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Abstract: A Specific feature of the present-day climate dynamics consists in its multidecadal oscilla-
tions with a period of about 20–60 years, and intradecadal disturbances with time scales of 2–8 years.
The period of 1940–1999 was distinctive due to the two–phase structure in which the initial phase
(1940–1974) was substantially dry, and the final one (1975–1999) was relatively humid. The transition
of the climate from the dry to the humid phase in the mid-1970s was recognized as a climatic shift. The
certain globality and quasisynchronism of multidecadal climate changes occur involving planetary
thermodynamic structures in the two most important components of the climate system, namely, the
ocean and the atmosphere. The search for the origin of the observed present-day climate variability
revealed the World Ocean (WO) active upper layer (AUL) heat content to demonstrate sequential
multidecadal phases of heat accumulation and discharge consistent with multidecadal phases of
climate disturbances. Thus, the WO AUL heat accumulation phase corresponds to a dry climate,
and its thermal discharge corresponds to a relatively humid one. The mechanism of the observed
multidecadal phase variability in the present-day climate consists of the planetary intrasystemic
redistribution of heat between WO and continental air masses, where the general circulation of the
atmosphere plays the role of an intermediary.

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

1. Introduction

The multidecadal variability in the large-scale heat transfer between oceans and
continents is an important feature of the internal dynamics in the current global climatic
system. The phenomenon was observed in the Northern Hemisphere, and reported first
in [1]. During weak ocean–atmosphere heat exchange, the active upper layer (AUL) of the
World Ocean (WO) accumulates heat, while the thermal discharge of AUL occurs during
increased heat transfer. At the same time, the following contemporary climatic oscillations
were discovered [2]. They consisted of the alternation of relatively humid climatic phases
related to periods of AUL heat discharge, e.g., 1905–1935 and 1975–1999, and essentially
dry climatic phases corresponding to the periods of WO heat accumulation (1940–1974 and
2000–2018).

Changes in the frequency and intensity of cyclonic activity in the atmosphere, and
near-surface temperature variations were observed in the late 1930s–1940s [3] and in the
mid-1970s [4]. Evidence was found of the global oscillation presence in the dynamics
of the climatic ocean–atmosphere–continents interface. Results consisted of a number
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of papers that showed quasisynchronous multidecadal phase disturbances appearing
over the whole global ocean. In particular, one can note the Pacific and Indian Oceans’
level and vorticity of the wind field [5], climatic processes in the Okhotsk and Greenland
seas [6], water temperatures of the surface layer in the northwestern Atlantic and east of
the equatorial Pacific [7], and AUL heat discharge in informative regions of the Atlantic,
Pacific, and Southern Oceans [8].

The reason appeared to believe that planetary-scale teleconnections [9] in the ocean–
atmosphere–continent interface can cause such environmental structures as global atmo-
spheric oscillation (GAO) and multidecadal oscillation of the heat content in the ocean
(MOHO), which synchronize all known regional oscillations, such as NAO and ENSO, in
the atmosphere and the ocean, respectively.

A single oscillation cycle of the modern climate lasts about 60 years, consisting of two
qualitatively different phases [10,11]: wet and dry. The change in the climatic phase occurs
suddenly and takes several years, and is perceived as a climatic shift [12–16]. The current
phase of the climate, transition to which occurred at the turn of the 21st century, is dry. It is
determined by a number of specific features, the most notable of which is a decrease in the
humidity of the planetary atmosphere [17–19] accompanied by an increase in fire hazards
and, as a consequence, by a widespread occurrence of natural forest fires [20]. Since the
preparation of a climatic phase change takes a certain amount of time (25–35 years), it
makes it feasible to forecast the next climatic shift and allows one to study the factors that
cause the suddenness and irreversibility of the observed process.

Diagnostic computations [21], materials of numerical modelling [22], and experimental
data [23] helped in concluding that the change in climatic phases presents a change in
the heat exchange regime between the ocean and the atmosphere (for example, [24]) in
the global and regional context: the ocean successively passes from the thermal discharge
phase into the heat accumulation phase, and then again to the thermal discharge phase.
Such phase transitions in the climatic system obviously took place in 1935–1940, 1973–1977,
and at the turn of the 20th and 21st centuries [2]. Another shift may have already occurred
during the current decade [21]. Global changes should naturally be accompanied by
changes in planetary-scale structures in both the ocean and atmosphere. In the atmosphere,
this structure is the GAO. Important features of GAO and its statistical significance were
discussed in detail in [25]. In the ocean, the presence of planetary quasisynchronous MOHO
was identified in [8]. In the present paper, we further explore the structure and features of
MOHO. We also characterise the main heat sources of multidecadal oscillations in the WO,
focusing on their location and significance.

2. Materials and Methods

The main materials for studying the structure of MOHO were the results of numerical
modelling of the ocean circulation performed with the ocean general circulation model
(OGCM) developed at the Institute of Numerical Mathematics of the Russian Academy of
Sciences, which is known in international practice as the Institute of Numerical Mathemat-
ics Ocean Model (INMOM) [22]. Diagnostic computations [21] along with field observa-
tion data obtained in large-scale hydrophysical experiments POLYGON-70, POLYMODE,
MEGAPOLIGON and ATLANTEX-90 [23,26–28] were used to validate and confirm the
results of the numerical modelling. A brief description of the INMOM mostly adopted
from [29] is provided below.

