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Abstract: We propose interpreting the vertical structure of waters not only in space but also over time,
taking into account the continuous variability of the ocean and the independence of temperature and
salinity parameters. This approach allows us to consider, in real conditions, the entire spectrum of
short- and long-term extrema of both characteristics, either separately or together at the same depth.
Vertical distributions of temperature and salinity transform separately and independently of each
other under the influence of heat and freshwater budgets, which change at different time scales. Each
of the parameters has its own active layers with corresponding time scales. Changes in the signs
of heat and freshwater budgets and subsequent changes in the characteristics of the surface layer
cause the appearance and disappearance of separate extrema of temperature and salinity in the water
column. Using a salinity field as an example, we have shown that each of the extrema, in their vertical
distribution from the near-surface to the intermediate depths, is a temporary phenomenon with
various lifetime scales and is located at the lower boundary of the corresponding active layers. In
some areas of the ocean, temperature and salinity extrema exist together at the same depth. Volumes
of water with such characteristics and explicit boundaries should be considered water masses.

Keywords: variable ocean; interaction with the atmosphere; active layer; independent temperature
and salinity; salinity extrema; lifetime; water mass

1. Introduction

It is generally accepted that the water column is similar to a sandwich cake in that
it contains layers of various water masses, which spread around the ocean from their
formation areas along isopycnals. Particular attention has been drawn to low-salinity
water masses, which are observed at intermediate depths and distinguished by a minimum
vertical distribution of salinity. They are associated with low-salinity surface waters at the
high latitudes of the southern and northern hemispheres, spreading towards the equator.
The mystery surrounding this type of water mass is that, in reality, it does not have the
properties that it seems to be endowed with; the lack of tracers and its supposed spreading
mean that it is not isopycnal. These circumstances force us to be critical of the T-S method
of interpretation of the vertical water structure.

This method is based on the idea of a functional relationship between temperature
and salinity. However, such a supposition is only possible if the ocean has a “hard lid” and
so has no interaction with the atmosphere. In other words, it is a stationary ocean. Indeed,
in the classical theory of water masses, the surface layer is excluded from the stationary
T-S analysis due to the influence of the atmosphere. As a result, the active layer concept is
disregarded.

In reality, each independent parameter of temperature and salinity should have active
layers in accordance with the characteristics of heat and freshwater balances of different
climatic zones. Taking into account the multi-scale variability of the ocean, it is possible
to distinguish daily, synoptic, seasonal, and even long-lived active layers. The latter are
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associated with the variability of chains of the climatic system over large time scales. The
current freshwater balance of the oceans represents only one of the possible phases of its
long-term variability. Thus, precipitation predominates in subarctic (subantarctic) latitudes,
providing a desalinated sea surface there. On the other hand, evaporation dominates at
middle and low latitudes, leading to salinity increasing in the upper layer. These processes
have been going on for a long time, forming active layers that have an extra-long lifetime.

Field observations demonstrate the different kinds of temperature and salinity extremes in
the ocean, from near-surface to intermediate depths, which involve some contradictions—not
all of them are recognized as water masses. In particular, the shallow salinity minimum is
perceived as a seasonal phenomenon rather than a water mass. However, the salinity minimum
at intermediate depths is considered as a water mass, but it is not isopycnal and, contrary to
expectations, does not have any tracers. It is impossible to guarantee its origin from any sources
on the ocean surface. Moreover, water masses very rarely have explicit boundaries. The reason
for this contradiction is that the T-S method was intended for a stationary ocean without an
atmosphere, while, in reality, it is used to study a variable ocean.

Some researchers have recognized the problems with the concept of water masses and
believe in the extension of traditional ideas [1]. However, practice shows that this direction
of research allows all questions to remain open.

In our opinion, the only way to overcome the contradictions is to take into account the
independence of temperature and salinity, the interaction of the ocean with the atmosphere,
and its variability at different time scales.

