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The causes of Arctic amplification are widely debated, and a cohesive picture has not been obtained yet.
This study has investigated the role of the Atlantic meridional oceanic and atmospheric heat transport
into the Arctic in the emergence of Arctic amplification. The integral advective fluxes in the layer of
Atlantic waters and in the lower troposphere were considered. The results show a strong coupling
between the meridional heat fluxes and regional Arctic amplification in the Eurasian Arctic on the
decadal time scales (10–15 years). We argue that the low-frequency variability of Arctic amplification is
regulated via the chain of oceanic heat transport – atmospheric heat transport – Arctic amplification.
The atmospheric response to the ocean influence occurs with a delay of three years and is attributed to
the Bjerknes compensation mechanism. In turn, the atmospheric heat and moisture transport directly
affects the magnitude of Arctic amplification, with the latter lagging by one year. Thus, the variability of
oceanic heat transport at the southern boundary of the Nordic Seas might be a predictor of the Arctic
amplification magnitude over the Eurasian Basin of the Arctic Ocean with a lead time of four years. The
results are consistent with the concept of the decadal Arctic climate variability expressed via the Arctic
Ocean Oscillation index.
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1 Introduction

Present climate change is characterized by an ac-
celerated warming in the Arctic relative to lower
latitudes and the global mean [Allen et al., 2018].
This feature has become known as the Arctic am-
plification of global warming [Arrhenius, 1896; Ser-
reze and Francis, 2006]. At the same time, Arctic
warming is not uniform, with one of the highest
current and predicted warming rate over the Rus-
sian Arctic [Volodin et al., 2008]. Various mecha-
nisms have been proposed to explain the observed
enhancement of the Arctic warming. Several fo-
cused review studies have already been published
on this highly debated topic [Serreze and Barry,
2011; Latonin et al., 2020a; Previdi et al., 2021].
However, there is still no robust evidence on the
relative importance of the mechanisms involved.
It has been generally accepted that the clearest
drivers of Arctic amplification are two temper-
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ature feedbacks (Planck feedback and lapse-rate
feedback) and surface albedo feedback [Screen and
Simmonds, 2010; Graversen et al., 2014; Pithan and
Mauritsen, 2014; Hwang et al., 2018; Henry and
Merlis, 2019]. There are other important feed-
backs too, such as the positive water vapor feed-
back [Dessler et al., 2008] and both positive and
negative cloud feedbacks [Bony et al., 2006]. Nev-
ertheless, there is significant uncertainty in these
climate feedbacks as well because of their not com-
pletely understood coupling with the atmospheric
and oceanic energy transport [Zelinka and Hart-
mann, 2012; Goosse et al., 2018]. Additional com-
plexity arises from the fact that the poleward en-
ergy transport by the atmospheric and oceanic cir-
culation might also act as an independent con-
tributor to the emergence of Arctic amplification
[Baggett et al., 2016; Graversen and Burtu, 2016;
Nummelin et al., 2017].

The ocean transports heat into the Arctic mainly
through the Faroe-Shetland Strait of the Atlantic
Ocean; the Pacific region is of secondary impor-
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tance in the heat transport. Atlantic water signifi-
cantly changes its characteristics on its way to the
north across the Nordic Seas: due to mixing with
the surrounding more fresh and colder polar wa-
ter, as well as due to heat exchange between the
ocean and the atmosphere. The modified Atlantic
water enters the Arctic Basin of the Arctic Ocean
through the Fram Strait and further spreads un-
der the pycnocline in the form of a layer of warmer
and saltier water [Steele et al., 1995]. Atlantic wa-
ter forms the main source of heat for the waters of
the Eurasian Basin of the Arctic Ocean. Another
branch of Atlantic water, entering the shallow Bar-
ents Sea, loses almost its total heat there during
exchange with the atmosphere and carries little
oceanic heat to neighboring regions [Schauer et al.,
2002; Smedsrud et al., 2010]. There is evidence that
transport of heat into the Arctic by the Atlantic wa-
ter can be formalized and monitored through the
decomposition of the seawater temperature time
series into the empirical orthogonal functions for
the area 50◦–80◦N, 50◦W–20◦E [Gordeeva et al.,
2022]. The prominence of the low-frequency cli-
mate variability in the North Atlantic region due
to the combined effect of the Atlantic Multidecadal
Oscillation and Atlantic Meridional Overturning
Circulation is highlighted in [Bekryaev, 2019].

The Atlantic region is also the main corridor for
the atmospheric heat transport into the Arctic. Ac-
cording to some estimations, half of the wintertime
warming in the majority of the Arctic Ocean since
the end of the 19th century can be explained by the
predominantly North Atlantic storm systems car-
rying atmospheric sensible and latent heat [Woods
and Caballero, 2016; Graham et al., 2017; Alekseev
et al., 2019]. Although the dry-static energy flux
dominates the net atmospheric energy transport,
the latent heat flux into the Arctic might have a
greater warming effect due to the positive feedback
with sea ice via the enhanced downward longwave
radiation [Lee et al., 2017].

The role of meridional oceanic and atmospheric
heat fluxes in the emergence of the Arctic am-
plification and in its variations in time remains
poorly understood. The present study aims to
derive new relationships between the interannual
and decadal variability of the Arctic amplification
and the coupled oceanic and atmospheric merid-
ional heat fluxes into the Arctic. This is done
from a regional perspective; therefore, the advec-
tive fluxes are estimated at the entrance to the Arc-
tic across the “Atlantic Gate”. Previous studies
usually investigated the linkages between the pole-
ward energy transport and Arctic amplification
globally and considered the net energy transport.
Our approach is to investigate Atlantic oceanic and
atmospheric heat transport within shallow layers
in the upper ocean and lower troposphere, which

can have a direct influence on the surface air tem-
perature (SAT) and Arctic amplification. This al-
lows us to make a more precise assessment of the
heat transport’s influence on the Arctic amplifica-
tion because this phenomenon is most pronounced
near the Earth’s surface. Moreover, we made joint
assessment of the complex impact of the coupled
atmospheric and oceanic heat fluxes on the vari-
ability of the Arctic amplification. The coupling
of the heat fluxes in the ocean and atmosphere
plays an important role in the observed climate
tendencies. Therefore, a joint analysis of the role
of these processes in the emergence of the Arc-
tic amplification at different time scales was car-
ried out, which made it possible to identify addi-
tional mechanisms that regulate the variability of
the Arctic amplification.

2 Materials and methods

2.1 Data for the calculations and analysis

To calculate the meridional oceanic heat trans-
port, seawater potential temperature data, salin-
ity and meridional current velocity for differ-
ent depths of the oceanic reanalysis ORAS4 were
downloaded (https://icdc.cen.uni-hamburg
.de/daten/reanalysis-ocean/easy-init-oce

an/ecmwf-ocean-reanalysis-system-4-ora

s4.html). For the calculation of the meridional
atmospheric heat transport, air temperature data,
specific humidity and meridional wind velocity for
isobaric surfaces of atmospheric reanalysis ERA5
(https://climate.copernicus.eu/climate-rea
nalysis) were used. Geopotential data were also
downloaded from the website of ERA5 reanalysis.
This variable was transformed into the geopoten-
tial heights after dividing by the gravitational ac-
celeration (9.80665 m s−2). Table 1 shows the char-
acteristics of the reanalyses applied.