The INMOM is based on the physically complete equations of oceanic large-scale
hydrothermodynamics in Boussinesq and hydrostatic approximations, formulated in a
generic orthogonal coordinate system in a horizontal subspace, and in an isobathic σ-
coordinate system in the vertical direction. The prognostic variables of the INMOM are the
horizontal components of the velocity vector, potential temperature, salinity, and sea surface
height (SSH) deviation from the undisturbed state. A nonlinear equation of state is used
that allows for the compressibility of water that was specifically designed for OGCMs [30].
The main feature of INMOM distinguishing it from other well-known models is that its
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numerical implementation uses the method of splitting into physical processes [31]. At the
upper boundary, the condition of the free surface is used, which renders it possible to
reproduce long gravity waves including tides and wind surges. The splitting method
allows a dedication of an independent problem of barotropic circulation also known as
linear “shallow water” equations at each time step. These equations are solved using an
original implicit method, which allows one to avoid using a strong time step constraint
in the case of a deep ocean. This is especially important for simulations with high spatial
resolution. A sea ice model embedded into the INMOM for better simulations at high
latitudes consists of three components: thermodynamics [32], transport [33], and elastic-
viscous-plastic rheology [34].

In this study, we used the results of the simulation of WO circulation and its climatic
variability obtained with the INMOM [22] for the period of 1948–2007. International
programme Coordinated Ocean-ice Reference Experiments (CORE) is most relevant to
the problem of reproducing the characteristics of the ocean’s general circulation. Its goals
consist of researching WO circulation and its variability based on a multimodel approach
where all models participating in the comparison use the same experimental scenarios
and prescribed data to compute the atmospheric forcing. The aim of the first series of
CORE-I simulations [35] was the reproduction of the climatic mean quasistationary state of
the ocean and sea ice. In the second experimental series, CORE-II [36–39], the aim was to
investigate their interannual variability, while simulation results were compared with a
wide range of a comprehensive set of observational data. This paper presents the results of
numerical experiments performed with the INMOM in the scope of CORE-II.

The initial conditions were set as absence of snow and ice, the state of rest in the
ocean, and the January climatic mean temperature and salinity interpolated to the model
region from the Levitus dataset [40] having an original spatial resolution 1/4◦ in longitude
and latitude, and 33 standard oceanographic levels in depth. The use of a realistic initial
thermohaline state allows one to reduce the OGCM integration time to 50–60 years to
obtain a realistic circulation. The temperature and salinity fields contain a significant part
of information on ocean dynamics. When starting from a homogeneous thermohaline state,
several thousand years of model time are required to achieve a state that is close to a real
one with using prescribed characteristics of the atmosphere.

Following the CORE-II scenario [36–39], INMOM was integrated for five consecutive
60-year cycles corresponding to the period of 1948–2007. This is due to the fact that the
most important attribute of the climatic system is its long-term oscillations, and the most
pronounced of them is of a period of about 60 years. Thus, there was an attempt to
reproduce a fairly realistic evolution of atmospheric characteristics and, as a consequence,
the adaptation of ocean hydrodynamics to it.

To perform experiments involving computations of the atmospheric forcing, we used
a special database, CORE [41], of near-surface atmospheric characteristics, which is based
on NCEP/NCAR reanalysis data affected by special corrections. The CORE atmospheric
characteristics include air temperature, humidity, wind speed at the height of 10 m and
sea level pressure with the time discrepancy of 6 h, longwave and shortwave radiations
with time discrepancy of 24 h, and monthly mean precipitation and river runoff. The sea
surface fluxes of heat, freshwater, and momentum were computed using bulk formulas (see,
e.g., [42]). The river runoff was incorporated in the model in the form of pseudoprecipitation
located in water areas adjacent to river mouths.

Since there is a natural negative feedback for sea surface temperature to the prescribed
air temperature through sensible heat flux, no surface heat flux correction was applied.
On the other hand, there is no such feedback for salinity. Therefore, surface salinity was
nudged to climatic data [40] by introducing a relaxation term to the sea surface salinity
pseudoflux expressed as a difference between the simulated and prescribed near-surface
salinities multiplied by a coefficient equal to 1.5 × 10−4 cm/s. This can be interpreted as
the relaxation of model salinity averaged over the 10 m upper layer to climatic values
with a time scale of about 80 days. The need for sea surface salinity flux correction is also
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explained by the fact that the accuracy of precipitation and river runoff datasets is not
high enough.

According to the CORE-II scenario, which is a mandatory requirement for all models
participating in this project [36–39], the results of the final fifth 60 year cycle were the
needed data characterising variability in WO circulation for the period of 1948–2007.

The results of numerical modelling [10] were compared to diagnostic computations [21]
and local data [28] obtained in hydrophysical experiments POLYGON-70 (North Atlantic,
1970), POLYMODE (North Atlantic, 1977–1978), MEGAPOLIGON (North Pacific, 1987)
and ATLANTEX-90 (North Atlantic, 1990). The hydrophysical experiments listed above
used groups of research vessels that carried out complex instrumental observations of
the ocean thermodynamic state within several predefined study regions. This allowed
one to assess the phase of the ocean climatic characteristics in a certain area during the
experiment. A comparison of the model results and observational data demonstrated their
satisfactory agreement.

3. Results

Features of the WO thermal structure evolution for the time period of 1948–2007 can
be seen in Figure 1, which presents evolution of heat content in the 0–5500 m layer, in the
active upper layer (AUL) 0–1000 m including the upper mixed layer 0–100 m, and in the
deep layer over the range of 1000–5500 m. The WO heat content (0–5500 m) shows a general
increase breaking in the 1950s–1960s and 1980s–1990s. In the upper 1000 m WO layer,
the change in the water heat content experienced multidecadal perturbations relative to
a certain critical level, and in the deep (1000–5500 m) layer, it increased during the entire
period under consideration. The observed two-layer structure of the WO heat content
evolution indicates the presence of two different modes and sources of such variability.

