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Abstract: The present-day climate (the recent 100–150 years) obviously constitutes the structure
of a global intra-system rhythmic process with an individual rhythm of about 60 years. In turn,
each of the rhythms is presented by the two climate phases of about 25–35 years characterized by
qualitative differences: one phase is relatively continental, while the other is humid. Globality and
quasi-synchronism of environmental changes are accompanied by planetary structures: the Global
Atmospheric Oscillation (GAO) in the atmosphere and the Multidecadal Oscillation of the Heat
content in the Ocean (MOHO) discovered relatively recently. Unexpected and rapid qualitative
phase changes in the climate, which first focused attention in the mid-1970s of the last century, were
titled “climate shifts”. The revealed features of the present-day climate are of exceptional scientific
and practical interest and deserve the development of methods for predicting the timing of the
forthcoming climate shift. Arising unexpectedly and accompanied by rapid significant changes,
these shifts identified the problem of understanding the nature and establishing the processes and
mechanisms causing them. First of all, of interest are phase changes in the thermodynamic state of
the climate system components: the ocean, atmosphere, and continents. As a result of the World
Ocean (WO) thermohydrodynamics numerical modelling, it is shown that MOHO is localized in the
layer of the main thermocline, where the most important elements of the WO circulation are located.
The performed study based on observational data allows us to conclude that, during the phase of
the WO thermal discharge (1975–1999), the two key systems of currents, the Kuroshio and the Gulf
Stream, were under similar thermodynamic conditions.

Keywords: world ocean; heat content; active upper layer; variability; multidecadal oscillation;
numerical modelling; present-day climate

1. Introduction

The present-day climate, according to current observations for the past 100–150 years,
is determined by a number of characteristic features. The most significant of them are
climate shifts [1–3] constituting unexpected and rapid transitions from the phase of the
observed (for 25–35 years) relatively humid global climate into the phase of its essentially
continental state, and then (after 25–35 years) its subsequent transition to a humid phase, etc.
The search for the source of multidecadal phase changes in the global climate [4] made it
possible to consider this process as an intrasystem—one supported by oscillations in the
World Ocean (WO) heat content localized in the layer of the main thermocline. Thus, a fea-
ture of the present climate dynamics is episodic rapid (for 2–3 years) phase transitions of the
global climate from one qualitative state to another. The globality and quasi-synchronicity
of environmental changes are caused by planetary oscillations detected in both the ocean
(MOHO) [5] and atmosphere (GAO) [6]. The processes and mechanisms responsible for the
high intensity of climate change have been identified. Those in the atmosphere, for example,
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are meridional northern and southern transports of air masses, cloudiness, precipitation, etc.
In the ocean, the phenomena and processes that deserve attention are deep density con-
vection, which ensures heat exchange of the ocean’s active upper layer (AUL) with the
atmosphere, transfrontal mass and heat exchange, which carries out horizontal mixing
within the ocean AUL with polar and central oceanic waters, a specified variability in the
water circulation regime of the main current systems of the WO, etc. The main mechanism
of transfrontal exchange is the process of baroclinic instability of large-scale currents, which
ensures the transition of available potential energy into the kinetic energy of mesoscale
eddies [7,8]. The most significant areas of the WO forming the Earth’s climate and reflecting
its current changes include the systems of Western Boundary Currents (WBC), which are
primarily the Kuroshio in the Pacific Ocean (PO) and the Gulf Stream in the Atlantic Ocean
(AO) [9]. Each of them is characterized by extreme processes of interaction between the
ocean and atmosphere [10,11]. Both current systems are associated with the frontal sections
of waters of subarctic and central oceanic structures, the baroclinicity of which is most
pronounced, and their instability obviously has multidecadal phase variability. Studying
the evolution of the thermodynamic state of the water structure in these current systems
should help deepen our knowledge of the present climate and the features of its dynamics.

The present work is dedicated to the discussion of the contemporary problem of the
present-day climate: its important characteristic features and their nature. The main focus
of climatologists is on global anthropogenic climate warming. The role of the influence
of natural factors (participation and reflection of the WO thermodynamic state) has been
overshadowed and is not a priority. In recent decades, investigations of the climate and its
variability have been widely performed, using numerical modelling and computational
experiments. The most well-known of such international projects are CORE (Coordi-
nated Ocean-ice Reference Experiment) [12–16] and OMIP (Ocean Model Intercomparison
Project) [17,18], which are organized in the scope of the prescribed data for the computation
of atmospheric forcing, and a series of the projects CMIP (Coupled Model Intercomparison
Project), the results of which were published in the reports of IPCC (Intergovernmental
Panel on Climate Change) [19–21]. At the same time, in the 1970s–1980s, a number of the
greatest hydrophysical experiments were carried out in the WO: “Polygon-70”, “Mode-73”,
“Polimode (1977–78)”, “Mesopolygon-85”, “Megapolygon-87”, “Atlantex-90”, etc. The pur-
pose of these experiments was to study the ocean eddy dynamics, and it was not assumed
that their instrumental observations would be in demand in the current efforts to under-
stand the dynamics of the contemporary climate. Of interest are the results of complex
observations in the scope of programs of large-scale hydrophysical experiments carried out
in these informative areas: “Megapolygon-87” [22] for the Kuroshio system and “Atlantex-
90” [23] for the Gulf Stream system.

This paper proposes to come back to a critical analysis of instrumental observations of
some of these experiments to study the phase climate signal in the WO (its thermodynamic
state in such informative areas as the Kuroshio and Gulf Stream current systems). The goal
that motivated the research undertaken is to increase our knowledge and deepen our
understanding of the events and processes currently occurring in the climate system,
in particular, the participation and establishment of the role of the WO.