A uniform period of 1958–2017 with monthly
temporal resolution was used for the analysis. To
calculate Arctic amplification, monthly mean SAT
data for the Northern Hemisphere were down-
loaded from the ERA5 reanalysis. For further anal-
ysis, the monthly mean sea level pressure data
from the ERA5 reanalysis and the Arctic Ocean Os-
cillation (AOO) index (https://www2.whoi.edu/
site/beaufortgyre/results/arctic-ocean-o

scillation-index-aoo/) were used.
The AOO index was first introduced by

[Proshutinsky and Johnson, 1997]. It is defined by
the magnitude of the sea surface height horizontal
gradient calculated from the simulated sea surface
height field across the Arctic. This climate index
is related to the conceptual model of Arctic cli-
mate variability proposed by [Proshutinsky et al.,
2015]. According to this model, the mechanism of

https://doi.org/10.2205/2022ES000820 ES6001 2 of 21

https://icdc.cen.uni-hamburg.de/daten/reanalysis-ocean/easy-init-ocean/ecmwf-ocean-reanalysis-system-4-oras4.html
https://icdc.cen.uni-hamburg.de/daten/reanalysis-ocean/easy-init-ocean/ecmwf-ocean-reanalysis-system-4-oras4.html
https://icdc.cen.uni-hamburg.de/daten/reanalysis-ocean/easy-init-ocean/ecmwf-ocean-reanalysis-system-4-oras4.html
https://icdc.cen.uni-hamburg.de/daten/reanalysis-ocean/easy-init-ocean/ecmwf-ocean-reanalysis-system-4-oras4.html
https://climate.copernicus.eu/climate-reanalysis
https://climate.copernicus.eu/climate-reanalysis
https://www2.whoi.edu/site/beaufortgyre/results/arctic-ocean-oscillation-index-aoo/
https://www2.whoi.edu/site/beaufortgyre/results/arctic-ocean-oscillation-index-aoo/
https://www2.whoi.edu/site/beaufortgyre/results/arctic-ocean-oscillation-index-aoo/


Bjerknes compensation mechanism. . . Latonin et al., 2022

Table 1 : Reanalyses used for the calculation of heat transports

Dataset Grid resolution Available years Reference

ORAS4 (ocean) 1◦ × 1◦ 1958–2017 [Balmaseda et al., 2013]

ERA5
(atmosphere)

0.25◦ × 0.25◦ 1950–2021 [Hersbach et al., 2020]

the decadal oscillation of the Arctic Ocean is self-
regulated by two processes: the meridional atmo-
spheric heat transport from the subpolar North At-
lantic into the Arctic and the freshwater flux from
the Arctic Ocean into the Nordic Seas. An increase
in the atmospheric transport of heat and mois-
ture into the Central Arctic leads to an increase
in air temperature and an increase in cyclonic at-
mospheric vorticity in this region. As a result, the
wind effect should lead to an increase in the fresh-
water flux from the Arctic Ocean into the Nordic
Seas and a decrease in the surface salinity here.
As a result, the stratification of the upper part of
the Nordic Seas increases and winter convection
weakens there, which leads to a decrease in vertical
ocean–atmosphere heat fluxes and a weakening of
cyclogenesis in this region. This, in turn, leads to a
decrease in the atmospheric transport of heat and
moisture into the Central Arctic, a decrease in air
temperature there and an increase in anticyclonic
vorticity. The wind effect of the anticyclonic circu-
lation regime leads to the accumulation of fresh-
water in the Beaufort Gyre of the Arctic Ocean due
to the intensification of the Ekman transport con-
vergence. As a result, the freshwater flux into the
Nordic Seas decreases, where, as a result, salinity
increases, which contributes to the intensification
of winter convection due to the weakening of the
stratification of the upper ocean’s layer [Malmberg
and Jónsson, 1997; Proshutinsky et al., 2002].

2.2 Selection of sections to calculate integral
heat transports in the ocean and atmo-
sphere across the “Atlantic Gate”

According to the data of the oceanic reanaly-
sis ORAS4 and climatic reanalysis ERA5, the in-
tegral meridional heat transports across the “At-
lantic Gate” in the ocean and atmosphere were cal-
culated for the period 1958–2017. The boundaries
of the sections were defined based on a condition
to include only the heat transports directed pre-
dominantly northwards both in the ocean and at-
mosphere. The following sections were used along
the latitude of 66.5◦N: from −4.5◦E to 13.5◦E in the
ocean and from −5◦E to 80◦E in the atmosphere
(Figure 1).

The selected latitude practically corresponds to
the Arctic Circle; therefore, the sections across it
can be considered as the entrance to the Arctic.

The oceanic section was bounded from below by
the isopycnal of potential density of 27.85 kg m−3

[Morgan, 1994; Vesman et al., 2020], above which,
within the section under consideration (−4.5◦E–
13.5◦E), the average transport is directed to the
north (Figure 2). In the atmospheric circulation,
the calculations were also bounded by the area
of the section with the average heat transport to
the north over the studied period: between −5◦E
and 80◦E (“Atlantic Gate”). From above, the cal-
culations were bounded by an isobaric surface of
800 hPa. The selection of atmospheric section is
based on the study by [Alekseev et al., 2019], where
it was demonstrated that SAT variability in the
Arctic is dominated by the atmospheric sensible
and latent heat fluxes in the lower troposphere
across the parallel 70◦N in the Atlantic domain 0◦–
80◦E. We have verified that it is in the 1000–800
hPa layer the average atmospheric heat transport
over the period of analysis is directed mainly to
the north across the “Atlantic Gate” at the latitude
66.5◦N.

2.3 Calculation of integral heat transports in
the ocean and atmosphere and statistical
analysis

Oceanic sensible (by definition) heat transport
(OSHT, W m−2) was calculated using the formula
(1):

OSHTl,z,t(66.5◦N) = Cpρθl,z,tVl,z,t , (1)

where Cp is the mean specific heat capacity of sea-
water at constant pressure equal to 4000 J kg−1K−1,
ρ is the mean seawater density equal to 1028 kg
m−3, l is longitude, z is depth, t is time, θ is the
monthly mean seawater potential temperature (K),
V is the monthly mean northward current velocity
(m s−1).

Integral heat transport (in W) was calculated ac-
cording to the equation (2):

OSHTint.

=
∫ σ27.85

5m

∫ 13.5◦E

−4.5◦E
(OSHTl,z,t(66.5◦N ))dldz, (2)

where integration over the longitude was carried
out from −4.5◦E to 13.5◦E with a step dl = 1◦, and
over the depth, it was carried out from 5 m to
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Figure 1: Average temperatures and total velocity vectors for the period 1958–2017 with monthly
discreteness at a depth of 5 m in the ocean (a) and an isobaric surface of 1000 hPa in the atmosphere
(b). The blue lines show the sections across which the heat transports were calculated.

depths confined by the isopycnal σ = 27.85 kg m−3.
Numerical integration was carried out by the
trapezoidal method.

