructed using covariance
analysis from temperature data (solid curve) [37]. Time
series are smoothed with a 7-year running mean.

In atmospheric reanalyses for the Arctic, the lack of
regular atmospheric radiosonde data in ice-covered
areas and sparse station observations in pan-Arctic
regions lead to large biases [38]. They are associated
primarily with incorrectly represented cloud cover,
surface inversions, and turbulent heat fluxes over ice.
Assimilating satellite data in the nearest future can
hardly improve the situation because of, apart from
other problems, data inhomogeneity and uncertainty
in the solution of the inverse problem of atmospheric
temperature and humidity retrieval using GPS. The
problem of reanalysis error decrease should be solved
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by improving parameterizations of the abovemen-
tioned processes in atmospheric models and assimilat-
ing more data from direct observations.

At the same time, there has been progress in creating
reanalyses with temporal data coverage not only for the
era of regular aerological and satellite observations, but
also for the entire 20th century. Three 20th-century
reanalyses developed in the early 21st century include
the National Oceanic and Atmospheric Administra-
tion—Cooperative Institute for Research in Environ-
mental Sciences (NOAA—CIRES) Twentieth-Century
Reanalysis V2 [39], the European Centre for Medium-
Range Weather Forecasts (ECMWF) interim Reanaly-
sis of the twentieth century (ERA20C) [40], and the
ECMWEF Coupled Ocean—Atmosphere Reanalysis of
the twentieth century (CERA20C) [41]. Even though
such reanalyses providing data for all basic atmospheric
parameters with full spatial and temporal coverage are
attractive, they should be used with caution for the Arc-
tic climate change analysis before the 1950s because of
an incorrect temperature representation [14].

A recent reanalysis of Arctic sea-ice characteristics
for the entire 20th century should also be mentioned,
PIOMAS-20C [42]. Note that PIOMAS-20C uses
ERA20C data as boundary conditions for the ocean
model and, hence, retranslates biases in reproducing
atmospheric parameters for the first half of the
20th century, which are inherent in ERA20C.

In addition to new observational data for the cur-
rent period, the time range of knowledge about key
parameters of the Arctic climate system is being
extended in recent years to the past, both historical
and on millennial scales. Sea-ice data are a striking
example. In the non-Russian science literature, the
evolution of the total sea-ice area in the Arctic before
the beginning of a reduction in sea ice in the 1970s was,
until recently, widely thought to be a plateau with no
significant decadal or multidecadal variations (Fig. 2b,
HadISST1). Although data on the sea-ice cover of
the eastern Arctic from the Arctic and Antarctic
Research Institute (AARI) demonstrated a signifi-
cant negative summer anomaly observed in the mid-
20th century [43], such anomalies were considered a
regional manifestation. Only in the last decade did
indirect (model-based) [44] and reconstructed data
begin to appear, suggesting that there was a significant
(comparable to present) negative anomaly of Arctic
sea-ice area during the ETCW [45]. Full gridded data-
sets have been developed which are based on the anal-
ysis of regional data [46], as well as on the relationships
between ice-cover and temperature anomalies [37, 47].
Examples of such reconstructions are given in Fig. 2b,
showing that ETCW was accompanied by a large neg-
ative sea-ice area anomaly, which, however, was about
half of the present one. A thorough analysis of station
data made it possible to extend back (to the early
20th century) knowledge of Arctic cloudiness [48],
perhaps the least studied climate characteristic, which
Vol. 57
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is the key to energy balance and one of major sources
of uncertainties in climate models. Among recon-
structions, paleoreconstructions of Arctic sea-ice area
over the past 1450 years [3] and of the intensity of
warm Atlantic water inflow to the Arctic in the past
2000 years [49] are noteworthy, both suggestive of the
unprecedented current changes.

Considerable progress has been made in the devel-
opment of climate models and in their ability to repro-
duce Arctic climate change. The spatial resolution of
models has significantly increased over the past
decade; in particular, the Coupled Model Intercom-
parison Project Version 5 (CMIPS5) model ensemble
generally better reproduces Arctic sea-ice characteris-
tics than the previous-generation CMIP3 models [50].
Regional Arctic climate models, including coupled
atmosphere—ocean—ice models, have been devel-
oped, providing a comprehensive study of climate-
change processes. Such models reproduce regional
features of Arctic climate variability, particularly
cyclone activity (including mesocyclones), much bet-
ter than lower resolution global models, while a model
ensemble provides assessments of the robustness of the
results [51, 52].

NEW PROCESSES

Progress in oceanographic measurements, simula-
tion, and theoretical research of Arctic climate in the
early 20th century has resulted in the discovery of new
processes and feedbacks in the Arctic climate system.
There are many noteworthy findings in this field, only
some of which can be mentioned here.

