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Abstract
Purpose. The work is devoted to considering the phase correspondence between the interdecadal
variability of the North Atlantic Oscillation and the Atlantic Multidecadal Oscillation indices, and
their influence on the mechanism of synchronous formation of the surface temperature anomalies in
the Barents and Black seas.
Methods and Results. The surface temperature anomaly values in the Barents and Black seas selected
from the Hadley Centre for Climate Prediction and Research arrays, namely the sea ice and sea
surface temperature data set, were used. To assess the atmospheric circulation in the Atlantic-
European sector, the North Atlantic Oscillation and Atlantic Multidecadal Oscillation indices, as well
as the position of the tropospheric frontal zone were applied. The correlation between the position of
the tropospheric frontal zone and the values of the North Atlantic Oscillation index was analyzed
using the initial series smoothed by a filter of a moving average, and spatial distribution of the surface
temperature anomalies — by the composite maps. At the negative values of the Atlantic Multidecadal
Oscillation (1950-1970), the processes characteristic of the negative values of the North Atlantic
Oscillation index were predominant, whereas at the positive values of the Atlantic Multidecadal
Oscillation index (1970-1990), the processes characteristic of the positive values of the North
Atlantic Oscillation index prevailed.
Conclusions. The atmospheric circulation in the Atlantic-European sector constitutes the basic
mechanism regulating the sea surface temperature anomalies in the North Atlantic, as well as in
the Barents and Black seas. At the positive values of the North Atlantic Oscillation index, the sea
surface temperature in the Barents Sea became higher, and that of the Black Sea — lower than
the climate mean. At the negative values of the North Atlantic Oscillation index, the sea surface
temperature in the Barents Sea became lower, and that of the Black Sea — higher relative to
the climate mean.
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Introduction

The Barents and Black Sea surface temperature changes in winter under
the influence of atmospheric circulation in the Atlantic-European sector and
the inflow of Atlantic waters into the western sector of the Arctic Ocean.
Atmospheric circulation, determined by the North Atlantic Oscillation (NAO)
index [1-3], regulates the warm Atlantic air inflow into the middle and high
latitudes of the Atlantic-European sector. This regulation is carried out through
cyclonic activity, manifested in the displacement of the cyclone trajectory in
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different NAO phases. In the positive NAO phase, cyclones move to the north; in
the negative — to the south [1, 2].

Besides, the temperature variability of the Barents Sea is affected by
the Atlantic water inflow [4-6]. At the same time, on the interannual and
interdecadal scales, the inflow of these waters into the North European seas,
including the Barents Sea, is also regulated by atmospheric circulation (NAO
index) [7-9]. According to [8, 9], the maximum inflow of Atlantic waters into
the North European seas is noted in the negative NAO phase.

Thermal state of the North Atlantic, represented by the Atlantic Multidecadal
Oscillation (AMO), varies over a wide range of scales [4, 10, 11]. According to
some estimates [12, 13], the multidecadal NAO mode corresponds to AMO in
away that the positive (negative) NAO phase corresponds to the negative
(positive) AMO phase.

Unlike the Barents Sea, the Black Sea surface temperature changes mainly
under the influence of air masses carried in the process of atmospheric circulation,
determined by the NAO index. Thus, the winter surface temperature variability
(sea surface temperature anomalies (SSTA) of the Barents and Black seas) is due to
the combined effect of atmospheric circulation (NAO index) and interdecadal
surface temperature variability of the North Atlantic (AMO index). In the present
paper, the authors studied the processes affecting the surface temperature
variability of the Barents and Black seas in more detail, briefly described in
a previously published paper [14].

The present paper aims to consider the phase correspondence between
the interdecadal variability of the North Atlantic Oscillation and the Atlantic
Multidecadal Oscillation indices, and their influence on the mechanism of
synchronous formation of the surface temperature anomalies in the Barents and
Black seas.