Atmospheric sensible and latent heat transports
(ASHT and ALHT, W m−2) were calculated using
the formulas (3) and (4):

ASHTl,p,t(66.5◦N ) = CpρTl,p,tVl,p,t , (3)

ALHTl,p,t(66.5◦N ) = LvρQl,p,tVl,p,t , (4)

where Cp is the mean specific heat capacity of air
at constant pressure equal to 1005 J kg−1K −1, Lv
is the mean latent heat of vaporization equal to
2.5 × 106 J kg−1, ρ is the mean air density equal
to 1.3 kg m−3, l is longitude, p is isobaric surface,
t is time, T is the monthly mean air temperature
(K), Q is the monthly mean specific humidity (kg
kg−1), V is the monthly mean northward wind ve-
locity (m s−1).

It is more precise to assess atmospheric heat
transport based on the hourly or daily data. How-
ever, a higher temporal discretization of air tem-
perature, specific humidity and wind velocity af-
fects the absolute values of heat transports only.
The decadal variability, which is a focus of this
study, is not affected. At the same time, monthly
temporal resolution allows saving computational
resources.

Integral heat transports (in W) were calculated
according to (5) and (6):

ASHTint.

=
∫ 800hP a

1000hP a

∫ 80◦E

−5◦E
(ASHTl,p,t(66.5◦N ))dldp, (5)

ALHTint.

=
∫ 800hP a

1000hP a

∫ 80◦E

−5◦E
(ALHTl,p,t(66.5◦N ))dldp, (6)

where integration over the longitude was carried
out from −5◦E to 80◦E with a step dl = 0.25◦, and
over the height, it was carried out from 1000 hPa to
800 hPa with a step dp = 25 hPa in accordance with
the data on geopotential heights (m) at every grid
point corresponding to the isobaric surfaces. Nu-
merical integration was carried out by the trape-
zoidal method.

The monthly values obtained were averaged for
each calendar year (January–December), and then
interannual variability was analyzed. This tempo-
ral discreteness is the most significant from the cli-
matic point of view, and the AOO index is avail-
able for the annual values only. For the inte-
gral heat transports, means, standard deviations,
and Pearson correlation coefficients were calcu-
lated. The confidence intervals for the uncertain-
ties of the means were calculated based on the
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Figure 2: Zonal oceanic section across 66.5◦N of the seawater potential temperature (a, ◦C) and of the
meridional component of the current velocity (b, m s−1), averaged over the period 1958–2017
according to the ORAS4 reanalysis data. The black dashed curve is the isopycnal of the potential
density of 27.85 kg m−3 bounding the layer of Atlantic waters from below. The curly bracket shows the
region used for the calculation of oceanic heat transport.

t-distribution at the 5% significance level [Wilks,
2006]. The presence of cycles and trends was also
investigated. The statistical significance of lin-
ear trends was assessed by means of the Mann-
Kendall test [Greene et al., 2019]. Cycles and
phase shifts were identified based on the contin-
uous wavelet transform using the Morlet wavelet
[Torrence and Compo, 1998; Grinsted, 2004; Grin-
sted et al., 2004]. The relationship of time series in
the time-frequency space was estimated using the
wavelet coherence R2

n(s) in the (7). This is an ana-
logue of coherence in spectral analysis; however, it
depends not only on frequency, but also on time:

R2
n(s) =

|S(s−1WXY
n (s))|2

S(s−1|WX
n (s)|2) · S(s−1|W Y

n (s)|2)
, (7)

where S is a smoothing operator, s is a time scale,
WXY

n (s) is the cross wavelet transform, WX
n (s) is the

wavelet transform of the first time series, W Y
n (s) is

the wavelet transform of the second time series.
In the wavelet coherence, the lag in years (Lag) of

one time series relative to another was calculated
by the formula (8):

Lag =
ϕT

2π
, (8)

where ϕ is a phase angle (radian), T is a period
(years).

The phase angles of the wavelet coherence were
taken into account not only for statistically signif-
icant regions, but also in cases where the values
of the wavelet coherences exceeded 0.5. Wavelet
analysis was carried out for the linearly detrended
time series.

To analyze the causes of the variability of
oceanic and atmospheric heat transports, compos-
ite maps of sea level pressure anomalies were con-
structed for the maxima and minima of oceanic
heat transport. The anomalies were calculated rel-
ative to the 1961–1990 climate normal and nor-
malized by the standard deviation for this pe-
riod. The maps were plotted for the North Atlantic
– Eurasia – Arctic region (30◦N–90◦N, −60◦E–
140◦E).

2.4 Calculation of Arctic amplification and in-
vestigation of its relationship with merid-
ional heat transports

The Arctic amplification was calculated from
the ERA5 reanalysis data for the area 60◦N–90◦N
with the maximum possible spatial resolution
0.25◦ × 0.25◦. It was defined as follows: from the
time series of SAT anomalies at every grid point in
the Arctic region, the time series of area-weighted
average SAT anomalies in the reference region of
the Northern Hemisphere (0◦–59.75◦N) was sub-
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tracted. In both regions, SAT anomalies were cal-
culated relative to the 1961–1990 climate normal
for each month, and then mean annual anoma-
lies were found. Previous studies considered sin-
gle time series of Arctic amplification obtained on
the basis of average SAT anomalies both in the Arc-
tic and reference regions [Francis and Vavrus, 2015;
Davy et al., 2018; Latonin et al., 2021]. Our ap-
proach with Arctic amplification time series per
grid point in the Arctic region provides an oppor-
tunity to investigate the spatial inhomogenuity of
its intensity. Interannual variability was analyzed
for both heat transports and Arctic amplification.

Correlation and cross-correlation analyses were
used for every grid point in the Arctic region to
identify areas where the Arctic amplification is
associated with the heat transports entering the
Arctic across the “Atlantic Gate”. As heat trans-
ports into the Arctic contribute to the emergence
of Arctic amplification, the relationship with a de-
lay of the Arctic amplification relative to the heat
transports was studied. Given that the Arctic am-
plification has a strong positive trend, the major
analysis was performed for the time series with
linear trends removed. This was done to assess
the contribution of fluctuations in oceanic and at-
mospheric heat transports to the formation and
variability of Arctic amplification. For the re-
gion, where statistically significant correlation co-
efficients were identified at the 5% significance
level, a time series of the area-weighted average
Arctic amplification was obtained. Subsequently,
the relationship of heat transports with the Arctic
amplification was estimated in the time-frequency
space by means of wavelet coherence. The But-
terworth low-pass filter [Greene et al., 2019] with
a threshold of six years was also used. Before the
joint analysis of the time series of heat transports
and the regional Arctic amplification, linear trends
were removed from them.

For a qualitative assessment of the possible op-
eration of the Bjerknes compensation mechanism,
cross-correlation analysis was applied for both the
original time series and for the time series after
an application of the low-pass filter. Then, for a
time lag with the maximum anti-correlation be-
tween the low-frequency variability of oceanic and
atmospheric heat transports, Bjerknes compensa-
tion was calculated numerically using the method
of [van der Swaluw et al., 2007] (equations (9), (10),
(11) and (12)):

|dHtot |= |dHocn + dHatm|, (9)

where dHtot is the total anomaly of the oceanic
(dHocn) and atmospheric (dHatm) heat transports
relative to the full time series length. Then, the

maximum anomaly of the heat transport (F) was
found according to the formula:

F = max(|dHocn|, |dHatm|). (10)

Subsequently, the total anomaly of heat trans-
ports was normalized by the maximum heat trans-
port anomaly as follows:

N =
|dHtot |

F
. (11)

As a result, the Bjerknes compensation (BC) was
estimated in % in the following way:

BC = (1−N )× 100%. (12)

3 Results

3.1 Integral heat transports in the ocean and at-
mosphere across the “Atlantic Gate”

Figure 3 shows the time series of integral heat
transports in the ocean and atmosphere across
the “Atlantic Gate” (66.5◦N, −4.5◦E–13.5◦E and
66.5◦N, −5◦E–80◦E correspondingly).