One recently revealed important process is the
Atlantification of near-Atlantic regions of the Arctic
Ocean (AO), mainly in the Barents Sea and in the Eur-
asian Basin [53, 54]. This process qualitatively changes
the vertical ocean structure along the pathways where
warm Atlantic water enters the Arctic [55, 56]. The sea-
ice decline in the Barents Sea with an increase in the
temperature and salinity of inflowing Atlantic water
reduces vertical stratification and intensifies the heat
exchange between the Atlantic water at depths greater
than 100 m under the surface and the surface layer.
This further prevents ice formation and leads to the
formation of a deepened homogeneous mixed layer
and to a weakening of the pycnocline, which resembles
winter stratification in the North Atlantic (hence,
Atlantification). It is important that such a process
involves a positive feedback and the new state may
become stable and irreversible [56, 57].

Another process facilitating the rapid melt of mul-
tiyear sea ice is also associated with Atlantic water
inflow to the AO. This branch of Atlantic inflow from
the Fram Straight goes between Spitsbergen and Josef
Franz Land in the Nansen Basin. The analysis of buoy
measurements of the vertical ocean structure in the
early 21st century and numerical modeling of convec-
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tion processes have revealed a positive feedback
between the reduced ice thickness and area and ther-
mohaline circulation mixing the warm Atlantic water
with a surface layer, which further intensifies ice melt
[56, 57].

A new positive feedback was found between the
Atlantic water inflow to the Barents Sea and sea-ice
thickness, operating through the increased water-
vapor content in the atmosphere in winter due to the
reduced sea-ice area. Owing to the specific response of
atmospheric circulation to ice-area decline, the posi-
tive water-vapor anomaly extends to the central AO,
leading to an increase in the downward longwave radi-
ation and to additional ice thinning [58].

The accumulation of oceanographic data in the
Atlantic sector of the Arctic, including direct mea-
surements of oceanic heat inflow to the Barents Sea
since the early 21st century (see above), has allowed a
detailed investigation into the atmosphere—ocean
interaction processes in the Barents Sea, a region of
maximum climate variability in the Arctic [59, 60]. It
was shown that the oceanic inflow to the Barents Sea
in summer explains over 80% of the variance of sea-ice
area in the entire Arctic the following winter [61] and
can serve a sufficiently reliable predictor of winter sea-
ice area anomalies up to 2 years in advance [62].
Moreover, data on the state of the ocean in the north-
ern regions of the North Atlantic and of the seas in the
Atlantic sector of the Arctic can allow a prediction of
climate anomalies in northern Europe up to 10 years in
advance [63].

An important step to understanding mechanisms
inducing climate changes in the Arctic was the elucida-
tion of a significant role of internal natural fluctuations
of the ocean—atmosphere system in the North Pacific,
called the Pacific Decadal Oscillation (PDO). While
the impact of AMO on the long-term climate fluctua-
tions in the NH and in the Arctic has been suggested by
some studies already as 15—20 years ago [64—67], the
contribution of the Pacific Ocean processes to current
climate changes began being talked about in the context
of the so-called hiatus of global warming in the first
decade of the 21st century [68]. In recent years, papers
have been published which suggest that the PDO plays
a comparable (to the AMO) and, possibly, leading role
in the warming of the mid-20th century and in the
current amplification of global warming in the Arctic
[69—72]. The mechanism of this forcing is associated
mainly with a change in the intensity of the Aleutian low
and with anomalous heat advection to the Arctic. The
hypothesis that temperature anomalies in the tropical
Atlantic influence climate fluctuations in the Arctic
should also be mentioned [73].

The maximum of climate variability in the Atlantic
sector of the Arctic, mainly in the Barents Sea, is
explained by variations in the warm Atlantic water
inflow and by their close connection with sea-ice area
and turbulent heat fluxes from the ocean to the atmo-
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Fig. 3. NAO index as the anomaly of surface-pressure dif-
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the axis on the right)) and annual mean temperature
anomaly in the Arctic (°C, solid curve; the axis on the left).
Time series are smoothed with a 5-year running mean.

sphere in the relatively shallow Barents Sea. Mecha-
nisms for positive feedbacks able to enhance variations
in the oceanic inflow to the Barents Sea were pro-
posed in the early 20th century [19]. One such feed-
back forms due to a cyclonic response of atmospheric
circulation over the Barents Sea to sea-ice decline
induced by a positive anomaly of oceanic inflow. This
strengthens southwesterly winds, increases the posi-
tive south—north ocean level gradient, and further
enhances inflow [74, 75]. It was shown that such a
positive feedback amplifying the negative inflow
anomaly may lead to the shutdown of oceanic inflow
and abrupt regional climate changes [76], suggesting
tipping points in the Arctic climate system, a concept
explaining abrupt regional climate changes [77]. As the
sea-ice area in the Barents Sea decreases, the sea loses
more heat and denser cold water forms in the eastern
part of the sea, increasing the outflow from the Barents
Sea and lowering the sea level in the east, intensifying
the inflow on the western border of the sea [19]. This
process forms one more positive feedback. Another
positive feedback is also noteworthy whereby south-
erly winds increase on the continental border of the sea
caused by larger open water area, further decrease the
sea-ice area due to atmospheric heat advection and
dynamic forcing [78].