Figure 1. Time series of the WO heat content and its quadratic trend for the period of 1948–2007 in
the layers 0–5500, 0–1000, 1000–5500, and 0–100 m.

Estimates of the heat content evolution in the upper 1000 m layer at higher vertical
resolution (over 100 m layers) reveal a number of important details of the multidecadal re-
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arrangement of the WO AUL (Figures 2–4). For the period of 1948–2007, the heat content of
the near-surface 100 m layer (Figure 2) showed a positive trend. In deeper layers (Figure 3),
at least in the layer of 100–500 m, the heat content decreased for the indicated period.
Further, as shown in Figure 4, the heat content at the same time was sequentially switched
from the regime of some decrease(100–500 m) to an increase (600–1000 m). The near-surface
100 m layer of the WO mainly reflects seasonal changes, which are well-correlated with
processes in the atmospheric boundary layer. The intermediate layer of 100–500 m is
more presentable with respect to processes occurring in the main thermocline. The main
thermocline presents vertical and horizontal changes in temperature, salinity, and density.
Due to geostrophic relationships in the main thermocline, the main changes in horizontal
velocities were concentrated along the vertical direction [43].

Figure 2. Time series of the WO heat content and its quadratic trend for the period of 1948–2007 in
the upper mixed layer: 0–50 and 50–100 m.

Figure 3. Time series of the WO heat content and its quadratic trend for the period 1948–2007 in the
active upper layer (the main thermocline): 100–200 m, 200–300 m, 300–400 m, 400–500 m, 500–600 m.
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Figure 4. Time series of the WO heat content and its quadratic trend for the period of 1948–2007 in
the active upper layer (its deep part): 600–700, 700–800, 800–900, 900–1000 m.

Thus, it follows from the analysis of the WO heat content evolution based on the
numerical simulation results (Figures 1–4) that the MOHO is not expressed in the upper
(0–100 m) mixed layer. It is manifested in the layer of the main thermocline (100–500 m)
(Figures 2 and 3).

The nature of the MOHO spatial structure and its features can be considered by
analysing Figures 5–8, which present cnange in WO temperature in the period of 1948–1999.
The centres of WO AUL cooling noted above at the near-surface (Figure 5) and intermediate
(Figure 6) levels were also seen at the depth levels of 600 and 700 m (Figure 7). At depths of
800 and 900 m (Figure 7), the signal on the the AUL heat content decrease in the northern
regions of the Atlantic and Pacific was noticeably weakened; in the Southern Ocean, it was
observed at the levels of 1000, 1100, and 1200 m (Figure 8).

Figure 5. Perturbations in the WO temperature (°C) in the upper mixed layer (levels 0, 50, 100 m)
from the phase of 1948–1974 to the phase of 1975–1999.

However, for the time period of 1975–1999, in a large area of the WO, the AUL
experienced an increase in heat content. In particular, this was observed along the eastern
boundaries of the Atlantic and Pacific. Thus, MOHO is a structure with negative and
positive changes in the heat content of AUL of the WO. The centres of the AUL heat content
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decrease are natural sources of oceanic heat in the climatic phase (1975–1999) supplying
the atmosphere and promoting the intensification of cyclogenesis in it. As an example, it
is sufficient to mention the Barents Sea, where the warm intermediate layer of Atlantic
waters presents the source of cyclogenesis in the atmosphere, forming a relatively warm
and mild climate in the region. This problem was also discussed in [8,23]. On the other
hand, positive changes in the AUL heat content point to regions where the weakening of
cyclogenesis occurred in the indicated period.

Figure 6. Perturbations in the WO temperature (°C) in the part of the active upper layer related to
the main thermocline (levels 200, 250, 300, 400, 500 m) from the phase of 1948–1974 to the phase
of 1975–1999.

Figure 7. Perturbations in the WO temperature (°C) in the deep part of the active upper layer (levels
600, 700, 800, 900 m) from the phase of 1948–1974 to the phase of 1975–1999.
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Each of the World Ocean areas determines its own contribution (sign and magnitude)
to the considered oscillation. The most significant indicators of this participation are shown
in Figure 6, which shows the disturbance anomalies in the MOHO core.

Figure 8. Perturbations in the WO temperature (°C) in the deep layer (levels 1000, 1100, 1200 m) from
the phase of 1948–1974 to the phase of 1975–1999.

4. Discussion

The nature of the WO heat content evolution (Figure 1) allows for considering its struc-
ture as a superposition of two modes of variability, namely, trend and wave fluctuations.
The trend characterises the WO deep layer (1000–5500 m) and represents secular or longer
changes, whereas multidecadal wave oscillations (0–1000 m) characterise the AUL.

The WO thermal regime is demonstrated by two layers: multidecadal heat content
perturbations in the AUL and its continuous growth in the deep layer. The growth of
the heat content in the deep layer (source power, 0.25 W/m2) is associated mostly with
the anthropogenic factor [44–48]. A certain effect may be attributed to natural processes,
for example, a decrease in the intensity of upwellings along the western coasts of continents,
a decrease in the generation of Antarctic bottom waters, and a weakening of circulation in
the global oceanic conveyor [49].

On the basis of the factual material, a positive trend in the deep layer (1000–3000 m) of
WO was identified [44]. According to the data of ATLANTEX-90 experiment [23] in the
North Atlantic, which acts as one of the heat sources, in the AUL (0–1000 m), negative
anomalies of heat content were revealed; deeper (1000–2000 m), obviously not by chance,
the positive ones were found. The ATLANTEX-90 experiment was carried out during the
WO thermal discharge phase (1975–1999).