In the oceanic heat transport, a pronounced
cyclicity with a period of 10–15 years is visible,
which, starting from the 2000s, is replaced by
higher-frequency oscillations (Figure 3a). In the
atmospheric heat transports, the leading role is
played by high-frequency variability (Figure 3b,c).
Table 2 presents main statistical characteristics of
heat transports in Figure 3.

Table 2 shows that, on average, despite the large
length of the atmospheric section (Figure 1), the
ocean transports 13 times more heat to the north
than the atmosphere (the sum of sensible and la-
tent heat transports). At the same time, the er-
rors of the means for the atmospheric heat trans-
ports are comparable with the values of the means
themselves, while the error of the mean for the
oceanic heat transport is significantly less than the
mean. This is due to the fact that in the ocean,
the mean direction of the Norwegian Current to
the north across the studied section is stable com-
pared to the mean direction of the wind in the
atmosphere. Therefore, in Figure 3, oceanic heat
transport is always positive, whereas in the at-
mosphere both positive and negative heat trans-
ports are present, the latter directed southward
and representing cold air outbreaks from the Arc-
tic. The calculation results also show that the stan-
dard deviations of atmospheric heat transports are
less than the standard deviation of oceanic heat
transport, what is associated with a large ampli-
tude of the 10–15-year cycle in the oceanic heat
transport. However, when comparing means and
standard deviations, the variability of atmospheric
heat transports is much higher than that of oceanic

https://doi.org/10.2205/2022ES000820 ES6001 6 of 21



Bjerknes compensation mechanism. . . Latonin et al., 2022

Figure 3: Meridional integral heat transports in the ocean and atmosphere at the entrance to the
Atlantic sector of the Arctic. The time series of oceanic heat transport (a), atmospheric sensible heat
transport (b) and atmospheric latent heat transport (c). Positive values correspond to the northward
direction of transports. For comparison, the time series of oceanic heat transport is repeated for the
panels (b) and (c). The dashed lines show linear trends.

Table 2 : Statistical characteristics of the oceanic and atmospheric heat transports across the
“Atlantic Gate”. The uncertainties of the means were calculated for the 5% significance level,
SD is a standard deviation, k is a slope of the linear trend (statistically significant trends for
the 5% significance level are in bold). R denotes the Pearson correlation coefficients between
the oceanic and atmospheric sensible heat transports and between the atmospheric sensible
and latent heat transports (ASHT and ALHT). The bold font indicates statistically significant
correlation coefficients for the 5% significance level

Mean (TW) SD (TW) k (TW/year) R

Ocean 9600 ± 310 1210 −10

Atmosphere (ASHT) 730 ± 220 840 20 0.16

Atmosphere (ALHT) 24 ± 6 23 0.3 0.92

heat transport. The correlation coefficient between
the oceanic heat transport and the dominant atmo-
spheric sensible heat transport is 0.16 (Table 2),
and it is not statistically significant. This is due
to the different dominant character of interannual
variability of correlated heat transports. Atmo-
spheric transports of sensible and latent heat are
highly correlated with each other (R = 0.92 in Ta-
ble 2). Taking into account also the fact that the
sensible heat transport is several orders of magni-
tude higher than the latent heat transport (Table 2
and Figure 3b,c), subsequently, the atmospheric
heat transport was considered as the sum of its
components.

Figure 4 shows wavelet spectra and wavelet co-
herence of heat transports, with linear trends pre-
liminary removed.

The wavelet spectra indicate the presence of a
10–15-year cyclicity of the oceanic heat transport
for the first half of the analyzed period (1958–
1985; Figure 4a). Despite the fact that the begin-
ning of the time series is within the cone of in-
fluence, the oscillations are present here (although
wavelet analysis may underestimate their ampli-
tude; see Figure 3a). After 1985, these oscillations
are also distinguished in the form of the maximum
of the wavelet spectrum; however, their ampli-
tudes can no longer be considered reliable; shorter
periodicities appear. The atmospheric heat trans-
port is characterized by higher-frequency oscilla-
tions than the oceanic one: in the 1980–1990s, 7–
9-year oscillations dominate, with the period of
dominant oscillations decreasing with time, giv-
ing way to a 5–7-year periodicity in the 1995–
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Figure 4: Wavelet power spectra of the oceanic heat transport (a), of the net (sensible and latent)
atmospheric heat transport (b) and wavelet coherence between the oceanic and atmospheric heat
transports (c). Wavelet power spectra (squares of wavelet amplitudes) are normalized by the variances
of the original time series. Yellow areas, confined by the black curves, show significant cycles and
coherences relative to the red noise spectrum at the 5% significance level. Black arrows on the panel (c)
show the phase angle: directed to the right means in-phase; directed vertically upward means that the
atmospheric heat transport leads the oceanic one by 90◦ in the given frequency band. Lighter shade
areas show the cone of influence, where oscillations’ amplitudes might be distorted by edge effects.

2010s and a 4-year periodicity after the 2010s (Fig-
ure 4b). Wavelet coherence (Figure 4c) indicates an
episodic and predominantly in-phase relationship
of the short-term variability (1–4 years) between
the heat transports in the ocean and in the atmo-
sphere. For a periodicity of 6–8 years in the 1980s,
the atmosphere leads the ocean by an amount from
1/4 to 1/8 of the period. This corresponds to a
lag of the oceanic heat transport relative to the at-
mospheric heat transport by 1–2 years (Figure 4c).
This pattern of oscillations probably indicates the
leading influence of the atmosphere on the ocean.
For lower frequencies (periodicity of 10–15 years),
oscillations in the atmospheric and oceanic heat
transports are nearly anti-phase (Figure 4c), with
some advance of the onset of minima/maxima in
the ocean relative to significantly weaker at these
frequencies maxima/minima in the atmosphere by
about 2–4 years. Such a relationship may indicate
a delayed ocean’s impact on the atmosphere via
the Bjerknes compensation mechanism on decadal
time scales. For instance, the same phase shift
was obtained in the study of meridional heat trans-
ports at high northern latitudes in a pre-industrial
control experiment of the climate model HadCM3
[van der Swaluw et al., 2007].

3.2 Relationship between variability of atmo-
spheric and oceanic heat transports

To reveal the mechanism of formation of the
detected 10–15-year oscillations in the transport
of oceanic heat to the polar regions, composite
maps of normalized sea level pressure anomalies
were constructed separately for the episodes of the
maxima (1961, 1972) and minima (1965, 1980) of
oceanic heat transport. One should note that this
periodicity of oscillations was most pronounced
from the 1960s to the 1980s. The subsequent
change in the nature of oscillations occurs at the
onset of a sharp rise in the temperature of present
global warming and may characterize the transi-
tion of the climate system to a new state since
the late 1980s [Reid et al., 2016; Latonin et al.,
2020b; Sippel et al., 2020]. The region chosen was
the North Atlantic – Eurasia – Arctic (30◦–90◦N, -
60◦E–140◦E). The resulting maps are presented in
Figure 5. Figure A.1 also shows the corresponding
pressure fields.