Research data and methods

Surface temperature anomaly values in the Barents and Black seas were
selected from the arrays of the Hadley Center for Climate Prediction and Research
(https://www.metoffice.gov.uk/hadobs/hadisst/). NAO index values (December—
March averages) were selected from the Climate Prediction Center archive
(https://www.cpc.ncep.noaa.gov/products/precip/CWIink/pna/nao.shtml). The AMO
index is available at http://www.esrl.noaa.gov/psd/data/timeseriess/ AMO/.
Latitudinal position of the isohypse is 540 dkm (tropospheric frontal zone — TFZ)
on 0° and 30°E meridians calculated from NOAA Extended Reconstructed Sea
Surface Temperature (ERSST) data (https://psl.noaa.gov/cgi-
bin/data/composites/printpage.pl). The correlation analysis between TFZ position
and NAO index values was carried out using the smoothed moving average filter of
the original series. The spatial distribution of surface temperature anomalies was
analyzed using composite maps. The Barents and Black Sea water areas were
limited by the coordinates 28°-43°E, 72°-77°N and 28°-42°E, 41°-47°N,
respectively. The processes developed during 1950-2020 were studied.
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Results and discussion
According to our estimates, the interdecadal variability of the AMO and NAO
indices over the 1948-2020 period was observed with a phase shift (Fig. 1). Fig. 1
shows the mean for December — March NAO index values and the mean AMO

index values for January — March.
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Fig. 1. Interannual variability of the NAO («) and AMO (b) indices

With polynomial smoothing of the curves Fig. 1 shows that the maximum
NAO index values are observed 8-10 years earlier than the maximum AMO index
values. Thus, negative NAO index values were specific for the mid-1960s, while
negative AMO index values — for the mid-1970s. Positive NAO index values were
peculiar to the early 1990s, while positive values of the AMO index — of the early
2000s.
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According to [3], when processes with extreme positive or negative NAO
index values prevail for several years, the upper layer circulation of the North
Atlantic changes. Therefore, the ocean surface temperature should change, which is
shown in numerous works (see, for example, [15-17]. The process of the formation
of a large-scale SSTA in the North Atlantic in different phases of the NAO requires
a separate study, but our estimates of the variability shift in the AMO index relative
to the NAO index confirm results of works [18, 19].

Taking into account the phase shift of the interannual variability of the NAO
and AMO indices, which affect the formation of SSTA in the Barents and Black
Seas, two temporal intervals were chosen. The first temporal period (1957-1994)
was characterized by the predominance of negative AMO index values and was
conditionally defined as the “cold” North Atlantic period. The second temporal
period (1995-2020), characterized by positive AMO index values, was
conditionally called the “warm” North Atlantic period. At the negative AMO index
values (1950-1970), the processes specific for negative NAO index values
prevailed, and at the positive AMO index values (1970-1990), the processes
specific for positive NAO index values prevailed [3].

The Atlantic waters are directly involved in the formation of the upper layer
temperature of the Barents Sea [20]. Therefore, our estimates show that
the interdecadal variability values of the AMO and SSTA index of the Barents Sea
have a significant positive correlation (R = 0.82) in the 1950-2020 temporal
interval.

At the same time, the Black Sea SSTA formation apparently occurs under
the weak influence of the long-term (climatic) change in the AMO. Therefore,
the interdecadal variability of the Black Sea SSTA does not significantly correlate
with the AMO index (R = 0.29), but it is significantly negatively correlated with
the NAO index (R = —0.71). This indicates that the interdecadal variability of
the Black Sea SSTA is largely determined by the atmospheric circulation in
the Atlantic-European sector. The estimates obtained are consistent with
the conclusions of [21] and give reason to believe that, apparently, the trajectories
of cyclones transporting air masses to the Black Sea region are determined not only
by the NAO index, but also by the TFZ position (Fig. 2).

Baric systems in the Atlantic-European region are known to be transferred in
the direction of the leading flow in accordance with the position of isohypses in
the TFZ. It can be expected that the thermal state of the North Atlantic affects
the baric field state both at the surface and on the Hsoo surface. Therefore, we are to
consider the interdecadal variability of the 540 dkm isohypse (TFZ) position
depending on AMO and NAO.