2. Materials and Methods

In the scope of the work, the authors took advantage of the following materials:

• The results of numerical modelling of the WO thermodynamic state variability for
the period 1948–2007 [24] using the OGCM (ocean general circulation model) and
INMOM (Institute of Numerical Mathematics Ocean Model) [25,26];

• The results of diagnostic predictions of climate changes in the thermohaline structure of the
PO northwestern region as one of the WO key areas, including the Kuroshio system [27];

• The materials from instrumental observations carried out in large-scale hydrophysical
experiments “Megapolygon-87” (Pacific Ocean, 1987) [22] and “Atlantex-90” (Atlantic,
1990) [23]. One of the authors (Byshev, V.I.) directly participated as deputy head of the
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expedition on the research vessel (RV) “Akademik Kurchatov” (“Megapolygon-87”)
and on the RV “Vityaz” (“Atlantex-90”). Some of the observational results in these
experiments, for example, the negative (!) heat balance at the ocean surface in the
test site area in the warm half of the year (June–September), turned out unexpected
and not understood. Currently, after establishing the temporal phase variability of
the contemporary climate [28], the previously obtained results became obvious: the
experiment was carried out for the phase (1975–1999) of the WO thermal discharge [5].
Establishing signs of the MOHO [5] in the main thermocline layer [4] made it possible
to use the features of the WO dynamics as a new approach. Since the main thermocline
layer is characterized by the main current systems of the WO, a joint consideration of
the two most important of them—the Kuroshio and the Gulf Stream—is of natural
interest. Of particular interest were direct instrumental observations obtained during
the two large hydrophysical experiments: “Megapolygon” (Kuroshio system, 1987)
and “Atlantex-90” (Gulf Stream system, 1990). Both current systems were, as noted
below, in the climatic regime of WO thermal discharge.

3. Results

The results of the WO thermodynamic state variability numerical modelling for the
period 1948–2007 [24] using the OGCM (ocean general circulation model) INMOM (Institute
of Numerical Mathematics Ocean Model) [25,26] were used to analyze the features of
the spatio-temporal thermal structure of the ocean AUL (0–800 m) areas of large-scale
hydrophysical experiments “Megapolygon-87” (Figure 1) and “Atlantex-90” (Figure 2).

Figure 1. Evolution of the thermal structure of the AUL (0–800 m) in the PO in the area of the experiment
Megapolygon in the cold part of the year (November–March) according to modelling results [24].
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Figure 2. Evolution of the thermal structure of the AUL (0–800 m) in the North Atlantic (NA) in
the area of the experiment Atlantex-90 in the cold part of the year (November–March) according to
modelling results [24].

The spatiotemporal patterns of the AUL temperature in the two key WO regions
(Figures 1 and 2) allow us to note the characteristic features of the water structure in the
two systems of western boundary currents. In each of the regions under consideration,
frontal zones are observed, which form horizontal boundaries of propagation and inter-
action of subarctic and central oceanic water masses, thereby determining their regional
climatic significance. Of particular interest is the time interval 1975–1999, limited by the
two climate shifts (mid-1970s and the eve of the 21st century) and characterized by the
WO thermal discharge [4,29]. Noteworthy are specific differences in the cellular structure
of quasi-homogeneous waters in the near-surface 200 m ocean layer during the indicated
period and beyond it. Such a structure may reflect ongoing phase changes in both the
convective regime and eddy activity.

For a number of the AUL temperature evolution features typical for the PO northwest-
ern part (Figure 1) in the cold season (November–March), the following can be noted.

1. In the near-surface ocean layer, a quasi-homogeneous layer is well defined from 50 to
100 m in the north to 200 m in the south. A seasonal thermocline is formed at its
lower boundary.

2. Deeper than the seasonal thermocline, in a layer of 200–600 m, there is a main ther-
mocline, which, when displaced from the south (frame 32–34◦ N) to the north (frame
42–44◦ N), rises to the surface while forming a frontal interface between the subarctic
and central water structures.

3. The presence and location of the frontal section are determined by significant merid-
ional changes in the water temperature of the upper 200 m layer, which is observed
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by moving from frame 42–44◦ N to frame 40–42◦ N and from the latter to the next
one (38–40◦ N).

4. Temporal changes in the temperature field make it possible to draw attention to the dis-
turbances on interannual (in the upper quasi-homogeneous layer) and multidecadal
(in the main thermocline layer) scales.

The features of the AUL thermal structure evolution (0–800 m) in the NA (area of the
Atlantex-90 experiment, Figure 2) are largely similar to those noted in the first case.

1. In the near-surface 100 m layer, there is a quasi-homogeneous layer with a seasonal
thermocline at its lower boundary.

2. In the 100–800 m layer, there is a main thermocline, which rises to the ocean surface
with increasing latitude (from 42◦ N to 50◦ N), forming an interface between the
subarctic and central water structures. It manifests itself most expressively in the
near-surface layer: in frames 48–50◦ N and 50–52◦ N (Figure 2).

3. In the area under consideration, the warm subsurface (100–300 m) layer is well expressed.
4. Temporal variability of the AUL thermal structure experiences interannual and multi-

decadal perturbations.

3.1. The Experiment “Megapolygon-87”

The hydrophysical experiment “Megapolygon-87” (subarctic frontal zone of the north-
western PO, July–October 1987) was carried out in the area 37–43◦ N, 150–160◦ E with
participation of the 11 RVs [30]. The frontal zone investigation was conducted using long-
term measurements with a network of 177 autonomous buoy stations and six multi-vessel
hydrological surveys of the area with a spatial resolution of 20 miles. Complex observations
included measurements of temperature, electrical conductivity, pressure, pulsations of
density and current velocity, measurements of meteorological elements, etc. Consider a
number of results reflecting the thermodynamic state of the “Megapolygon-87” experiment
area during the phase of WO thermal discharge (1975–1999).