In the WO AUL and deep layer, heat content evolution is fundamentally different.
In the AUL, there are multidecadal oscillations of the heat content with its episodic increases
(in the 1950s–1960s) and decreases (in the 1980s–1990s), thus conditionally maintaining a
critical level of the parameter.

MOHO undoubtedly reflects an important role of the latter in the formation of the
structure of the present-day climate change. Earlier multidecadal WO rhythms and their
quasisynchronous relationship were revealed on the corresponding time scales with the
variability in the planetary atmosphere [2,8]. This allows for substantiating the existence
of processes consisting of the redistribution of heat in the global intrasystem (ocean–
atmosphere–continent) originating from the WO AUL.

The thermodynamic regime of the present-day global climate multidecadal rhythm,
for example, 1940–1999, should be examined in more detail. It is also important to analyse
and understand the behaviour of the global atmosphere and the WO during a specific time
interval. On the eve of the accepted climatic rhythm, i.e., in the late 1930s–early 1940s in
the Northern Hemisphere, anomalous temperature contrasts developed in the near-surface
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layer of the atmosphere over the oceans (Atlantic and Pacific) and the Eurasian continent.
Correspondingly, ocean surfaces turned out to be abnormally heated, and the surface of
the central continental regions was abnormally cold. A similar state of the regional climate
system was observed with the dominance of Arctic air mass invasions over the Eurasian
and North American continents. It was accompanied by a weakening of the zonal western
atmospheric circulation, and a by reduction in the thermal effect of the oceans over the
Eurasian [2] and North American [12] continents.

Along with the development of meridional southern processes of atmospheric circu-
lation over the oceans, meridional northern processes develop over the continents, and
during periods of more frequent northern processes over the oceans, an increase in the
frequency of southern processes over the continents is observed. The diagnosis of the
amplitude-phase diagrams of the balances between such changes indicates their multi-
decadal rhythm.

In 1975–1999, the intrusions of cold Arctic air masses into warm waters, spreading
to the high latitudes of the Atlantic (North Atlantic current) and the Pacific (North Pa-
cific current), were the cause of extreme heat and moisture fluxes into the atmosphere.
Anomalous cloudiness was developed over regions of intense heat exchange and, as a
consequence, the supply of shortwave solar radiation to the ocean surface was decreased.
The cooling and salinisation of surface waters on a multidecadal time scale of 25–35 years
were accompanied by the development of deep convection up to 1000 m and over in the
Atlantic [23] and up to 400–500 m in the Pacific [21], which predetermined the energy of
the WO AUL.

The significant cooling of the upper 1000 m ocean layer at a certain moment leads to a
sudden interruption of deep convection, together with high heat fluxes from the ocean into
the atmosphere and a decrease in the thickness of the cloud cover. An increase in the inflow
of shortwave solar radiation to the ocean surface is also observed. A significant cooling of
the upper ocean 1000 m layer occurs as a result of many years of intense fluxes of sensible
and latent heat with a simultaneous weakening of the inflow of shortwave solar radiation
to the ocean surface due to clouds. The ocean–atmosphere system changes the regime of
thermodynamic interaction within 2–3 years and passes from the state of thermal WO AUL
discharge to the state of its heat accumulation. This is perceived as a climatic shift. Then,
the system turns into the mode of AUL recovery to its initial heat content.

The transitions of the climatic system occuring suddenly from the humid to the
continental and then again to the humid phase are accompanied by either the weakening
of the western transfer of moist and warm oceanic air masses to the continents or its
strengthening. These transitions significantly impact the economic, social, and political
lives of huge territories (droughts, floods, forest fires, etc.).

The significant cooling of the upper 1000 m WO layer at a certain point leads to the
rapid restructuring of atmospheric circulation in the Northern Hemisphere: the intrusions
of Arctic air masses onto the oceans decrease and become more frequent over the continents.
At the same time, deep convection in the ocean is interrupted, heat fluxes from the ocean to
the atmosphere are reduced, weakened cloudiness, and an increase in incoming shortwave
solar radiation at the ocean surface are observed. However, the processes of WO AUL
heat content recovery, following its thermal discharge, take a long time of 25–35 years, and
demonstrate phase changes in the ocean [8]. The latter can be identified by occasionally
performing hydrological observations in informative areas. Thus, the forecast of climatic
shifts of the present-day climate can be based on monitoring the multidecadal phase state
of the WO AUL heat content.

MOHO represents quasisynchronous planetary changes in the water temperature that
can be seen at the near-surface (Figure 5), intermediate (Figure 6), and deep
(Figures 7 and 8) levels. The most important elements of the MOHO are oceanic heat
sources, which present large-scale AUL WO cooling centres established in the northern
regions of the Atlantic and Pacific, and in each sector of the Southern Ocean. In the Southern
Ocean, due to the presence of a warm intermediate layer, water cooling is well-pronounced
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in the intermediate and deep layers rather than at the surface. Noteworthy are the positive
perturbations of water temperature near the western boundaries of the continents, which
may occur due to the weakening of upwelling intensity in the phase of the WO AUL
thermal discharge.