Fig. 2 shows that the low-frequency TFZ component over Eastern Europe changes
in antiphase with the AMO index (R = —0.70) (Fig. 2, a) and in phase with the NAO
index (R = 0.40) (Fig. 2, b). This may mean that the interdecadal variability of cyclone
trajectories in the Black Sea region is formed under the influence of the thermal state of
the North Atlantic and TFZ the atmospheric circulation determined by the NAO index.
The low-frequency variability of the North Atlantic SSTA influences the TFZ position
over Eastern Europe so that during the negative AMO index phase, TFZ shifts to
the north, and in the positive phase it occupies a more southerly position. On
the contrary, in the positive NAO TFZ index phase, it shifts to the north, and in
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the negative phase — to the south. There are noticeable features in the change in
the latitudinal TFZ position over Eastern and Western Europe during the years of
negative and positive AMO index values. These features stand out well in the series
smoothed by the 5-year moving filter. The table below shows the correlation
coefficients between the latitudinal TFZ position in February and the mean NAO index
values for December — March.
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Fig. 2. Interdecadal variability of the latitudinal position of the 540 dcm isohypse (TFZ) in February
at the meridian 30°E (dashed line), and the AMO (a) and NAO (b) indices (solid lines)
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Correlation coefficients between the latitudinal position of TFZ at 0° and
30°E, and NAO index during different phases of AMO index

Parameters Latitudinal Latitudinal NAO index
position of TFZ at | position of TFZ at
0°E 30°E

Negative phase of AMO index
position of TFZ at
0°E
Latitudinal 0.49 0.60
position of TFZ at
30°E
NAO index 0.26 0.60

Positive phase of AMO index
Latltudlnal -0.53 -0.57
position of TFZ at
0°E
Latitudinal -0.53 0.49
position of TFZ at
30°E
NAO index -0.57 0.49

N ot e. Bold type indicates the correlation coefficients significant at the 95%
confidence level

It follows from the table that in years of negative AMO index values,
the latitudinal position of TFZ both over Western and Eastern Europe changes in
phase. At the same time, TFZ at 0° and 30°E shows a tendency to shift to the north
in years with the maximum NAO index values, and to the south — in years with its
minimum values. This is especially noticeable in TFZ with a longitude of 30°E
(the correlation coefficient between the latitudinal position of the TFZ and
the NAO index is 0.60).

In years of positive AMO index values, the latitudinal position of TFZ over
Western and Eastern Europe changes in antiphase with the NAO index. In periods
with maximum of the NAO TFZ index over Western Europe it shifts to the south
(R = —0.57), and over Eastern Europe it shifts to the north (R = 0.49).
Consequently, the trajectories of cyclones over Europe are aligned so that in years
of negative AMO index, zonal transport of air masses prevails, and the further
north it occurs, the higher the NAO index is. In years of positive AMO index,
the process of air mass transfer becomes more complicated. In this case, at high
NAO index, the trajectories of cyclones over Western Europe take a more southern
position, and over Eastern Europe — more northern. At low NAO index,
the trajectories of cyclones over Western Europe shift to the north, and over
Eastern Europe — to the south.
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The noted features of the Atlantic water transport and the interdecadal
variability of the winter atmosphere circulation in the regions of the Barents and
Black seas create characteristic conditions for the SSTA formation of these seas in

years of negative and positive values of the AMO and NAO indices (Fig. 3).
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Fig. 3. Interdecadal variability of the AMO index (solid line) and SSTA (dashed line) of the Barents
Sea (a), and the NAO index (solid line) and SSTA (dashed line) of the Black Sea (b)
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Fig. 3 clearly shows that the inflow of Atlantic waters into the Arctic Basin
(AMO index) significantly changes the surface temperature of the Barents Sea
(R = 0.82). At the same time, the correlation between the interdecadal variability of
the Barents Sea SSTA and the NAO index is insignificant. This is due to the fact
that the interdecadal SSTA variability in the Barents Sea (Fig. 3, a) was observed
in phase with the NAO index during the decades of negative AMO index values
(1960-1999). During the decades of positive AMO index values and minimum
NAO index values (2000-2019), the surface temperature of the Barents Sea began
to rise rapidly due to the warmer Atlantic water inflow. The weakening of cyclonic
activity, observed at the minimum NAO index values [3, 20], could not lead to
a significant decrease in surface temperature; therefore, the temperature of
the Barents Sea increased in these decades (Fig. 3, a).