An insight into the spatial temperature structure at the “Megapolygon-87” can be
obtained from the materials of the hydrological survey (Figure 3) carried out during
the period of 1–20 August 1987 by the RV “Akademik Kurchatov” and the RV “Vityaz”.
The features of this structure are as follows.

1. The presence of subarctic waters (isotherm 2 ◦C) located in the northwestern sector of
the test site. These waters enter here with the Kuril (Subarctic) Current propagating
from west to east, forming a cyclonic vorticity.

2. The presence of relatively warm transformed waters of the main meander of the
northern Kuroshio jet, the lower boundary of which (isotherm 5 ◦C) penetrates to
a depth of 400–600 m. These waters constitute the main water mass of the upper
500 m layer between the 1st (151◦24′ E) and 4th (154◦00′ E) meridional sections,
and its central part is located between the 2nd (152◦50′ E) and 3rd (153◦44′ E) sections.
The dynamics of these waters have an anticyclonic vorticity: their northern boundary
from the first to the second section shifts to the north, and then, from the third to the
fourth sections, it shifts to the south.

3. The result of the interaction between the cold Kuril (Subarctic) Current and the
transformed waters of the northern Kuroshio jet is a hydrological front that has a
two-level structure, one of which lies within the upper 200 m layer and is formed by
the southern border of the Kuril (Subarctic) Current, while the second one, deepening
to 300–400 m, is formed by the northern boundary of the northern Kuroshio jet
transformed waters.

4. Meridional sections 4 (154◦00′ E) and 5 (155◦00′ E) cross a cold cyclonic formation
that moves eastward and transports a subarctic water structure.

5. In the southern part of the test site (between 38 and 39◦ N), waters are found whose
surface temperature is 24–25 ◦C and higher. Their appearance is obviously due to the
meandering of the main Kuroshio jet.
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6. The upper quasi-homogeneous layer, below which the seasonal thermocline is located,
is quite thin and ranges between 10 and 15 m in the north to 30 m or more in the south.

7. The main thermocline lies in a layer of 150–400 m between 35 and 40◦ N and, in the
northward direction, it rises to the surface of 41–42◦ N (sections 151◦24′ E, 152◦50′ E,
153◦44′ E) and merges with the seasonal thermocline.

Figure 3. Three-dimensional structure of the temperature field (in ◦C) at the Megapolygon by
the measurements made by the RV “Akademik Kurchatov” and the RV “Vityaz” in the period
1–20 August 1987 by the hydrological data survey 2. Adaptation of Figure 1 from [31].

Based on the same survey data, a map (Figure 4) of temperature distribution on a
100 m horizon was constructed. The main features of the temperature structure presented
in Figure 3 also occur in this case. In particular, the two frontal sections are clearly dis-
tinguished: the northern one (isotherms 2–7 ◦C), which is the southern boundary of the
Kuril (Subarctic) Current, and the second one (isotherms 8–10 ◦C), which is the northern
boundary of the northern Kuroshio jet transformed waters. At a horizon of 100 m, a cold
cyclonic formation is clearly manifested with the centre coordinates 40◦40′ N, 154◦30′ E,
which stands out on the meridional sections (Figure 3) along 154◦37′ E and 155◦00′ E. Warm
waters (isotherms 12–17 ◦C) apparently caused by a northward shift of the main Kuroshio
jet are observed on the southern periphery of the test site. The temperature map on a 100 m
horizon allows us to observe some more features of the thermal structure, such as, a warm
formation with the centre coordinates 41◦50′ N, 154◦30′ E, and a cold formation with the
centre coordinates 38◦30′ N, 153◦15′ E.

A map of sea surface temperature (SST) constructed by continuous measurements of
the RV “Akademik Kurchatov” and RV “Vityaz” using ship-based remote thermometers
(SRT) is presented in Figure 5. Continuous temperature measurements make it possible to
determine the position of the frontal sections by estimating the extreme values of horizontal
temperature gradients. In the northwest of the test site, the lowest water temperature
recorded was 13.1–17.0 ◦C, which was due to the spread of subarctic waters from the north
and the passage of the Kuril (Subarctic) Current jet. In the west of the region and in its
central part, a fairly high SST observed was 21.0–24.4 ◦C. This is due to the penetration
of transformed waters of the Kuroshio northern branch to this location. In the south of
the region, the highest water SSTs recorded were 22.0–26.1 ◦C, which is associated with
a shift of the main Kuroshio jet northward. The presence of warm and cold formations
indicates active eddy formation in the area under study and characterizes the process of
large-scale mixing in the subarctic frontal zone. The horizontal size of the largest warm
and cold formations is about 100 km; small formations are 20–30 km.
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Figure 4. Distribution of water temperature (◦C) on a 100 m horizon for 1–20 August 1987 from
the data of the 2nd hydrological survey. Straight lines are the directions along which horizontal
temperature gradients were calculated. Adaptation of Figure 2 from [31].