If one takes into account the influence of the atmosphere, it is possible to include in the
interpretation of the vertical water structure active layers and the extremes of temperature
and salinity in them—factors that previously were not considered at all [2]. Future ideas
for the interpretation of the water structure tend to separate the vertical distribution
of independent temperature and salinity characteristics functionally related to heat and
freshwater budgets. An analysis of the reasons for the appearance and disappearance of
their extrema in the active layer will allow us to definitively establish what kind of water
volume should be considered an “alien water mass” with definite boundaries that are
brought in from another area of the ocean.

Such approach in the investigation of the vertical thermohaline structure of the ocean,
considering the processes of ocean-atmosphere interaction in different time scales up to the
extremely large will be very useful for specialists in climatology, physical oceanography,
and paleoceanography.

The purpose of this paper is to interpret the vertical salinity distribution in a vari-
able ocean and identify the cause-and-effect relationships between the appearance and
disappearance of salinity extremes in different time scales from the near-surface to the
intermediate depths under the influence of a variable freshwater budget.

2. Types of Temperature and Salinity Extremes

Extremes in the vertical temperature and salinity distribution are observed from the
near-surface to the intermediate depths. More often, they exist separately, but in some
cases, they coexist at the same depths.

Extremes in the temperature field are found, as a rule, in areas with a negative heat
budget, typical for high latitudes. Here, one can observe a temperature minimum at subsur-
face depths (subsurface dichothermal layer) and a temperature maximum at intermediate
depths (warm intermediate layer). These extremes are often called layers, although they
are also assumed to be water masses.

Temperature extremes are not permanent everywhere. In particular, in the western
part of the subarctic Pacific zone, they manifest all the year round; however, in the central
and eastern regions, both can disappear simultaneously and reappear over time.

In the middle latitudes of this climatic zone, at the beginning of autumn cooling, a
local temperature maximum is often detected at the near-surface depths. This is rarely
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mentioned in the literature and is absent in the classification of extrema. It lasts for up to
several hours.

Extremes in the vertical salinity distribution are generally found in areas with a
negative freshwater budget. Here, at subsurface depths, both maxima and minima of
salinity can be observed. The latter occurs in different oceans up to 800-1300 m. In arid
zones of the ocean, salinity minimum at intermediate depths is observed constantly, but at
the boundaries of the zone exists only in a dry season. In addition, in the upper layer of
the ocean, salinity minima appear in the near-surface layers at daily [3] and synoptic time
scales [4].

A minimum in vertical distribution of salinity can be observed even in areas with a
positive annual freshwater budget in the subarctic (subantarctic) zone of the ocean. Here,
it exists locally and only for a short time at the near-surface layer during the season of
negative freshwater budget.

There are some uncertainties in the interpretation of temperature and salinity extrema.
For example, salinity minima in the vertical distribution of salinity observe at different
depths but only at intermediate depths, they associate with water masses. Shallow salinity
minima are not included in this category and are simply considered “seasonal” [5-7].

The salinity minimum at intermediate depths is considered as a water mass but does
not possess isopycnicity. The results of observations demonstrate that the suspected spread-
ing of these water masses towards the equator in the northern and southern hemispheres
is not isopycnal [6,8-13]. Furthermore, contrary to generally accepted opinion, it has no
tracers that can confirm its formation on the sea surface. Thus, in the northern part of the
Pacific Ocean, the extrema in the vertical distribution of tritium and freons occur at the
same depth but 300-600 m above the salinity minimum [14-16]. The maximum dissolved
oxygen concentration also occurs above the salinity minimum [17-19].

Moreover, there is no consensus about the geographical location of the formation
area of low-salinity water masses in the northern Pacific. In addition to the subarctic front
zone [12,20,21], it can be located in the Gulf of Alaska [22-24], the Sea of Okhotsk [24,25],
and in the Kuril Current region [26].

There is no way to establish a correlation between the salinity minimum at intermediate
depths and chemical elements in the southern hemisphere. High concentrations of nitrates,
phosphates, and silicates are found much deeper and have no extremes [8,10,27-29]. The
distribution of CFC-11, CFC-12, CO,, and CHy4 on meridional sections in the South Pacific
does not indicate their direct connection with the salinity minimum [30-34]. The maximum
oxygen concentrations here, like in the northern hemisphere, occurs at shallower depths than
the salinity minimum [10,28,29,35-38].