In the Black Sea, the atmospheric circulation, represented by the NAO index,
largely forms surface temperature anomalies (R = —0.71). Thus, in the decade of
negative NAO index values (1961-1970), the Black Sea was warmer than in
the decades of positive values (1981-2000) (Fig. 3, b). According to Fig. 3, from
1951 to 2000 (the years of the conditional “cold” North Atlantic), the interdecadal
SSTA variability in the Barents and Black seas was in antiphase, and in the years of
the “warm” North Atlantic (2001-2020) it was in phase. This result emphasizes
the predominant influence of the inflow of Atlantic waters and the relatively weak
NAO influence on the interdecadal SSTA variability in the Barents Sea during
the decades of the “warm” North Atlantic. On the contrary, the interdecadal
variability of the Black Sea SSTA is formed mainly under the influence of
the atmospheric circulation in the Atlantic-European sector (NAO index) and, to
a lesser extent, under the influence of the North Atlantic SSTA (AMO index)

(Fig. 4).

Number of cases

0 T T T T

1950- 1960- 1970- 1980- 1990- 2000- 2010-
1959 1969 1979 1989 1999 2009 2019

F ig. 4. Number of cases of abnormal values of the NAO index (solid line — NAO index positive,
dashed line — NAO index negative)

264 PHYSICAL OCEANOGRAPHY VOL. 29 1SS.3 (2022)



In the 1961-1970 decade, cases of anomalous negative NAO index values were
most often observed. As expected, under these values conditions for the formation of
negative SSTA values in the North Atlantic (negative AMO index) and its positive
values in the Black Sea) are created (Fig. 4). Inthe 1991-2000 decade the most
frequent situations were with positive values of the NAO index, which form
(presumably) positive SSTA values in the North Atlantic (positive AMO index) and
negative ones in the Black Sea.

With this in mind, we are to consider how the extreme conditions of
atmospheric circulation in the Atlantic-European sector (NAO index) affect
the SSTA formation in the Barents and Black seas. This process is well represented
on composite maps constructed by SSTA averaged over years of positive and
negative values of the NAO index. Fig. 5 shows composite maps for years of
negative AMO values.
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F i g. 5. Surface temperature anomalies during the years of negative values of the AMO index at
negative NAO (a, b) and positive NAO (c, d) for the Barents (a, c) and Black (b, d) seas

Composite SSTA maps (Fig. 5) for negative values of the NAO index were
constructed over ten years (1958, 1960, 1962, 1963, 1965, 1966, 1968, 1969, 1970
and 1979), and for positive values — over seven years (1957, 1976, 1983, 1990,
1991, 1992 and 1993). In the years of negative AMO index values with negative
NAO index values, due to the weakening of cyclonic activity [1-3, 20], the mean
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surface temperature for January — March of the Barents Sea was below the climatic
norm (Fig. 5, a), and that of the Black Sea was above the climatic norm (Fig. 5, b).

At the same time, with positive NAO index values, due to the cyclonic activity
intensification [1-3, 20], the mean January — March surface temperature of
the Barents Sea became higher than the climatic norm, and that of the Black Sea
became lower (Fig. 5, b). This was due to the fact that with positive values of
the NAO TFZ index on the meridian of 30°E shifted to the north and,
consequently, the trajectories of the cyclones ran north of the Black Sea. And with
negative values of the NAO index, TFZ occupied a southern position over Eastern
Europe and, consequently, the Black Sea was in the area of cyclones.