Figure 5. Distribution of SST (◦C) by continuous measurements with ship-based remote thermometers
in August 1987. Roman numerals mark positions of frontal sections, dash lines mark measurements by
the RV “Vityaz”, and dotted lines mark measurements by the RV “Akademik Kurchatov”. Adaptation
of Figure 3 from [31].
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Fronts on the ocean surface experience continuous disturbances, the most important
of which are related to their evolution and movements in space. In August 1987, the 20 ◦C
isotherm tracks the southern boundary of the subarctic front. An idea regarding the
temporal variability of the subarctic front southern branch is given in Figure 6, which
shows the dynamics of the 20 ◦C isotherm. To construct Figure 6, 3-day synoptic SST maps
transmitted from the Japanese Fisheries Service Information Center were used. An analysis
of Figure 6 allows us to note a number of dynamic features for the isotherm 20 ◦C:

1. The temporal variability of 20 ◦C isotherm is significant even over 3 days.
2. There are areas on the frontal line where its transverse disturbances range from one to

several degrees of latitude.
3. Nodal points are identified on the frontal line at which the lateral variability is

insignificant (less than 20 min of latitude).

Such a behaviour of the frontal line has the analogue of a standing wave with distances
between nodal points of about 300 km.

Figure 6. Position in space and time of the isotherm 20 ◦C in 1987. Line 1 marks 18–21 August;
Line 2 marks 21–24 August; Line 3 marks 25–28 August; Line 4 marks 28–31 August; Line 5 marks
1–4 September; Line 6 marks 4–7 September; I–V are the sections. Adaptation of Figure 5 from [31].

SST temporal variability is driven by ocean–atmosphere interactions and ocean dy-
namic processes, some of which have time scales comparable to or shorter than the duration
of the hydrological survey. We illustrate one of the variability fragments by comparing the
meridional section along 155◦00′ E (Figure 7) made on 9 August 1987, and the same section
shown in Figure 3 completed on 19 August 1987. A comparison of the two successive
meridional sections indicates a similarity in the vertical structure in both cases manifested
in the presence of a cold cyclonic formation in the central part of the section. However,
the difference between the two structures is noteworthy, which consists in the presence of
a wave-like disturbance between 38◦00′ N and 39◦30′ N in the layer from the surface to
1000 m on 9 August 1987 (see Figure 7) and in its absence on 19 August 1987 (see Figure 3).
A trace of such a disturbance is apparently observed in Figure 4 (coordinates 38◦30′ N,
153◦15′ E, which shows the temperature distribution over the 100 m level).

Returning to the comparison of Figures 3 and 7, we can note a different phase of the
cold cyclonic formation movement, so if, in Figure 7, a cyclonic formation moving to the
south-southeast was marked by its periphery, then on 19 August 1987 in Figure 3, it was
already identified by its central part: the core of the disturbance is clearly visible in the
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section plane. In the period 9–19 August 1987, the SST in the south of the section increased
by several degrees, which is apparently due to the advection of water from the south.
Thus, the temperature at the test site has a complex spatiotemporal structure typical for the
subarctic front zone. The front in the upper ocean layer has two branches: the northern one
formed by the southern boundary of the Kuril (Subarctic) Current, and the southern one,
which is the northern boundary of the transformed waters of the Kuroshio northern branch.

Figure 7. Vertical section of the temperature (in ◦C) made along the meridian 155◦00′ E on 9 August
1987. Adaptation of Figure 6 from [31].

Instrumental observations of currents at the Megapolygon were carried out from
August to October 1987. Currents were measured at levels 120, 400, 1200 and 4500 m.
Of the 186 autonomous buoy stations (ABS) installed at the test site, information came
from 139 ABSs. Part of the ABSs was lost, and in other cases either the devices were torn
off or their failures were observed. As an example, Figures 8–10 show the results of the
average currents measured at the test site over the level of 120 m for August, September
and October 1987. Let us pay attention to the field of average currents at 120 m in August
1987 (Figure 8). An element of randomness in the currents is introduced by the fact that
the averaging interval was determined by the operating time of the velocity meter, and it
was different.

However, in Figure 8, as in Figure 4, the Kuril (Subarctic) Current can be detected.
In the central part of the polygon, it should also be noted that there is an anticyclonic
disturbance, which is associated above with the transformation of the northern Kuroshio
jet waters. Cyclonic disturbance centred at coordinates 40◦00′ N, 155◦00′ E is, apparently,
the same one that stands out in Figures 3–5 and 7. A joint analysis of the temperature and
currents allows one to draw a conclusion about their agreement.
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Figure 8. Average currents (in cm/s) at 120 m in August 1987. The arrow scale is at the upper right
corner of the figure. Adaptation of Figure 15 from [32].

Figure 9. Average currents (in cm/s) at 120 m in September 1987. The arrow scale is at the upper
right corner of the figure. Adaptation of Figure 16 from [32].
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Figure 10. Average currents (in cm/s) at 120 m in October 1987. The arrow scale is at the upper right
corner of the figure. Adaptation of Figure 17 from [32].

An analysis of current maps constructed by instrumental measurements at the test site
allows us to establish a two-layer structure: eastern transport in the upper (120 and 400 m)
and western transport in the deep (1200 and 4500 m) layers of the ocean. The structure and
variability of the currents in the upper layer are characterized by a number of features [22].

1. The largest-scale elements of the currents, including the deep anticyclonic meander of
the Subarctic Current (SAC) (Figure 4, 153–155◦ E), cyclonically vorticed currents of
subarctic water to the west and east of this meander, and the three large anticyclonic
Kuroshio rings of different ages in the southern half of the test site were very stable
and observed throughout the entire observation time.

2. Temporal variability of the large-scale current pattern was associated with the deep-
ening and weakening of the SAC anticyclonic meander, movements of its axis, move-
ments of the Kuroshio anticyclonic rings, and displacements of individual jets.

3. The spontaneous intensification of individual SAC jets was accompanied by meander-
ing and the separation of individual meanders and their transformation into cyclonic
and anticyclonic eddies of synoptic scale.