The structure of MOHO presents a set of observed positive and negative large-scale
perturbations of the temperature in the AUL, concerned with the main elements of WO gen-
eral circulation [43]. These include the system of currents (Gulf Stream, Kuroshio, Antarctic
Circumpolar Current, etc.), zones of divergences (subpolar, northern and southern tropical,
Antarctic) and convergence (northern subtropical and tropical, southern subtropical and
tropical) of each ocean, and upwellings at the western coasts. Noteworthy is a certain
difference in the structure of inhomogeneities in the Atlantic, Pacific, and Indian oceans,
which is probably associated not only with the features of the ocean (for example, their
stratification) and with the complex distribution of continents, but also with the nature of
the WO AUL interaction with the boundary layer of the atmosphere (either the flux from
the ocean to the atmosphere or from the atmosphere to the ocean dominates). There is
satisfactory agreement between the results of numerical modelling and diagnostic compu-
tations based on the reanalysis data of phase disturbances of the near-surface temperature
in the Northern Hemisphere [50].

The phase trajectory of the differences in heat fluxes between the southern and north-
ern regions in the Pacific and Atlantic revealed the links between thermodynamic processes
in the two oceans, expressed as a multidecadal cycle with a time scale of at least 20–25 years.
Instrumental observations carried out in the ATLANTEX-90 experiment during the thermal
discharge phase of the WO AUL (1975–1999) presented an increase in water circulation
intensity in the Gulf Stream system, an abnormally high discharge of the North Atlantic
current, the intensification of transfrontal exchange, and the development of deep convec-
tion [23].

The analysis of WO temperature perturbation maps corresponding to the climatic
phases periods of 1948–1974 and 1975–1999 (Figures 5–7) allows for us to draw attention
to the specific features of the MOHO structure, characterised by the intensification of
convergence in the centres of the northern and southern anticyclonic gyres of the Atlantic.
This is expressed in the formation of positive anomalies in the heat content of tropical
waters in the upper 600m layer. At the same time, an opposite tendency is seen in the
Pacific: the convergence in the centres of the corresponding gyres is weakening, which
in turn is expressed in a reduction in the heat content of the tropical waters of the basin.
This is consistent with the diagnostic computations performed before. The analysis of the
long-term time series (1961–1993) of the annual mean surface temperature and heat fluxes
in the northern parts of the Atlantic and Pacific found that the time series of the differences
in heat fluxes between the equatorial and middle latitudes in the Pacific and Atlantic is in
an antiphase. Variability in the temperature fields in the North Atlantic region presented in
our analysis agreed with the results of the recent studies on the dynamics of the Atlantic
multidecadal oscillation (AMO) [51].

There are centres of water cooling along the Antarctic shelf and at the edge of the
continental slope that obviously correspond to the location of the sources of the generation
of bottom Antarctic water. An opportunity arises to test the hypothesis regarding the
presence of climatic phases with an intensive formation of the bottom water in 1975–1999
and of climatic phases with a significant weakening of this process. Earlier studies showed
that Antarctic bottom waters approach the Vema Channel connecting the Argentine and
Brazilian bottom basins by a chain of mesoscale eddies [52]. The velocity of the current
during the passage of eddies through the channel at the depth of 4150 m significantly
increases to up to 66 cm/s, and the water temperature decreases by 0.1 ◦C [53].

The mechanism of contemporary climate variability, an important feature of which is
its observed rhythm, is realised as follows. The propagation of Arctic air masses during
the 1975–1999 phase to warm North Atlantic and North Pacific waters results in the
intensification of the heat exchange between the ocean and the atmosphere, the generation
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of cyclones in the atmosphere, and an increase in the western transport of warm and
humid air masses to the Eurasian and North American continents. With a strong long-term
exchange of heat and moisture between the ocean and the atmosphere, deep convection
develops in the area of the heat source in the ocean, which increases the thickness of the
layer interacting with the atmosphere in the ocean. Significant clouds develop over the area
of intense heat exchange, reducing the flux of shortwave solar radiation at the ocean surface.
This does not compensate for the observed heat losses (experiments MEGAPOLIGON and
ATLANTEX-90). Over the continents, a phase of relatively humid climate occurs. The long-
term process of the ocean cooling, on the one hand, and an increase in the interaction layer
in the ocean, on the other hand, entail the weakening of cyclogenesis in the atmosphere
and, as a consequence, its interruption. At the same time, these processes also entail the
interruption of deep convection and a decrease in cloudiness. The ocean is entering a
phase of the recovery of its initial AUL heat content, which takes several decades. On the
continents, a phase of a drier climate is established. After the AUL returns to its initial
thermal state, the ocean would again be capable of its next thermal discharge.

5. Conclusions

The evolution of the WO heat content indicates the presence of two modes of variability,
one representing the processes in the AUL within 0–1000 m depth, and the other the
deeper ocean within 1000–5500 m. The multidecadal perturbations of the ocean AUL heat
content characterise a quasisynchronous relationship with atmospheric variability on the
corresponding time scales. This allows for understanding that the observed features of the
present-day climate are due to intrasystem (ocean–atmosphere–continent) processes of heat
redistribution, the source of which is the WO AUL.

The observed multidecadal phase variability of the present-day climate is characterised
by a certain rhythm, and realised with the participation of the two planetary structures,
the MOHO and GAO. A separate rhythm of the climate lasts about 60 years and consists
of two phases of 25–35 years that are qualitatively different: one is relatively humid, and
the other is essentially continental. The interphase transition is determined by an abrupt
change in the current climate and is perceived as a climatic shift. The forecast of this shift is
possible and extremely important. The source of multidecadal phase climatic variability
is the WO AUL heat content. The work shows that MOHO is a structure with large-scale
foci of quasisynchronous cooling of waters in the north of the Atlantic and Pacific Oceans,
and in the Southern Ocean, with heat sources that occasionally initiate an intensification
of the westerly transport of warm and humid air masses from the ocean to the continents,
changing the climate of the latter. The discovery of such structures as MOHO and GAO
allows for revising and relating a number of important experimental results obtained in the
framework of experimental field studies and during the Razrezy programme (“Sections”).