The maxima in the oceanic heat transport are
characterized by negative anomalies of the atmo-
spheric pressure field over the subpolar North At-
lantic (Figure 5a,c), which indicate an intensifi-
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Figure 5: Composite maps of sea level pressure anomalies relative to 1961–1990 normalized by the
standard deviation for this period. The maxima in the oceanic heat transport are on the left ((a) 1961
and (c) 1972), and the minima in the oceanic heat transport are on the right ((b) 1965 and (d) 1980).

cation of the Icelandic Low (Figure A.1a,c). The
resulting atmospheric circulation leads to an in-
crease in cyclonic vorticity over the Nordic Seas,
which leads to an increase in the intensity of the
oceanic heat transport into the Arctic.

In contrast, the minima of the oceanic heat
transport are characterized by positive pressure
field anomalies over the Nordic Seas and the Cen-
tral Arctic (Figure 5b,d), which leads to a weak-
ening of the Icelandic Low and an increase in an-
ticyclonic vorticity in the Arctic (Figure A.1b,d).
This should lead to a weakening of the oceanic heat
transport to the north.

Thus, the maps indicate the coupling of atmo-
spheric processes over the subpolar North Atlantic
and the Central Arctic with the oceanic heat trans-
port. The mechanism of long-term oscillation be-
tween these regions was previously proposed by
[Proshutinsky and Johnson, 1997] and [Proshutin-
sky et al., 2015]. It relates the transports of atmo-
spheric heat into the Arctic and freshwater from
the Arctic through a system of positive and nega-
tive feedbacks. The phase of the oscillation is de-
termined through the AOO index, which is largely
determined by the large-scale atmospheric circu-
lation field in the Arctic [Proshutinsky and Johnson,
1997; Proshutinsky et al., 2015]. This index shows a
pronounced low-frequency oscillation of the same
period, which, with the acceleration of present cli-
mate warming, has disappeared (or changed its pe-
riodicity for a longer one). Figure 6 shows the time
series of oceanic and atmospheric heat transports
into the Arctic along with the AOO index, as well
as the wavelet coherences between them.

The results indicate that the oceanic heat trans-
port and the AOO index do not strongly co-vary in
the time-frequency space (Figure 6a,b); however,
they have high common power during the 1960s–
1980s in the low-frequency band corresponding to
the 10–15-year cycle (Figure A.2). According to
the phase angles of the wavelet coherence in (Fig-
ure 6b), during the 1960s–1980s, the variability of
oceanic heat transport leads the variability of the
AOO index for the periods of 10–15 years by 1.5–3
years.

There has been a long period of positive AOO
index values since the late 1990s, when, over the
past 20 years, the anticyclonic regime of oceanic
circulation has prevailed in the Central Arctic
[Proshutinsky et al., 2015]. From the late 1970s to
the early 1990s, the relationship between the mu-
tual variability of the time series shifts to the re-
gion of higher frequencies corresponding to a pe-
riodicity of 5–8 years. Here, oscillations in the
oceanic heat transport and the AOO become al-
most anti-phase, which is also clearly seen in the
original time series (Figure 6a,b).

Between the AOO index and the atmospheric
heat transport, a stable anti-phase relationship is
observed at periods of 10–15 years throughout the
entire studied period (Figure 6c). Despite the sig-
nificant contribution of high-frequency variability
in the atmospheric heat transport (Figure 6a), dur-
ing periods of the positive phase of the AOO index
(high intensity of the Beaufort Sea gyre in the Cen-
tral Arctic, which corresponds to an increase in the
anticyclonic atmospheric circulation over the Arc-
tic), the heat transport from the Arctic prevails in
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Figure 6: Time series of the AOO index, oceanic heat transport (OHT) and atmospheric heat transport
(AHT) with linear trends removed (a), wavelet coherences between the AOO index and oceanic heat
transport (b) and atmospheric heat transport (c). Yellow areas, confined by the black curves, show
significant coherences relative to the red noise spectrum at the 5% significance level. Black arrows
show the phase angle: directed to the right means in-phase and directed vertically upward means that
the oceanic/atmospheric heat transport leads the AOO index by 90◦ in the given frequency band.
Lighter shade areas on the panels (b) and (c) show the cones of influence, where oscillations’
amplitudes might be distorted by edge effects.

the lower troposphere. In contrast, during peri-
ods of the negative phase of the AOO index (dom-
inance of transpolar drift and more active removal
of freshwater from the Central Arctic, which corre-
sponds to an increase in the cyclonic atmospheric
circulation over the Arctic), the heat transport into
the Arctic prevails in the lower troposphere. At the
same time, the weakening of the cyclicity in the
AOO index after the 1990s did not lead to a loss of
relationship with the atmospheric heat transport.
The AOO is considered here as an indicator of the
large-scale interaction of the subpolar North At-
lantic and the Arctic [Proshutinsky et al., 2015].

Thus, the results obtained suggest that the vari-
ability of the oceanic heat transport at the south-
ern boundary of the Nordic Seas may act as a trig-
ger for a change in the anticyclonic and cyclonic
regimes in the Arctic. This corresponds to the
concept of Bjerknes compensation when the ocean
triggers changes in the atmosphere. However,
[Proshutinsky et al., 2015] explained the mecha-
nism via the variability of the ocean–atmosphere
heat exchange with subsequent changes of the heat
transported from the Nordic Seas to the Arctic
by the atmosphere. The Bjerknes compensation
mechanism was not considered in [Proshutinsky
et al., 2015].

3.3 Relationship of meridional heat transports
with Arctic amplification and Bjerknes
compensation

Figure 7 shows the maps of spatial variability of
correlations of interannual variability of oceanic
and atmospheric heat transports (across the sec-
tions shown in Figure 1) with the mean annual
Arctic amplification. The analysis was performed
with the linearly detrended time series. The Arc-
tic amplification lags from zero (a–b) to four years
(i–j). Figure A.3 additionally shows the present-
day mean Arctic amplification (with linear trends)
calculated at every grid point of the ERA5 reanaly-
sis as the difference between SAT anomalies in the
Arctic and in the non-polar latitudes of the North-
ern Hemisphere.

At zero lag, the Arctic amplification is mainly as-
sociated with variability in the oceanic heat trans-
port in the Scandinavian region (Figure 7a). How-
ever, with an increase in the time lag (up to a delay
of four years), the relationship between the vari-
ability of the Arctic amplification and the variabil-
ity of the oceanic heat transport across the section
at 66.5◦N changes sign, and its influence spreads
throughout the Arctic (Figure 7c,e,g,i). The high-
est correlations (more than −0.6) are observed to
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Figure 7: Correlation coefficients between the Atlantic oceanic heat transport at the entrance to the
Arctic (across 66.5◦N and −4.5◦E–13.5◦E) and the Arctic amplification at every grid point (on the left)
and between the atmospheric heat transport at the entrance to the Arctic (across 66.5◦N and −5◦E–80◦E)
and the Arctic amplification at every grid point (on the right) according to the ORAS4 and ERA5
reanalyses data with linear trends removed. (a) and (b) are correlations with zero lag, (c) and (d) are
correlations when the Arctic amplification lags by one year, (e) and (f) are correlations when the Arctic
amplification lags by two years, (g) and (h) are correlations when the Arctic amplification lags by three
years, and (i) and (j) are correlations when the Arctic amplification lags by four years. The black dots
indicate the areas of statistically significant correlation coefficients at the 5% significance level.

the north of the Laptev Sea. At higher time lags of
five years or more, the relationship weakens (not
shown).