4. A process is presently driven by the mesoscale exchange of water, heat and salt
between eddies and the surrounding ocean. It is this process that leads to the final
heat and salt exchange between the subarctic and interfrontal water masses across the
subarctic front (SAF) associated with the generation of eddies.

5. Formation of the two types of eddies—rings and open ocean vortices—is caused by
the same mechanism, which is baroclinic instability of large-scale currents.

6. The effect of a latitudinal change in the Coriolis parameter manifested in the move-
ment of vortex disturbances in a westerly direction, was observed only for relatively
weak and large eddy formations.

In the deep ocean (1200 and 4500 m), at the test site, the structure and variability of
the currents were characterized by the following features [33].
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1. The eastern SAC is not visible in the deep layer. Maps of currents at 120 m show the
predominance of westerly currents. We can speak with fairly high confidence on the
presence of a large-scale countercurrent under the SAC with an interface between
these currents at a depth of about 1000 m.

2. All the largest synoptic disturbances of the currents in the thermocline [22] can be
observed on maps for the level of 1200 m.

3. The small eddy formations observed in the thermocline (70–80 km) are not visible
in the deep layer. At the same time, large non-stationary structural elements of
circulation are observed in the deep ocean but are not present at the level of 1200 m.
These include anticyclonic and cyclonic jets of currents with a width of 60–70 km.
A powerful vortex formation with meridional and zonal dimensions of about 150 and
240 km, respectively, with an orbital movement of water of 20 cm/s at a level 1200 m,
which appeared in October 1987, demonstrated a westward displacement with a
speed of about 7 km/day.

4. The observation results made it possible to confirm the assumption of the presence of
a western deep countercurrent under the SAC, which increases its speed with depth:
it was higher at the 4500 m level than at the level of 1200 m

An analysis of hydrological observations and measured currents revealed the follow-
ing features of the structure and variability of the currents in the deep ocean compared
to ones in the thermocline. Some of the synoptic disturbances of the oceanic circulation
covered the entire thickness of the ocean, while other ones were concentrated either only in
the thermocline or only in the deep layer. The currents in the deep layer were characterized
by significantly larger horizontal scales compared to ones in the thermocline. An analysis
of current maps of high time resolution in the thermocline and in the deep ocean allows us
to note that, in the latter, currents are significantly more non-stationary.

The processes of vortex formation observed at the “Megapolygon-87” in a wide range
of spatiotemporal scales, transfrontal exchange, sudden and rapid changes in currents,
temperature, salinity, and various hydrometeorological characteristics are undoubtedly
associated with baroclinic and hydrodynamic instability of large-scale currents. Naturally,
the structure and intensity of the ocean–atmosphere interaction in the region are formed
with the participation of the ocean and reflect its current thermodynamic state. The results
of heat budget assessments on the ocean surface (based on observations of hydrometeo-
rological conditions in the test site area by 11 RVs) [34] turned out negative (in the warm
half of the year!), which indicated a cooling of the ocean AUL. This was facilitated by both
anomalous sensible and latent heat fluxes from the ocean to the atmosphere, abundant
cloud cover reducing the short-wave solar radiation influx to the ocean surface, and ac-
tive transfrontal exchange of warm central and cold polar waters, as previously reported.
Anomalous cooling of waters in the region under consideration at the end of the 1980s was
also noted in ([9], Figure 3).

3.2. The Experiment “Atlantex-90”

The hydrophysical interdepartmental experiment “Atlantex-90” [23,35] was carried
out from November 1989 to June 1990 in the northwestern part of the AO (35◦00′–55◦00′ N,
60◦00′–25◦00′ W). The purpose of this experiment was an intensive, comprehensive study
of the Gulf Stream system. The following RVs took part in the hydrological surveys and
comprehensive observations of the thermodynamic state of the Gulf Stream—NA Current
system: the weather RVs “Viktor Bugaev” (voyage 54); “Musson” (voyages 61 and 62);
“Volna” (voyages 51 and 52); RVs IO RAS “Vityaz” (voyage 19); “Professor Stockman”
(voyage 26); “Akademik Kurchatov” (voyage 50); scientific and fishing vessel PINRO
“Persey-III”. The experiment allowed us to obtain important evidence on the features con-
cerning the thermodynamic state of the system Gulf Stream—NA Current, large-scale and
synoptic dynamics of the ocean and its interaction with the atmosphere, and the evolution
of atmospheric pressure formations over the ocean in the climate phase characterized by
the WO thermal discharge (1975–1999) [4].
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Consider some results obtained in the scope of the experiment “Atlantex-90”. Figure 11
presents (a) a fragment of the subpolar front separating the Labrador and Central Atlantic
water structures, and (b) the position and dynamics of the front on the ocean surface
for 22–29 June 1990 in the region 48◦00′–52◦00′ S, 45◦00′–36◦00′ W. The frontal section
of the above-mentioned structures is visible from the surface to depths of 1200–1500 m
(isotherms 4–8 ◦C). In the layer 500–1000 m, to the right of the front, an intrathermoclinic
lens is observed, which is the core of an intrathermoclinic anticyclonic vortex [36]. The
detailed structure of the lens and some of its hydrophysical characteristics on a section
along 48◦00′ N are presented in Figure 12.