Thus, observation data demonstrate that the depth of the salinity minimum at inter-
mediate depths does not coincide with the depth of high oxygen concentrations in any
ocean. This indicates that there is no direct correlation between those two extremes. It
means they do not have a common source of formation. This also applies to the region
of the subantarctic front, where conditions for the development of deep convection exist.
Here, the salinity minimum also lies deeper than the high oxygen concentrations.

Moreover, north of the subantarctic front, high oxygen concentrations in the water
interior are associated with a completely other water mass, exactly with the Subantarctic
Mode Water, which is located at a shallower depth and does not have an extreme on
the T-S curve [39-41]. Here, the classical conception of water masses meets with several
contradictions. Firstly, the salinity minimum, considered an s Antarctic water mass of low
salinity with a classic extreme on the T-S curve, does not have any tracer. Secondly, high
oxygen concentrations in reality are associated with another water mass, which does not
have an extreme on the T-S curve. Such interpretation of water masses contradicts the
classical water mass quantity definition [42] (p. 71). Thus, rather than together representing
one water mass, the extremes of salinity and oxygen separately represent two completely
different water masses with different formation areas.



Water 2024, 16, 2341

4of 14

It should be noted that, in the southern hemisphere, just north of the subantarctic
front, the salinity minimum at intermediate depths has not been observed to be constant
but periodical. It disappears and reappears over large areas of the ocean at the same
time [43,44]. In this case, one should no longer talk about a specific geographical position
of the formation area but about the season favorable for its detection in the water column,
namely the season of evaporation dominance [44].

The same area exists in the north Pacific, where a salinity minimum in the water
column is observed only in the dry season; This is a transition zone between areas with
different signs of freshwater balance [45].

Thus, the salinity minimum at intermediate depths, which is associated with a water
mass of low salinity, does not have the properties considered inherent to it. In addition, in a
certain area of the ocean, this water mass can be observed only seasonally, what is unusual.

In general, temperature and salinity extremes can be observed in different climatic
zones of the ocean and exist independently of each other, but in some areas, they can be
found together at the same depths. For example, they present at intermediate depths in the
Atlantic Ocean, west of the Strait of Gibraltar, and at intermediate depths in the Arabian Sea,
where waters from the Gulf of Oman spread. In addition, one can find such a combination
of temperature and salinity extremes on shelf slopes, in areas of deep convection, and in
ocean troughs with a thermal water outlet.

Thus, there are different types of temperature and salinity extremes in the water
column, the interpretation of which is ambiguous. The reason is that the T-5 method used
for the interpretation of the vertical water structure initially was intended for the ocean
without considering the atmosphere but today is applied to the ocean, which interacts with
the atmosphere. To overcome contradictions in water structure interpretations, one needs
to take into account the interaction of the ocean with the atmosphere, the independence of
temperature and salinity parameters, their functional relationship with heat and freshwater
budgets, and ocean variability at different time scales.

The ocean varies at different time scales, up to millions of years [46—-48]. These changes
are difficult to detect if one examines the ocean alone. However, this is possible within the
framework of the climate system: the variability of elements over large geological time
scales is well documented.

Significant changes in the climate system started with geological processes indepen-
dent of external forcing. The characteristics of the land surface had been changing for a
long time, resulting in the formation of new features of atmospheric circulation, followed
by changes in other elements of the climatic system [49]. The uplifting of the Tibetan
and Himalayan plateaus took over 40 million years and occurred, most likely, in several
stages [50-52]. The last stage took place 2.6 million years ago [52] and was accompanied by
an intensification of the Asian winter [51] and summer [53] monsoons. The development
of the Asian monsoon led to a connection between the lower and middle troposphere of
two monsoon systems (Asian and African) into one integrated system [53], which involved
the completion of the formation of centers of atmospheric action in a way close to the
modern one.