Similar conditions for the SSTA formation in the Barents and Black seas were
also observed in years with a positive AMO anomaly (1995-2020). Fig. 6, a, 6, b
show composite maps for positive NAO index values, built for seven years (2000,
2007, 2008, 2012, 2014, 2017 and 2019), and Fig. 6, c, 6, d — for negative NAO
index values for five years (2001, 2006, 2010, 2011 and 2013). The climatic norm
was determined for 1981-2010.
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F i g. 6. Surface temperature anomalies during the years of positive values of the AMO index at
positive NAO (a, b) and negative NAO (c, d) for the Barents (a, c) and Black (b, d) seas

The constructed maps (Fig. 6) allowed to obtain the following estimates. With
positive NAO index values, the surface temperature anomaly of the Barents Sea is
increased (0.53°C), and the anomaly of the Black Sea is lowered (0.59°C) (Fig. 6,
a, b). With negative NAO index values (Fig. 6, ¢, d), the surface temperature
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anomaly of the Barents Sea is lowered (0.10°C), and that of the Black Sea is
increased (0.98°C).
Discussion of the results

Large-scale processes of winter surface temperature variability in the Barents
and Black seas are regulated by the atmospheric circulation in the Atlantic-
European sector. Their interdecadal restructuring takes place under the influence of
the Azores and Siberian atmospheric pressure maxima [22, 23]. Preliminary
estimates show that the interdecadal variability of atmospheric circulation in the
regions of Eastern Europe is mainly influenced by the Azores or Siberian centers of
atmospheric action. Below, this process is illustrated by an example of the surface
pressure anomaly observed in a number of years with negative AMO index values
(“cold” North Atlantic). Composite maps of the surface pressure anomaly were
constructed for positive and negative NAO values (Fig. 7). Averaging was carried
out over the same years as for the construction of maps in Fig. 5.

AV .
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F i g. 7. Surface pressure anomaly in a number of years with the NAO index negative («) and
positive (b) values during the decades when the AMO index values are negative

During the years of the weakened Azores High (NAO index < -1),
the influence of the Siberian High increases (Fig. 7). This atmospheric circulation
restructuration resulted in an expected decrease in the surface temperature of
the North Atlantic (see Fig. 1) and an increased inflow of Atlantic waters into
the western sector of the Arctic [8, 9]. At the same time, the Siberian High
intensification creates conditions for blocking the western transport in
the European territory of Russia [22, 23], and the weakening of the Azores High
(see Fig. 2) leads to a southward shift of TFZ at the 30°E meridian. Thus, in this
interdecadal variability phase of the NAO and AMO indices, cyclone trajectories
pass near the Black Sea. Fig. 7 clearly shows that the weakening of the Azores
High creates conditions for the low pressure predominance over Central and
Southern Europe, contributing to the deepening of cyclones and the formation of
an increased winter temperature in the Black Sea.

During the decades of the well-developed Azores High (NAO index > 1) and
the weakened Siberian High, an increase in the surface temperature of the North
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Atlantic is expected (see Fig. 1). This leads to the inflow of warmer Atlantic waters
into the Barents Sea and to the increased cyclonic activity in the region of
the Norwegian and Barents seas [20]. During the interdecadal variability phase of
the Azores and Siberian highs in the region of the Norwegian and Barents seas,
conditions are created for the formation of low atmospheric pressure, which
contribute to the deepening of cyclones in this region and an increase in winter
surface temperature in the Barents Sea (Fig. 7). At the same time, the NAO index
increase leads to a northward shift of TFZ at longitudes of the Black Sea (see
Fig. 2), creating conditions for the formation of negative anomalies in its winter
surface temperature.
Conclusion

Tentative conclusions may be drawn that the atmospheric circulation in
the Atlantic-European sector (NAO index) is the main mechanism that regulates
the SSTA of the North Atlantic, Barents and Black seas. At the same time, both in
a number of years with negative and in a number of years with positive AMO
index values and positive NAO index values, the surface temperature of
the Barents Sea became higher, and that of the Black Sea — below the climatic
norm. With negative NAO index values, the surface temperature of the Barents Sea
became lower, and that of the Black Sea became higher than the climatic mean.
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