Figure 11. (a) Zonal (along 48◦ N) temperature section made on 13–15 June 1990 by the RV
“Akademik Kurchatov” (voyage 50), and (b) the position of the isotherm 12 ◦C on the ocean surface on
22–29 June 1990 presenting the front location. The points indicate the position of the “AK-50” lense
centre for different dates: 1–16 June, 2–25 June, 3–28 June and 4–30 June 1990; crosses mark the centres
of one-degree squares No. 1–8. Solid, dashed and dash-dot lines represent the front dynamics for
22–29 June 1990. Arrows indicate the measured currents. Adaptation of Figure 61 from [32].
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Figure 12. Distribution of (a) anomalies of heat content (in 107 J/m2), (b) salt content (in 10−1 kg/m2),
(c) sound speed (in m/s) and (d) oxygen (in mL/l) at a section through the lens. The dashed line
shows the isopycnals in (a) and the oxygen distribution in (d). On the upper scale (a–c), position of
the stations 6026–6031 is marked (from left to right), and on (d)—stations 6065–6070. Adaptation of
Figure 83 from [32].

An important question is the nature of the lens and the intrathermoclinic vortex (ITV).
Through numerical modelling, using a differential-parametric model of the upper layer
of the ocean [37], the hypothesis was confirmed [38] (Figure 13), in that the mechanism of
their generation was deep winter convection. In particular, the modelling made it possible
to determine the area of the ITV formation (on the eastern periphery of the subpolar
front), as well as the conditions and time: in February 1990, during the invasion of cold,
moisture-deficient Arctic air masses to the subpolar front area.

The presence of an intrathermoclinic lens and ITV indicates an intensification of
vertical exchange with heat and salt, as well as other oceanological characteristics between
the surface and deep layers. Estimates of anomalies in heat, salt and oxygen content in
the main thermocline layer caused by local convective process amounted to 3.82 × 1019 J,
8.05 × 1011 kg and 4.65 × 1012 L, respectively.
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Figure 13. Evolution of the thermal structure at points (a) N1 and (b) N4 under boundary conditions
Tz=0(t) + δT(t), Sz=0(t), Vz=0(t); at points (c) N4 and (d) N8 under boundary conditions Tz=0(t) + δT(t),
Sz=0(t) + δS(t), Vz=0(t). Horizontal time scale means: 1 is the first 10 days of September, etc. Adap-
tation of Figure 63 from [32].

In May–June 1990, two ships of the Shirshov Institute of Oceanology (“Vityaz” and
“Professor Stockman”) carried out two consecutive hydrophysical surveys (02–22 May 1990
and 27 May–10 June 1990) with high spatial and temporal resolution of the Gulf Stream
delta region: 37◦00′–42◦30′ N, 42◦00′–49◦00′ W. The most remarkable element of the water
structure was the presence, according to the results of the first survey of a cyclonic meander
of the Gulf Stream (Figure 14) with the capture of polar waters, which emerged as an
independent formation according to the results of the second survey. Using the results
of isopycnal analysis, estimates were made of the Labradorian waters volume and the
associated heat and salt deficits arising on the eastern flank of the Gulf Stream due to
episodic transfrontal transport. The orders of these quantities turned out to be as follows:
6.11 × 103 km3 for the water volume, 28.4 × 1018 J for heat, 1.65 × 1012 kg for the salt mass.

The period of research in the scope of the programme “Atlantex-90” was characterized
by the complex structure of the frontal zone and intense eddy dynamics of the Gulf Stream
system region [39]. In contrast to eddies of convective nature ITV and rings caused by
transfrontal exchange (hydrodynamic instability of the front), the main source of eddies
in the open ocean is the baroclinic instability of large-scale currents. Let us consider three
successive meridional (along 36◦ W) sections of the NA Current hydrological structure
(Figure 15) measured with the device CTD (Conductivity, Temperature and Depth). The top
of Figure 15 shows the SST. Its analysis reveals the presence of the two frontal zones:
near 51◦00′ N and between 48◦ and 49◦ N. Maximum temperature and salinity gradients
are observed at a depth 200 m, and for these elements, they are higher here than on the
surface. The southern front is noticeably deeper and more pronounced than the northern
one, but not on the surface, where the temperature difference (2–3 ◦C) was smaller than in
the area of the northern front (4–5 ◦C).
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In the upper layers, the northern front is well tracked by the isohaline 35.0 PSU, which
is usually taken [40] as a boundary between the Labrador Sea and intermediate waters.
This isohaline plunges from north to south, showing, this way, their distribution in this
direction under intermediate waters. The southern front is well marked by the isohaline
35.5 PSU, which separates the intermediate water from the NA central one. On all the
three sections along 36◦ W, the position of the northern front coincides with the eastward
direction of geostrophic flows (Figure 15). In the core of this stream, the current velocity
varied from more than 30 cm/s in the period 29 May–7 June to 12.5 cm/s in the period
18–24 June. Similarly, the easterly flow in the area of the southern front in these sections
can be interpreted as the southern branch of the NA current. Dynamic velocities varied
from 30 to 50 cm/s.

Figure 14. Anomalies of the heat content in the Gulf Stream delta waters for the layers (a) 0–500 m,
(b) 0–1000 m and (c) 0–2000 m, and (d) isopycnal temperature anomalies on the normal (b), line
AB to the section front across the ring. CD is the ring section parallel to the front. Adaptation of
Figure 85 from [32].



J. Mar. Sci. Eng. 2024, 12, 758 17 of 26

Figure 15. Results of hydrological observations on (II) 22–23 May, (VII) 29 May–7 June and (XV) 18–24 June
CTD columns on sections along the meridian 36◦ W. Tw is SST, (a) is water temperature, (b) is salinity,
(c) is dynamic velocity (cm/s). The dashed line shows currents directed out of the figure. A depth of
2000 m was chosen as the reference level for dynamic calculations. SST on sections was obtained by
averaging several sections during the installation and inspection of buoys. Adaptation of Figure 4
from [39].
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Instrumental observations of currents in the experiment “Atlantex-90” were carried
out from 31 May to 23 June 1990 on a meridional section along 36◦ W between 47◦ and 53◦ N.
The currents were measured at horizons 100, 400, 1000, 2000 and 3500 m. Hodographs
of the velocity vectors for the measured currents averaged over the observation period
for 14 buoy stations on the meridian 36◦ W are presented in Figure 16 and are in good
agreement with geostrophic flows on this section (Figure 15).