The maximum correlation coefficients between
the atmospheric heat transport and the Arctic am-
plification are also observed north of 80◦N and pri-
marily in the Eurasian sector of the Arctic, but only
with zero lag (Figure 7b). In this case, they reach
0.5 to the north of Franz Josef Land and Severnaya
Zemlya. With a further delay of the Arctic ampli-
fication relative to the atmospheric heat transport,
the relationship weakens and almost completely
disappears for the time lag of two years or more
(Figure 7f,h,j).

To identify the role of the trend in the analysis
results, correlation maps were also plotted for the
original time series with linear trends (Figure A.4).
The results did not fundamentally change. In this
case, higher correlations between the atmospheric
heat transport and Arctic amplification are asso-
ciated not only with the same intensity of high-
frequency variability both in the atmospheric heat
transport and in the Arctic amplification, but also
with the same sign of the linear trend.

Despite the fact that the maximum of correla-
tions for the ocean is shifted slightly to the east of

the corresponding maximum for the atmosphere
(Figure 7 and Figure A.4), a single region can be
distinguished where the relationship of the Arc-
tic amplification is high both with the oceanic heat
transport and with the atmospheric heat transport.
This is the region of the Eurasian Arctic (80◦–
90◦N, 50◦E–140◦E), which is located to the north
of the Barents, Kara and Laptev Seas. The time se-
ries of the Arctic amplification averaged over this
area, together with the time series of the oceanic
and atmospheric heat transports, are shown in Fig-
ure 8.

The results indicate a close relationship between
the variability of the Arctic amplification and the
variability of the atmospheric heat transport. This
linkage is primarily in the low-frequency band: 8–
15 years (Figure 8d). At the same time, the atmo-
spheric heat transport slightly leads the Arctic am-
plification. The reliability of the high coherence of
the atmospheric heat transport with the Arctic am-
plification is also confirmed in the wavelet power
spectra. They show similar temporal variability of
the periods of significant cyclicities of both vari-
ables in the low-frequency band (Figure A.5). It is
important to note here a synchronous tendency to-
wards a decrease in the period of oscillations with
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Figure 8: Time series of the oceanic heat transport (OHT), atmospheric heat transport (AHT) and
regional Arctic amplification (AA) with linear trends removed (a) and after an application of the
low-pass Butterworth filter with a threshold period of six years (b); wavelet coherences between the
oceanic heat transport and the Arctic amplification (c) and between the atmospheric heat transport and
the Arctic amplification (d). The mean annual values of the parameters of the panel (a) were used for
the panels (c) and (d). Yellow areas, confined by the black curves, show significant coherences relative
to the red noise spectrum at the 5% significance level. Black arrows show the phase angle: directed to
the right means in-phase and directed vertically upward means that the Arctic amplification leads the
oceanic/atmospheric heat transport by 90◦ in the given frequency band. Lighter shade areas on the
panels (c) and (d) show the cones of influence, where oscillations’ amplitudes might be distorted by
edge effects.

time, while a close connection between the oscil-
lations remains. This is reflected in both wavelet
coherence and wavelet power spectra.

The relationship between the regional Arctic
amplification and atmospheric heat transport af-
ter the removal of high-frequency oscillations (Fig-
ure 8b) shows that the maximum correlation coeffi-
cient of 0.54 occurs when the Arctic amplification
lags by one year (see also Table 3). At the same
time, the correlation of the time series without fil-
tering, where the contribution of high-frequency
variability dominated, showed the maximum re-
lationship at zero time shift (Figure 7 and Fig-
ure A.4). The maximum correlation coefficient of
0.47 is observed at zero time lag for the average
values of the Arctic amplification over the selected
Arctic region (Figure 8a).

Table 3 shows the average wavelet coherences
and phase shifts for the period with the maximum
relationship of the Arctic amplification with the at-
mospheric heat transport at 9 years, as well as for
the period of 13 years, where high correlations in
the time-frequency space for the Arctic amplifica-
tion are observed with both the atmospheric and
oceanic heat transports.

A large band of significant and/or high wavelet
coherences is observed with the oceanic heat trans-
port as well (Figure 8c). The phase shift at low fre-
quencies, corresponding to periods of 12–16 years,
indicates a slight advance by the Arctic amplifica-
tion of oscillations in the oceanic heat transport
(Figure 8c; Table 3). However, according to Fig-
ure 7 and Figure A.4, it is probably more correct to
interpret such a result as an advance of the max-
ima/minima in the oceanic heat transport of the
corresponding minima/maxima (in anti-phase) of
the Arctic amplification by 4–6 years. According
to Figure 8b, the maximum negative correlation
coefficient of −0.71 occurs when the Arctic am-
plification lags the oceanic heat transport by four
years, similar to the time shift of the maximum
correlations of the unfiltered time series in Fig-
ure 7 and Figure A.4. This anti-phase relationship
is clearly visible when Figure 8 is replotted with
the time series of Arctic amplification lagging by
four years (Figure A.6a–b). In this case, the wavelet
coherence correctly shows the anti-phase relation-
ship between the oceanic heat transport and Arc-
tic amplification in the low-frequency band (Fig-
ure A.6c). In contrast to the atmospheric heat
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Table 3 : Numerical characteristics of the relationship of the Arctic amplification with the atmospheric
and oceanic heat transports obtained on the basis of wavelet analysis (Figure 8). The values are calcu-
lated for periods of oscillations with the maximum wavelet coherence between the heat transports and
the Arctic amplification. The years included in the cone of influence were omitted

Atmospheric heat transport (9-year period, 1971–2004)

Mean wavelet coherence 0.9

Mean phase angle (degrees) −26◦

Lag of Arctic amplification (years) 0.7

Oceanic heat transport
(13-year period, 1976–1999)

Atmospheric heat transport
(13-year period, 1976–1999)

Mean wavelet coherence 0.76 0.78

Mean phase angle (degrees) 18◦ −79◦

Lag of Arctic amplification (years)
4–6

(in anti-phase)
2.9

transport, the variability of the oceanic heat trans-
port is predominantly low-frequency. The maxi-
mum correlation coefficient of −0.54 for the unfil-
tered time series averaged over the selected Arc-
tic region (Figure 8a) is achieved when the oceanic
heat transport leads the Arctic amplification by
four years.

The maximum negative correlation coefficient
between the low-frequency variability of the
oceanic and atmospheric heat transports (Fig-
ure 8b) occurs when the latter is delayed by three
years (−0.53). For the unfiltered time series (Fig-
ure 8a), the maximum relationship is observed
at the same time shift, but the correlation coeffi-
cient is substantially lower (−0.29). Thus, it can-
not be excluded that the significant correlation of
the oceanic heat transport with the Arctic ampli-
fication, with a delay of the latter by four years,
is an induced correlation arising from the anti-
phase connection between the oceanic and atmo-
spheric heat transports, the latter of which is asso-
ciated with the Arctic amplification in-phase. In-
deed, a negative correlation between the oceanic
heat transport and the Arctic amplification would
physically mean that an increase in the oceanic
heat transport at the entrance to the Arctic leads to
a decrease in the intensity of the Arctic amplifica-
tion of the positive phase in the Eurasian Basin af-
ter four years. In reality, the magnitude of the Arc-
tic amplification decreases one year after the atmo-
spheric advection of heat and moisture decreases,
the minimum of which occurs three years after the
maximum in the oceanic heat transport.