In conclusion, the perception of the planetary oceanic oscillation MOHO is complicated
due to both the dissection of the World Ocean and the absence (Figures 1 and 2) of a MOHO
signal in the upper mixed layer (0–100 m).
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Abbreviations
The following abbreviations are used in this manuscript:

AMO Atlantic multidecadal ocillation
AUL Active upper layer
CORE Coordinated ocean-ice reference experiment
ENSO El-Niño southern oscillation
GAO Global atmospheric oscillation
INMOM Institute of Numerical Mathematics Ocean Model
MOHO Multidecadal oscillation of the heat content in the ocean
NAO North Atlantic oscillation
OGCM Ocean general circulation model
WO World ocean

References
1. Byshev, V.; Neiman, V.; Romanov, Y. On the essential differences between the large-scale variations of the surface temperature

over the oceans and continents. Oceanology 2006, 46, 147–158. [CrossRef]
2. Byshev, V.; Neiman, V.; Romanov, Y.; Serykh, I. Phase variability of some characteristics of the present-day climate in the northern

atlantic region. Dokl. Earth Sci. 2011, 438, 887–892. [CrossRef]
3. Agee, E. Trends in Cyclone and Anticyclone Frequency and Comparison with Periods of Warming and Cooling over the Northern

Hemisphere. J. Clim. 1991, 4, 263–267. [CrossRef]
4. McCabe, G.; Clark, M.; Serreze, M. Trends in Northern Hemisphere Surface Cyclone Frequency and Intensity. J. Clim. 2001,

14, 2763–2768. [CrossRef]
5. Lee, T.; McPhaden, M. Decadal phase change in large-scale sea level and winds in the Indo-Pacific region at the end of the 20th

century. Geophys. Res. Lett. 2008, 35, L01605. [CrossRef]
6. Nakamura, M. Greenland Sea Surface Temperature Change and Accompanying Changes in the Northern Hemispheric Climate.

J. Clim. 2013, 26, 8576–8596. [CrossRef]
7. Kim, H.; An, S.I. On the subarctic North Atlantic cooling due to global warming. Theor. Appl. Climatol. 2013, 114, 9–19. [CrossRef]
8. Byshev, V.; Neiman, V.; Anisimov, M.; Gusev, A.; Serykh, I.; Sidorova, A.; Figurkin, A.; Anisimov, I. Multi-Decadal Oscillations of

the Ocean Active Upper-Layer Heat Content. Pure Appl. Geophys. 2017, 174, 2863–2878. [CrossRef]
9. de Viron, O.; Dickey, J.; Ghil, M. Global modes of climate variability. Geophys. Res. Lett. 2013, 40, 1832–1837. [CrossRef]
10. Byshev, V.; Neiman, V.; Romanov, Y.; Serykh, I.; Sonechkin, D. Statistical significance and climatic role of the Global Atmospheric

Oscillation. Oceanology 2016, 56, 165–171. [CrossRef]
11. Henley, B.; Gergis, J.; Karoly, D.; Power, S.; Kennedy, J.; Folland, C. A Tripole Index for the Interdecadal Pacific Oscillation. Clim.

Dyn. 2015, 45, 3077–3090. [CrossRef]
12. Bond, N.; Overland, J.; Spillane, M.; Stabeno, P. Recent shifts in the state of the North Pacific. Geophys. Res. Lett. 2003, 30, 2183.

[CrossRef]
13. Stephens, C.; Levitus, S.; Antonov, J.; Boyer, T. On the Pacific Ocean regime shift. Geophys. Res. Lett. 2001, 28, 3721–3724.

[CrossRef]
14. Tsonis, A.; Swanson, K.; Kravtsov, S. A new dynamical mechanism for major climate shifts. Geophys. Res. Lett. 2007, 34, L13705.

[CrossRef]
15. Wang, G.; Swanson, K.; Tsonis, A. The pacemaker of major climate shifts. Geophys. Res. Lett. 2009, 36, L07708. [CrossRef]
16. Cheng, L.; Abraham, J.; Zhu, J.; Trenberth, K.; Fasullo, J.; Boyer, T.; Locarnini, R.; Zhang, B.; Yu, F.; Wan, L.; et al. Record-Setting

Ocean Warmth Continued in 2019. Adv. Atmos. Sci. 2020, 37, 137–142. [CrossRef]
17. Shein, K. State of the Climate in 2005: Executive Summary. Bull. Am. Meteorol. Soc. 2006, 87, 801–806. [CrossRef]
18. Blunden, J.; Arndt, D. State of the Climate in 2011. Bull. Amer. Meteorol. Soc. 2012, 93, S1–S282. [CrossRef]
19. Mao, K.; Chen, J.; Li, Z.; Ma, Y.; Song, Y.; Tan, X.; Yang, K. Global water vapor content decreases from 2003 to 2012: An analysis

based on MODIS data. Chin. Geogr. Sci. 2017, 27, 1–7. [CrossRef]
20. Hayasaka, H.; Yamazaki, K.; Naito, D. Weather conditions and warm air masses during active fire-periods in boreal forests. Polar

Sci. 2019, 22, 100472. [CrossRef]
21. Byshev, V.; Figurkin, A.; Anisimov, I. Interdecadal variability in thermal structure of water in the upper active layer in the

northwestern Pacific Ocean. Dokl. Earth Sci. 2017, 477, 1343–1347. [CrossRef]
22. Gusev, A.; Diansky, N. Numerical simulation of the World Ocean circulation and its climatic variability for 1948–2007 using the