Figure 16. Hodographs of current velocity vectors averaged over the observation period for 14 buoy
stations on the meridian 36◦ W. Adaptation of Figure 14 from [39].

Figure 17 shows the structure of flows on the meridian 36◦ W according to instrumental
observations for 6, 11 and 16 June 1990, as well as for the entire observation period.
The main zonal flows (two eastern and three western) cover the entire thickness from 100 to
3600 m. The highest current velocities were observed in the upper layers (100 and 400 m).
They decreased with depth, but, in some places, they increased somewhat again in the
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bottom layer. Distribution of the meridional component of currents on individual days and
when averaged over the observation period shows the presence of large-scale divergence
with northern flows in the northern part of the section and southern ones in its southern
part (Figure 17). There is also a certain tendency towards the formation of a two-layer
meridional circulation, with flows at the bottom opposite in direction to the rest of the
water column.

Figure 17. Zonal (u) and meridional (v) components of current velocity according to instrumental
observations for 6, 11 and 16 June 1990, as well as averages for the entire observation period. Asterisks
at some average values of current velocity components indicate that they were brought to a full range
of observations by comparison with observations at neighbouring horizons. Adaptation of Figure 16
from [39].
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4. Discussion

Large-scale hydrophysical experiments “Megapolygon” (subarctic frontal zone of
the northwestern PO, July–October 1987) and “Atlantex-90” (Newfoundland energetic
zone, May–July 1990) were carried out in the two key areas of the WO during the mul-
tidecadal rhythm of the present-day climate (1940–1999). Unprecedented observations
during the implementation of these two projects made it possible to obtain extremely
important comprehensive instrumental evidence of thermodynamic processes during mul-
tidecadal oscillation of the heat content of the WO during the phase of its thermal discharge
(1975–1999) [4,5]. These observations made it possible to establish the characteristic anoma-
lous thermodynamic states of the named water areas.

In particular, based on the observational data in these experiments, the following
results were obtained.

1. The formation of large-scale SST anomalies was studied in the PO [34,41] and AO [42].
2. Signs of extreme volume transport in the Labrador Current (based on the anomalously

low water temperature in its core, −1.2 ◦C) and the NA Current on the meridional
section at 36◦ W (up to 100 Sv) were identified [43].

3. The intensification of transfrontal water transport has been established both on the
subarctic front in the PO [32] and on the subpolar front in the AO [44].

4. High fluxes of sensible and latent heat from the ocean to the atmosphere were deter-
mined [30,45], and as a result, abnormally developed cloud covers were discovered in
the water areas of each experiment.

5. Facts of winter deep density convection have been recorded [27,38].

The climate shifts that have occurred over the past 100–150 years [3] were obviously
phase transitions of the climate system from a state of heat accumulation by the WO AUL
(the layer of the main thermocline) to a state of thermal discharge of this layer. As obser-
vations have shown, the thermal discharge phase occurs through heat exchange between
the ocean AUL and the atmosphere with the participation of deep-density convection
(Figures 11–13) and the process of transfrontal exchange of polar and central oceanic waters
in the PO (Figures 3–7) and in the AO (Figure 14). Demonstration of deep convection on
the subpolar front in the NA during the cold season 1989–1990 was the generation of an
intrathermoclinic lens (ITL) discovered and studied during the experiment “Atlantex-90”
(voyage 50 of the RV “Akademik Kurchatov”). The ITL was located in a layer 500–1000 m
and had a horizontal size of about 100 km. Estimates of anomalies in heat and salt content,
as well as oxygen content in the ITL (Figure 12) were 3.82 × 1019 J, 8.05 × 1011 kg and
4.65 × 1012 L, respectively.

The vertical distributions of phosphates and oxygen measured at stations 6062, 6066
and 6068 (Figure 84 in [32]) located on a zonal section through the ITL (Figure 12d) made
it possible to establish its difference in hydrochemical characteristics from Mediterranean
lenses, despite their multiple analogues: anomalies in temperature, salinity, density, etc.
Apparently, earlier in the experiment “Topogulf” [46] products of frontal lens destruction,
similar to what we discovered in “Atlantex-90”, were observed, rather than Mediterranean
ITL, as previously assumed [47]. The zonal section of water temperature (along 48◦ N) is
given in Figure 11. This section shows (a) the subpolar front and the ITL, (b) the position
and dynamics of the front, as well as the ITL relative to it. Modelling of the thermal
structure evolution (Figure 13) made it possible to establish the nature of ITL (deep density
convection), the time and location (in February–March 1990 on the eastern periphery of the
subpolar front) of its formation.

The features and nature of multidecadal changes of the Northern Hemisphere (NH)
atmospheric circulation in the present era can be understood based on Dzerdzeevskiy’s
diagnosis of a secular series of atmospheric circulation types [48–50]. Temporal changes in
individual pairs of atmospheric circulation groups are shown in Figure 18. In particular,
it shows changes in zonal (1 + 5) and meridional southern (3 + 10 and 4) circulation types.
The balance ratios of the meridional southern (3 + 10) and northern (2 + 6) atmospheric
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circulation groups of the NH are shown in Figure 19. Noteworthy is the alternation of
multidecadal northern and southern phases of atmospheric circulation types over the oceans
and continents (curves 1, 2 and 4 in Figure 19). It is important to note that, during the multi-
decadal phase of increasing the frequency of northern meridional processes over the oceans,
their reduction over the continents is observed, and, during the same phase, the frequency
of southern processes decreases over the oceans and increases over the continents.