Thus, the analysis conducted confirms the hy-
pothesis that the ocean might be a trigger for the
Arctic amplification variability affecting the atmo-
spheric heat transport into the Arctic via the Bjerk-

nes compensation mechanism. In turn, the atmo-
spheric heat transport modulates the magnitude of
Arctic amplification.

One should also add that, according to the ob-
servations in the Arctic Ocean, during the stud-
ied period (1958–2017), the warmth of the Atlantic
waters transported by warm currents into the Arc-
tic practically did not enter the upper mixed layer
and was not directly released into the atmosphere.
Only the last few years are probably an exception
[Aagaard et al., 1981; Rudels, 2015; Ivanov et al.,
2016; Polyakov et al., 2017]. Moreover, the scale of
this influence on air temperature is not yet clear.
Therefore, physically, the long-term variability of
the Arctic amplification can be associated with the
oceanic heat transport due to the heat flux from
the surface of the Nordic Seas only, from where
the heat could be transported further by the atmo-
sphere. However, Figure 7a and Figure A.4a indi-
cate the local effect of such a direct ocean’s impact
on the Arctic amplification.

Figure 9 shows the time series of the oceanic
heat transport anomalies for 1958–2014 and atmo-
spheric heat transport anomalies for 1961–2017,
as well as the resulting Bjerknes compensation.
Anomalies were obtained with linear trends pre-
liminary removed and after applying the Butter-
worth low-pass filter with a cutoff period of six
years (as in Figure 8b).

Figure 9b shows that before the beginning of
global warming in the 1980s, the magnitude of
Bjerknes compensation was characterized by a sta-
ble oscillation with a period of about six years. Af-
ter 1980, the prevailing period of oscillations in-
creased. There are two extrema: a maximum in
1988 (99.45%) and a minimum in 1996 (18.96%).
They may characterize a transition of the nature of
heat exchange in polar and middle latitudes to a
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Figure 9: Low-frequency variability anomalies (according to the data of Figure 8b) of the oceanic and
atmospheric heat transports (OHT and AHT correspondingly) when the ocean leads by three years (a)
and the corresponding Bjerknes compensation (b). Years on the panel (a) correspond to the values of
the oceanic heat transport anomalies for the period 1958–2014. The values of the atmospheric heat
transport anomalies are plotted with a lag of three years (1961–2017). The Bjerknes compensation is
also calculated for this time lag (12). The dashed line shows the linear trend. For the value of 60%, the
reference line is added.

new state, where a regime with the high Bjerknes
compensation has begun to prevail, with a signifi-
cant weakening of the six-year variability.

The mean Bjerknes compensation for the entire
period is 66%, which indicates a fairly high effi-
ciency of this mechanism. This proves the validity
of the proposed chain of influences of the oceanic
heat transport on the atmospheric advection and of
the atmospheric heat transport on the Arctic am-
plification.

However, atmospheric heat transport anomalies
do not fully compensate oceanic heat transport
anomalies. In general, the larger the anomalies
in the oceanic heat transport, the less they are
compensated by the atmospheric heat transport
anomalies. For example, despite the pronounced
anti-phase of the atmospheric and oceanic heat
transports in 1979, large oceanic heat transport
anomalies are observed, and the Bjerknes compen-
sation is less than 40%.

At the same time, there is a positive statistically
significant linear trend of an increase in the Bjerk-
nes compensation magnitude by 0.3% per year,
which corresponds to an increase of 15% along the
trend line. Thus, in response to the climate warm-
ing, the Bjerknes compensation has begun to in-
crease, which may indicate the tendency of the cli-
mate system to return to an equilibrium state.

4 Discussion and conclusions

The meridional heat transports in the ocean and
atmosphere into the Atlantic sector of the Arctic
have large differences, but are significantly interre-
lated at different time scales. Considering also the
AOO index and the regional Arctic amplification
over the Eurasian Basin of the Arctic Ocean, we
conclude that there is a strong coupling between
the parameters on decadal time scales (10–15-year
variability).

In our study, the relationship between the AOO
index and the meridional atmospheric heat trans-
port was proved (Figure 6a,c). Whether the change
in the atmospheric advection of heat and mois-
ture into the Central Arctic is related to the win-
ter convection dynamics in the Nordic Seas should
be verified separately. For instance, for the period
from 1993 to 2016 considered in the work of [Bash-
machnikov et al., 2021], a convection in the Green-
land Sea has intensified since the 2000s. As ac-
cording to the AOO index, the anticyclonic circu-
lation regime has prevailed in the Central Arctic
since 1996, associated with a decrease in the atmo-
spheric heat transport into the Central Arctic, for
the mechanism’s operation proposed in [Proshutin-
sky et al., 2015], the convection in the Nordic Seas
should have weakened instead. Moreover, accord-
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ing to the results of [Bashmachnikov et al., 2021],
the variability of the salinity of the upper part
of the Greenland Sea is primarily associated not
with the freshwater flux from the Arctic Ocean,
but with the variability of the inflow of the At-
lantic water. On the other hand, studies of winter
convection in the northern part of the Norwegian
Sea indicate that the intensification of convection
is associated with an increase in the cyclonic vor-
ticity over this region [Fedorov et al., 2021]. How-
ever, it was found in this work that this vorticity
leads to an increase in the northerly winds in the
region, which leads to an increase in the convec-
tion. Whether the cyclonic vorticity anomaly itself
is supported by the heat flux from the ocean, form-
ing a positive feedback, is not clear yet.

A hypothesis about the destruction of the cyclic-
ity in the AOO index since 1996 due to the pos-
sible contribution of freshwater, as a result of the
melting of the Greenland Ice Sheet [Proshutinsky
et al., 2015], has also not been confirmed. A recent
model study showed that Greenland’s freshwater
nearly does not enter the Nordic Seas, and only
very small fractions of a percent can penetrate into
the region from the south along with the North At-
lantic Current about ten years after melted fresh-
water enters the ocean [Dukhovskoy et al., 2019].

Nevertheless, to clarify the mechanism’s opera-
tion of long-term variability in the AOO index, it
is necessary to study the intensity of winter con-
vection for all Nordic Seas and for a longer pe-
riod, which would cover the changes in circulation
regimes in the Central Arctic, which was stably ob-
served until 1996. One of the difficulties for such
an analysis is an insufficient coverage of the water
area with oceanographic observations’ data in the
20th century.