Several anomalously cold winters in the early
21st century in northern Eurasia, including Europe,
despite record high global temperature, once again
made the response of NH mid- and high-latitude
atmospheric circulation to the sea-ice decline and AA
a challenging problem, which has been extensively dis-
cussed since the 1970s with the development of
numerical atmospheric modeling (starting in [79,
80]). In [81, 82], it was shown that strong negative
wintertime temperature anomalies in the early
21st century may have been driven by the accelerated
sea-ice decline in the eastern Arctic. Afterward, this
issue has been extensively studied (e.g., [4, 5, 83, 84]),
often with controversial results, which will be dis-
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cussed in the section devoted to the remaining unan-
swered questions in Arctic climate research.

It was noted that changes in characteristics of NH
midlatitude weather regimes with accelerated Arctic
warming, as well as the atmospheric response to Arctic
sea-ice decline, can be essentially nonlinear, thus mak-
ing it impossible to extrapolate the tendencies observed
in the present period to the future [82, 85, 86].

Elucidating the important role of high-latitude tro-
posphere/stratosphere coupling was significant prog-
ress in investigating mechanisms for Arctic climate
anomalies. In particular, planetary-wave generation
changes driven by anomalous heating in the NH high
latitudes can impact the polar vortex. The signal, with
some delay, propagates back to the troposphere,
affecting the NAO and weather regimes (e.g., [4]).
Model experiments have suggested an essential role of
troposphere/stratosphere coupling in NAO—AMO
connections [87] and in generating atmospheric
response to ice-cover anomalies [88].

CHANGE OF CONCEPTS

Some concepts of Arctic climate change in the last
decades of the 20th century have fundamentally
changed in the early 21st century. It has already been
noted above that the role of positive surface albedo—
temperature feedback has been recognized as not the
major one in accelerated Arctic climate change. Radi-
ative and dynamic feedbacks described in the previous
sections appear to be other major contributors to AA.

In the context of the varying concepts, it seems
important to consider a hypothesis on the role of the
NAO in accelerated Arctic warming in the last three
decades of the 20th century. Because the NAO index
and Arctic temperature were rising simultaneously in
that period (Fig. 3), it was hypothesized that the
enhancement of warm advection to polar latitudes in
transition to a positive NAO phase (and, in general,
pressure decrease over the central Arctic) increases the
positive temperature trend in the Arctic [89]. The pos-
itive NAO trend from the mid-1960s was attributed to
the external forcing. It was assumed that this is related
to the radiative cooling of the stratosphere and lower
troposphere with increase in carbon dioxide concen-
trations and to a weakening of the polar vortex [90]. It
was also assumed, on the basis of results from model
experiments, that the positive NAO trend is a response
to a characteristic pattern (tripole) of sea-surface tem-
perature (SST) anomalies in the North Atlantic [91] or
in the tropical Indian and Pacific oceans [92].

An analysis of the ocean—atmosphere interaction
with a conceptual stochastic model has shown that
results of the abovementioned model experiments can
be misinterpreted and are not evidence of SST forcing
of the NAO [93]. Further, prolonged climate model
experiments and statistical analysis of the distribution
function of the NAO trends have shown that a hypoth-
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esis that the observed 30-year positive NAO trends are
stochastic cannot be rejected using available relatively
short observational time series. It was also demon-
strated that the previously derived connection between
SST and NAO patterns from the mid-1990s was no
longer consistent with the observed dynamics of the
NAO index [94]. At present, in 2020, it is already evi-
dent that a 30-year positive trend in the late 20th cen-
tury is changed by the 20-year negative trend of com-
parable amplitude going alone with a stronger increase
in greenhouse-gas concentration. Thus, the hypothesis
that the NAO increase was solely forced by the global
warming proved to be inconsistent, and the negative
trend is explained, among other things, by a weaken-
ing of the polar vortex because of the increased flux of
wave activity to the stratosphere.

Another concept revised in the early 21st century
also concerns the NAO, suggesting that the NAO plays
a dominant role in decadal climate fluctuations in the
Arctic. This, in particular, was evidenced by high cor-
relation of the NAO with oceanographic characteris-
tics in the Atlantic sector of the Arctic [95]. However,
it turned out that the link of the NAO to Arctic climate
was nonstationary, and the correlation between the
NAO and Arctic climate characteristics in the
20th century varied not only quantitatively, but also
qualitatively [19, 66].