Figure 18. (Left) cyclic components of individual pairs of atmospheric circulation groups: (1) zonal
western, (3) meridional southern, (4) meridional southern and western, (5) zonal western and
stationary, (10) meridional southern and stationary; (right) their amplitude-phase diagrams, k is
correlation coefficient for these pairs. Adaptation of Figure 110 from [32].
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Figure 19. Changes in the balance of meridional southern (1 + 5) and northern (2 + 6) atmospheric
circulation groups for (top) different sectors of the NH and (bottom) for oceans and continents:
1 marks oceans, 2 marks continents, 3 marks amplitude-phase diagrams of cyclic oscillations and
4 marks the difference between oceans and continents (between curves 1 and 2). Adaptation of
Figure 111 from [32].

For the climatic phases of heat accumulation by the WO (1940–1974 and 2000–2022),
one should expect a noticeable weakening of such processes as deep density convection,
transfrontal exchange of polar and central oceanic waters, sensible and latent heat fluxes
from the ocean to the atmosphere, transition of available potential energy into a kinetic
one accompanied by an intensification of eddy activity in the ocean. Analysis of the multi-
decadal atmospheric circulation structure variability in the NH made it possible to identify
its important features (Figures 18 and 19). As an example for the XX century, Figure 18
shows some multidecadal structures (zonal western (1 + 5) and meridional southern (3 + 10)
types) of atmospheric circulation in the six sectors of the NH. Noteworthy is the connec-
tivity and uniformity of the atmospheric circulation in some sectors of the NH: the PO
(1 + 5) and the Far East (4), the PO and AO (3 + 10), but its multidirectionality takes place
in other sectors: Atlantic (1 + 5) and American (1 + 5), PO (1 + 5) and Siberia (1 + 5), Far
East (4) and Siberia (1 + 5). The balances of the meridional southern and northern groups
of atmospheric circulation (Figure 19) reflect significant differences for the oceanic and
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continental sectors (curves 1, 2 and 4). The oscillatory multidecadal nature of a certain
balance in the atmospheric circulation obviously indicates the presence of self-oscillations
in the ocean–atmosphere–continent climate system that have the structure of standing
waves. Such a regime is probably a demonstration of the system’s tendency to preserve the
integral angular momentum of the atmosphere [51].

5. Conclusions

Multidecadal climate shifts, which have occurred sporadically over the past 100–150 years,
should be considered the most significant feature of the dynamics of present-day climate.
There is reason to believe that these phenomena will be observed in the near future. In the
mid-1970s, for the first time, attention was drawn to sudden rapid climate changes, which
were referred to as “climate shifts”. The scientific community was not ready to perceive
these phenomena as a natural behaviour of the climate system. It took some time to
understand that this is a global, rather than regional, phenomenon, and that behind it is WO,
namely, a change in the thermodynamic regime of its AUL (0–1000 m). As characteristics
of the thermodynamic state of the WO AUL, it is advisable to consider processes such
as sensible and latent heat fluxes from the ocean to the atmosphere accompanied by
the formation of a cloud cover that screens the shortwave solar radiation income to the
ocean surface; deep density convection, which determines the thickness of the near-surface
oceanic layer interacting with the atmospheric boundary layer; transfrontal exchange of cold
and freshened polar waters with warmer and saltier central ocean waters; hydrodynamic
and baroclinic instability of large-scale WO currents and, naturally, such systems as the
Kuroshio and Gulf Stream, the Antarctic Circumpolar Current, etc.; the transition of
available potential energy into a kinetic one, the result of which is the generation of
vorticity; formation of positive and negative thermal anomalies in the ocean.

Unprecedented data on thermodynamic processes in the ocean during the climatic
phase of its thermal discharge (1975–1999) were obtained during the implementation of the
projects Megapolygon [30] (PO, 1987) and Atlantex-90 [23] (AO, 1990) in areas of current
systems Kuroshio and Gulf Stream, respectively. The materials of these experiments made
it possible to obtain important factual information about each of the above processes,
thereby confirming their validity and assessing their significance. Thus, an important
feature of the present-day climate is the presence of a sequence of relatively continental and
humid phases (25–35 years each) of global climate. Phase transitions from a continental
phase to a humid one occur rapidly (for 2–3 years) and are accompanied by qualitative
changes, and, therefore, are considered “climatic shifts”. It has been established that the
WO has phases of heat accumulation and heat discharge, the first of which corresponds
to the continental climate, and the second one concerns increasing its humidity. As a
result of the WO thermohydrodynamic numerical modelling, signs of the heat content
planetary oscillation localized in the layer of its main thermocline were identified. Since
the main thermocline layer is the one where the most important elements of the WO
circulation are located, the idea arose to verify (based on observational data) the uniformity
of the thermodynamic regime in two key current systems—the Kuroshio and the Gulf
Stream—during the thermal discharge phase. The study carried out allows us to conclude
that, during the phase of the WO thermal discharge (1975–1999), both current systems were
in the following similar thermodynamic conditions.

1. Increased sensible and latent heat fluxes from the ocean to the atmosphere were observed.
2. The transfrontal exchange of subpolar and subtropical waters was intensified.
3. Deep density convection took place.
4. Eddy activity in each of the regions was high.

The lack of large-scale experimental data in a number of key WO areas during various
climate phases creates certain limitations in solving emerging problems. Prospects for the
development of research in the context of a shortage of necessary information are expected
to test a number of working hypotheses using indirect data.
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