The key results of the present study are related
to the dependence of Arctic amplification on the
coupled oceanic and atmospheric heat fluxes. We
show that the meridional atmospheric heat trans-
port across the “Atlantic Gate” plays an important
role in the variability and modulation of the inten-
sity of the regional Arctic amplification over the
Eurasian sector of the Arctic. It is important to
note that here the variability of the Arctic ampli-
fication is considered both in the present period
of global warming with an accelerated increase in
the SAT in the Arctic (e.g., [England et al., 2021])
and in the 1950s–1970s, when the SAT changes in
the Arctic, middle and low latitudes did not differ
substantially. According to the regionalization of
the Arctic climate based on the SAT data [Johan-
nessen et al., 2016], the region of the Eurasian Arc-
tic that we identified corresponds mainly to one of
the clusters (no. 3), which covers the Arctic Ocean
region north of the Kara Sea. As noted in Johan-
nessen et al. [2016], this region is strongly influ-

enced by the atmospheric transport of heat and
moisture due to the penetration of extratropical
cyclones from the North Atlantic, while the At-
lantic water sinks here into the deeper layers of the
ocean, and the heat transported by it can no longer
significantly affect the SAT. This additionally con-
firms the above assumption that the revealed anti-
phase of the meridional oceanic heat transport
across the “Atlantic Gate” with the regional Arc-
tic amplification over the Eurasian Basin reflects
a completely different process. Considering the
results obtained in our study, with a high degree
of certainty, this is a manifestation of the Bjerknes
compensation mechanism [Bjerknes, 1964]. Bjerk-
nes argued that with insignificant changes in the
heat content of the ocean and the energy flux at
the upper boundary of the atmosphere, in order to
fulfill the energy conservation law, changes in the
amplitudes of atmospheric and oceanic heat trans-
ports must be the same and have the opposite sign,
i.e., compensate each other. Shaffrey and Sutton
[2004] and Shaffrey and Sutton [2006] showed that
Bjerknes compensation is effective starting from
decadal time scales because with interannual vari-
ability, ocean heat content and energy flux at the
upper boundary of the atmosphere change signifi-
cantly. Regionally, Bjerknes compensation is most
pronounced near areas where interannual sea ice
area variability is significant due to the impact
of oceanic heat transport [van der Swaluw et al.,
2007]. With an increase in the Atlantic oceanic
heat transport into the Arctic, the sea surface tem-
perature increases in the Nordic Seas, which, in
turn, leads to a decrease in the meridional tem-
perature gradient and, as a consequence, to a de-
crease in the meridional atmospheric pressure gra-
dient. As a result, atmospheric heat transport into
the Arctic by the synoptic eddies weakens, which
forms the Bjerknes compensation [Shaffrey and Sut-
ton, 2006; Jungclaus and Koenigk, 2010]. When in-
vestigating Bjerknes compensation at high north-
ern latitudes, [van der Swaluw et al., 2007] found
that in the subpolar region of the North Atlantic,
the maximum anti-correlation between the oceanic
heat transport across the parallel of 70◦N and the
dominant component of atmospheric heat trans-
port, represented by the moving synoptic eddies,
is achieved when the atmospheric advection is de-
layed by 3–4 years. This result was obtained in
a pre-industrial control experiment of a climate
model, which indicates the fundamental nature of
Bjerknes compensation as an internal mechanism
of the climate system. In our paper, the maxi-
mum anti-correlation between the oceanic and at-
mospheric heat transports was obtained with the
former leading by three years, which is in good
agreement with previous studies [van der Swaluw
et al., 2007]. An essential role of the Bjerknes com-
pensation mechanism in maintaining the stability
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of the Earth’s climate was also confirmed in the
study of climatic epochs over the past 22,000 years
[Yang et al., 2015].

Thus, taking into account the pronounced re-
lationship of the atmospheric heat transport with
the Arctic amplification, especially in the low-
frequency band with a lag of the latter by one year,
the oceanic heat transport at the entrance to the
Atlantic sector of the Arctic can be a predictor of
the low-frequency variability of Arctic amplifica-
tion over the Eurasian Basin with a lead time of
four years.
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A Appendix

Figure A.1: Composite maps of mean sea level pressure. The maxima in the oceanic heat transport are
on the left ((a) 1961 and (c) 1972), and the minima in the oceanic heat transport are on the right ((b)
1965 and (d) 1980).

Figure A.2: Wavelet power spectra of the oceanic heat transport (a) and of the AOO index (b). Wavelet
power spectra (squares of wavelet amplitudes) are normalized by the variances of the original time
series. Yellow areas, confined by the black curves, show significant cycles relative to the red noise
spectrum at the 5% significance level. Lighter shade areas show the cone of influence, where
oscillations’ amplitudes might be distorted by edge effects.
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Figure A.3: Mean annual Arctic amplification calculated at every grid point according to the ERA5
reanalysis. The present period is shown with averaging for 2006–2017. Mercator map projection is
used.

According to Figure A.3, the current Arctic amplification occurs mainly north of 70◦N. Figure A.3
also shows important regional features of the intensity of the Arctic amplification. The rate of SAT
increase is much higher in the Eastern Hemisphere than in the Western Hemisphere. The maximum
intensity of the Arctic amplification is observed in the northern part of the Barents and Kara Seas and
in the adjacent areas of the Arctic Ocean, between Spitsbergen and Severnaya Zemlya in the latitudinal
range 75◦N–82◦N (Figure A.3.).

Figure A.4: Correlation coefficients between the Atlantic oceanic heat transport at the entrance to the
Arctic (across 66.5◦N and −4.5◦E–13.5◦E) and the Arctic amplification at every grid point (on the left)
and between the atmospheric heat transport at the entrance to the Arctic (across 66.5◦N and
−5◦E–80◦E) and the Arctic amplification at every grid point (on the right) according to the ORAS4 and
ERA5 reanalyses data. (a) and (b) are correlations with zero lag, (c) and (d) are correlations when the
Arctic amplification lags by one year, (e) and (f) are correlations when the Arctic amplification lags by
two years, (g) and (h) are correlations when the Arctic amplification lags by three years, and (i) and (j)
are correlations when the Arctic amplification lags by four years. The black dots indicate the areas of
statistically significant correlation coefficients at the 5% significance level.
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In Figure A.4i, the highest correlations (−0.45) between the oceanic heat transport and Arctic amplifi-
cation are observed to the north of the Laptev Sea. In Figure A.4b, the maximum correlation coefficients
(0.6) between the atmospheric heat transport and the Arctic amplification are observed to the north of
Franz Josef Land and Severnaya Zemlya.

Figure A.5: Wavelet power spectra of the regional Arctic amplification (a) and the net (sensible and
latent) atmospheric heat transport (b). Wavelet power spectra (squares of wavelet amplitudes) are
normalized by the variances of the original time series. Yellow areas, confined by the black curves,
show significant cycles relative to the red noise spectrum at the 5% significance level. Lighter shade
areas show the cone of influence, where oscillations’ amplitudes might be distorted by edge effects.

Figure A.6: Time series of the oceanic heat transport (OHT) for the period 1958–2013 and regional
Arctic amplification (AA) for the period 1962–2017 with linear trends removed (a) and after an
application of the low-pass Butterworth filter with a threshold period of six years (b); wavelet
coherence between the oceanic heat transport and the Arctic amplification with the latter lagging by
four years (c). The mean annual values of the parameters of the panel (a) were used for the panel (c).
Yellow areas, confined by the black curves, show significant coherences relative to the red noise
spectrum at the 5% significance level. Black arrows show the phase angle: directed to the right means
in-phase and directed vertically upward means that the Arctic amplification leads the oceanic heat
transport by 90◦ in the given frequency band. Lighter shade areas on the panel (c) show the cone of
influence, where oscillations’ amplitudes might be distorted by edge effects.
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