PROBLEMS TO SOLVE AND URGENT TASKS

To conclude, some important unresolved problems
in understanding current and past Arctic climate
changes and predicting future ones should be men-
tioned. Progress in accumulating empirical data pri-
marily of the state of the Arctic Ocean and the cryo-
sphere has been noted at the beginning of the paper. At
the same time, the amount of data on the state of the
Arctic climate system is still insufficient to obtain
reliable empirical estimates of changes occurring
today. The Argo program, deploying a global array of
drifting floats, has been operational since 2000
(https://argo.ucsd.edu/); it provides measurements
of temperature, salinity, and current velocity to a
depth of 2000 m with nearly full coverage of the
oceans, but does not cover the Arctic Ocean. A pro-
gram for the deployment of Ice-Tethered Profilers
(https://www.whoi.edu/page.do?pid=20756), an ana-
logue of Argo for the Arctic, is being developed. The
number of weather stations in the Arctic zone has
reduced since the early 1990s [8]. Atmospheric reanal-
yses in the NH high latitudes, due to the lack of direct
measurements and problems with satellite data homo-
geneity, do not always provide reliable information [38],
which may lead to a large spread in estimates of climate
changes, in particular, of the causes of the AA of global
warming [96]. Recent 20th-century reanalyses also do
not address the problem with sparse observational
data, especially in the first half of the 20th century,
which is illustrated in Fig. 4, where annual mean air
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Fig. 4. Annual mean surface temperature anomalies (°C,
5-year running mean) at Northern Hemisphere high lati-
tudes (60°-90° N) from GISTEMP and 20th-century
reanalyses ERA20C, CERA20C, and NOAA20C.

temperature anomalies over land north of 60° N from
station data and from several 20th-century reanalyses
are shown.

Despite the fact that important radiative and
dynamic processes driving AA have been revealed,
debates about its causes, starting in 2006 [97], continue
until now. In particular, there is a significant contribu-
tion to AA from water vapor and cloud processes [98].
Apart from the lack of reliable quantitative estimates of
the contribution of different factors to the current AA,
there is a hypothesis that it is Arctic processes that may
be a cause of the accelerated late-20th-century warming
in the NH as a whole, instead of being an amplified
manifestation of global warming [17].

There is no consensus either on the relative role of
external radiative forcing, mainly human-induced
increases in atmospheric greenhouse-gas concentra-
tions, or of internal Arctic climate variability in the
current trends. On the one hand, observations show
steady quasi-cyclic climate fluctuations in northern
polar latitudes [43, 99, 100, 101], implying a signifi-
cant contribution of natural climate fluctuations to
current warming. On the other hand, some climate
models almost ideally reproduce Arctic temperature
changes in the modern period as a response to external
radiative forcing [102, 103]. The reduction in sea-ice
area in the models on the whole is increasingly more
consistent with observations [1]. Such results suggest a
dominant role of external factors and leave no room
for natural climate variability in the current warming.
This issue is of fundamental importance because, with
such natural fluctuations, Arctic warming must give
way to may be replaced by cooling or significantly slow
down in the near decade. It should be remembered,
however, that the present state of climate is much dif-
ferent from the preindustrial one; positive feedbacks,
tipping points, and new processes such as “Atlantifi-
cation” indicate that the Arctic climate system may
shift to a new dynamic regime with no large quasi-
cyclic fluctuations.

The key point in understanding the role that natu-
ral climate variability plays in current warming and in
Vol. 57
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sea-ice decline in the Arctic is the mid-20th century
warming, whose mechanisms are also still being dis-
cussed [17, 72].

Large uncertainties remain in the atmospheric cir-
culation response to AA and to reduced Arctic ice area
(e.g., [84]). Numerous studies suggest that AA results
in more frequent atmospheric circulation patterns
driving extreme weather events (e.g., [104, 105]), but
this point of view is being arguably disputed (e.g.,
[106, 107]). On the other hand, a decrease in the
meridional temperature gradient in the NH mid- and
high latitudes due to accelerated warming of the Arctic
weakens cold (and warm) intrusions and, hence, the
variability of temperature anomalies in general [108].
This is supported by the analysis of daily temperature
variations in different spectral ranges using data from
Russian stations [109]. It is still an open question of
whether the mid- and high-latitude weather becomes
more extreme with global warming.

One important problem for a realistic simulation of
Arctic atmospheric processes is the parameterization
of turbulent heat fluxes at the ocean—ice—atmosphere
interface. Some studies show that it is imperfection of
parameterizations used in specific Arctic conditions
that leads to fundamental errors in reproducing heat
fluxes at the lower boundary of the atmosphere (e.g.,
[19, 110]). Improving parameterizations of turbulent
fluxes and cloud cover in the Arctic is one of the chal-
lenging problems urging a solution to improve atmo-
spheric and climate model results.
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