INMOM. Izv. Atmos. Ocean. Phys. 2014, 50, 1–12. [CrossRef]

http://doi.org/10.1134/S0001437006020019
http://dx.doi.org/10.1134/S1028334X11060304
http://dx.doi.org/10.1175/1520-0442(1991)004<0263:TICAAF>2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(2001)014<2763:TINHSC>2.0.CO;2
http://dx.doi.org/10.1029/2007GL032419
http://dx.doi.org/10.1175/JCLI-D-12-00435.1
http://dx.doi.org/10.1007/s00704-012-0805-9
http://dx.doi.org/10.1007/s00024-017-1557-3
http://dx.doi.org/10.1002/grl.50386
http://dx.doi.org/10.1134/S000143701602003X
http://dx.doi.org/10.1007/s00382-015-2525-1
http://dx.doi.org/10.1029/2003GL018597
http://dx.doi.org/10.1029/2000GL012813
http://dx.doi.org/10.1029/2007GL030288
http://dx.doi.org/10.1029/2008GL036874
http://dx.doi.org/10.1007/s00376-020-9283-7
http://dx.doi.org/10.1175/BAMS-87-6-801
http://dx.doi.org/10.1175/2012BAMSStateoftheClimate.1
http://dx.doi.org/10.1007/s11769-017-0841-6
http://dx.doi.org/10.1016/j.polar.2019.07.002
http://dx.doi.org/10.1134/S1028334X17110113
http://dx.doi.org/10.1134/S0001433813060078


J. Mar. Sci. Eng. 2022, 10, 1064 13 of 14

23. Ivanov, Y.; Byshev, V.; Romanov, Y.; Sidorova, A. On the structure of the North Atlantic current in May–June 1990. J. Oceanolog.
Res. 2019, 47, 33–63. [CrossRef]

24. Loisel, J.; MacDonald, G.; Thomson, M. Little Ice Age climatic erraticism as an analogue for future enhanced hydroclimatic
variability across the American Southwest. PLoS ONE 2017, 12, e0186282. [CrossRef]

25. Serykh, I.; Sonechkin, D.; Byshev, V.; Neiman, V. Global Atmospheric Oscillation in Geopotential Fields of the Free Atmosphere.
IOP Conf. Ser. Earth Environ. Sci. 2019, 386, 012006. [CrossRef]

26. Kamenkovich, V.; Monin, A.; Voorhis, A., Eds. The Polymode Atlas; Woods Hole Oceanographic Institution: Woods Hole, MA,
USA, 1986; 375p.

27. Kort, V.; Samoilenko, V. Atlantic Hydrophysical Polygon–70. In Meteorological and Hydrophysical Investigations; Oxonian Press Pvt.
Ltd.: New Delhi, India, 1983.

28. Byshev, V. Synoptical and Large-Scale Variability of Ocean and the Atmosphere; Ivanov, Y., Ed., Nauka: Moscow, Russia, 2003; 343p.
29. Moshonkin, S.; Zalesny, V.; Gusev, A. Simulation of the Arctic—North Atlantic Ocean Circulation with a Two-Equation K-Omega

Turbulence Parameterization. J. Mar. Sci. Eng. 2018, 6, 95. [CrossRef]
30. Brydon, D.; Sun, S.; Bleck, R. A new approximation of the equation of state for seawater, suitable for numerical ocean models. J.

Geophys. Res. Ocean. 1999, 104, 1537–1540. [CrossRef]
31. Marchuk, G. Methods of Numerical Mathematics, 2nd ed.; Stochastic Modelling and Applied Probability; Springer: New York, NY,

USA, 2009.
32. Yakovlev, N. Reproduction of the large-scale state of water and sea ice in the Arctic Ocean in 1948–2002: Part I. Numerical model.

Izv. Atmos. Ocean. Phys. 2009, 45, 357–371. [CrossRef]
33. Smolarkiewicz, P. A fully multidimensional positive definite advection transport algorithm with small implicit diffusion. J.

Comput. Phys. 1984, 54, 325–362. [CrossRef]
34. Hunke, E. Viscous–Plastic Sea Ice Dynamics with the EVP Model: Linearization Issues. J. Comput. Phys. 2001, 170, 18–38.

[CrossRef]
35. Griffies, S.; Biastoch, A.; Böning, C.; Bryan, F.; Danabasoglu, G.; Chassignet, E.; England, M.; Gerdes, R.; Haak, H.; Hallberg, R.;

et al. Coordinated Ocean-ice Reference Experiments (COREs). Ocean Model. 2009, 26, 1–46. [CrossRef]
36. Danabasoglu, G.; Yeager, S.; Bailey, D.; Behrens, E.; Bentsen, M.; Bi, D.; Biastoch, A.; Böning, C.; Bozec, A.; Canuto, V.; et al. North

Atlantic simulations in Coordinated Ocean-ice Reference Experiments phase II (CORE-II). Part I: Mean states. Ocean Model. 2014,
73, 76–107. [CrossRef]

37. Danabasoglu, G.; Yeager, S.; Kim, W.; Behrens, E.; Bentsen, M.; Bi, D.; Biastoch, A.; Bleck, R.; Böning, C.; Bozec, A.; et al. North
Atlantic simulations in Coordinated Ocean-ice Reference Experiments phase {II} (CORE-II). Part II: Inter-annual to decadal
variability. Ocean Model. 2016, 97, 65–90. [CrossRef]

38. Downes, S.; Farneti, R.; Uotila, P.; Griffies, S.; Marsland, S.; Bailey, D.; Behrens, E.; Bentsen, M.; Bi, D.; Biastoch, A.; et al. An
assessment of Southern Ocean water masses and sea ice during 1988–2007 in a suite of interannual CORE-II simulations. Ocean
Model. 2015, 94, 67–94. [CrossRef]

39. Farneti, R.; Downes, S.; Griffies, S.; Marsland, S.; Behrens, E.; Bentsen, M.; Bi, D.; Biastoch, A.; Böning, C.; Bozec, A.; et al. An
assessment of Antarctic Circumpolar Current and Southern Ocean meridional overturning circulation during 1958–2007 in a suite
of interannual CORE-II simulations. Ocean Model. 2015, 93, 84–120. [CrossRef]

40. Levitus, S.; Boyer, T.; Conkright, M.; O’Brien, T.; Antonov, J.; Stephens, C.; Stathoplos, L.; Johnson, D.; Gelfeld, R. World Ocean
Database 1998. NOAA Atlas NESDIS 18; Technical Report; U.S. Government Printing Office: Washington, DC, USA, 1998.

41. Large, W.; Yeager, S. The global climatology of an interannually varying air–sea flux data set. Clim. Dyn. 2009, 33, 341–364.
[CrossRef]

42. Parkinson, C.; Washington, W. A large-scale numerical model of sea ice. J. Geophys. Res. Ocean. 1979, 84, 311–337. [CrossRef]
43. Kamenkovich, V. (Ed.) Ocean Physics; Oceanology, Nauka: Moscow, Russia, 1978.
44. Levitus, S.; Antonov, J.; Boyer, T.; Locarnini, R.; Garcia, H.; Mishonov, A. Global ocean heat content 1955–2008 in light of recently

revealed instrumentation problems. Geophys. Res. Lett. 2009, 36, L07608. [CrossRef]
45. Levitus, S.; Antonov, J.; Boyer, T.; Baranova, O.; Garcia, H.; Locarnini, R.; Mishonov, A.; Reagan, J.; Seidov, D.; Yarosh, E.; et al.

World ocean heat content and thermosteric sea level change (0–2000 m), 1955–2010. Geophys. Res. Lett. 2012, 39, L10603. [CrossRef]
46. Chen, X.; Tung, K.K. Varying planetary heat sink led to global-warming slowdown and acceleration. Science 2014, 345, 897–903.

[CrossRef]
47. Gleckler, P.; Durack, P.; Stouffer, R.; Johnson, G.; Forest, C. Industrial-era global ocean heat uptake doubles in recent decades. Nat.

Clim. Chang. 2016, 6, 394–398. [CrossRef]
48. von Schuckmann, K.; Cheng, L.; Palmer, M.; Hansen, J.; Tassone, C.; Aich, V.; Adusumilli, S.; Beltrami, H.; Boyer, T.; Cuesta-Valero,

F.; et al. Heat stored in the Earth system: Where does the energy go? Earth Sys. Sci. Data 2020, 12, 2013–2041. [CrossRef]
49. Anisimov, M.; Ivanov, Y.; Subbotina, M. Abyssal Path of the Global Ocean Conveyor. Oceanology 2002, 42, 615–618.
50. Byshev, V.; Neiman, V.; Romanov, Y.; Serykh, I. On the spatial nonuniformity of some parameters of global variations in the recent

climate. Dokl. Earth Sci. 2009, 426, 705–709. [CrossRef]
51. Diansky, N.; Bagatinsky, V. Thermohaline Structure of Waters in the North Atlantic in Different Phases of the Atlantic Multidecadal

Oscillation. Izv. Atmos. Ocean. Phys. 2019, 55, 628–639. [CrossRef]

http://dx.doi.org/10.29006/1564-2291.JOR-2019.47(2).4
http://dx.doi.org/10.1371/journal.pone.0186282
http://dx.doi.org/10.1088/1755-1315/386/1/012006
http://dx.doi.org/10.3390/jmse6030095
http://dx.doi.org/10.1029/1998JC900059
http://dx.doi.org/10.1134/S0001433809030098
http://dx.doi.org/10.1016/0021-9991(84)90121-9
http://dx.doi.org/10.1006/jcph.2001.6710
http://dx.doi.org/10.1016/j.ocemod.2008.08.007
http://dx.doi.org/10.1016/j.ocemod.2013.10.005
http://dx.doi.org/10.1016/j.ocemod.2015.11.007
http://dx.doi.org/10.1016/j.ocemod.2015.07.022
http://dx.doi.org/10.1016/j.ocemod.2015.07.009
http://dx.doi.org/10.1007/s00382-008-0441-3
http://dx.doi.org/10.1029/JC084iC01p00311
http://dx.doi.org/10.1029/2008GL037155
http://dx.doi.org/10.1029/2012GL051106
http://dx.doi.org/10.1126/science.1254937
http://dx.doi.org/10.1038/nclimate2915
http://dx.doi.org/10.5194/essd-12-2013-2020
http://dx.doi.org/10.1134/S1028334X09040436
http://dx.doi.org/10.1134/S0001433819060021


J. Mar. Sci. Eng. 2022, 10, 1064 14 of 14

52. Aleinik, D.; Byshev, V.; Neiman, V. Variability of thermodynamic characteristics in the deep ocean. Dokl. Earth Sci. 2004,
397, 829–833.

53. Morozov, E.; Frey, D.; Neiman, V.; Makarenko, N.; Tarakanov, R. Extreme Transport Velocities of Antarctic Bottom Water in the
Deep-Water Vema Channel. Dokl. Earth Sci. 2019, 486, 659–662. [CrossRef]

http://dx.doi.org/10.1134/S1028334X19060060

	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusions
	References