The continuous restructuring of atmospheric circulation finished with two simultane-
ous events: the emergence of land cover glaciation about 2.54 million years ago [54] and
the freshening of the subarctic Pacific, by which a stable halocline formed approximately
2.73 million years ago [55]. Features of freshwater balance, which observed still today, ap-
peared in the ocean: the dominance of precipitation at high latitudes and the predominance
of evaporation at middle and low latitudes. These phases of freshwater balance variability
have persisted since that time, forcing the formation of a salinity field in the ocean: the
freshening of the surface layer in the subarctic and the increasing salinity of the upper layer
in arid zones. This large-scale ocean variability conditionally can be called as geological.

To evaluate the opportunities that produce such approach, let us compare, for example,
the interpretation of extremes in the vertical salinity distribution within the framework of a
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traditional analysis for a stationary ocean and for a variable ocean, where temperature and
salinity are independent of each other and the ocean interacts with the atmosphere.

3. Materials and Methods

To study the vertical distribution of salinity, we used 2009 oceanographic data from
the World Ocean Database and data from Argo drifting buoys. The Ocean Data View
program [56] was used for data processing.

The intra-annual variability of the vertical distribution of salinity at different latitudes
was investigated in the southern hemisphere for three oceans and the northern part of
the Pacific Ocean. In this work, we used only actual data, without averaging over time or
space. From the available dataset for the southern hemisphere, we determined the southern
position for the water structure with a salinity minimum at intermediate depths and the
northern boundary of the water structure without a salinity minimum. For the northern
part of the Pacific Ocean, we determined the northern position of the water structure with
a salinity minimum at subsurface depths and the southern position of the water structure
without a salinity minimum. In addition, we noted the presence of a salinity minimum at
near-surface depths in subarctic and subantarctic zones of the ocean.

4. Stationary Ocean

At the beginning of the last century, due to the small amount of field observation
data, the ocean was considered alone. There was no concept of its temporal variability
and interaction with the atmosphere. Under such conditions, to interpret the vertical
water structure, V. Helland-Hansen proposed the joint representation of temperature and
salinity as one T-S curve [57]. The analysis of this curve suggests that the water column
consists of several layers of different origin. Regardless of which characteristics have
extrema in the vertical distribution, the shape of the T-S curve turns out to be surprisingly
uniform for large areas of the ocean, which seems to confirm the existence of extended flat,
parallel layers with constant properties. A. Defant and G. Wust explained the presence
of minima and maxima in the vertical distribution of temperature and salinity by the
horizontal spreading of waters with such properties from other regions of the ocean [58].
The supposed horizontal layers were called “water masses,” and the extrema on the T-S
curves became associated with their cores.

Later, a theoretical basis for the interpretation of T-S curves was proposed [2,42,59-61].
Boundary conditions for the heat and salt diffusion equations describing the vertical
distribution of temperature and salinity were set inside the ocean at the boundaries of
water masses but not on the surface [59]. The concept of a “water mass” became widespread
and researchers started to use it in practice. The first definition of the concept was given by
A.D. Dobrovolsky [62]. Later, researchers returned to this issue more than once [63,64].

Let us note that temperature and salinity can be functionally coupled only in an ocean
that does not interact with the atmosphere. In this case, its surface must be shut with a
“hard lid”. The lack of interaction with the atmosphere, and, consequently, the lack of
variability in both characteristics, makes the ocean stationary. The use of the T-S method
for such ocean makes it possible to associate the origin of the characteristics” extrema only
with horizontal isopycnal advection. The fact that water masses are inextricably linked
with ocean currents is one of the main postulates of the water mass concept. In the absence
of atmospheric influence, the role of currents in the formation of a vertical distribution of
temperature and salinity properties appears to be dominant from the surface to the bottom
layers. Within the framework of a stationary ocean model, such ideas seem logical.

However, practice shows that, in the real ocean, the condition of isopycnicity of the
assumed spreading of water masses is not fulfilled. The interpretation of the vertical water
structure with the T-S method involves contradictions that cannot be overcome within
its framework.

Let us note that the classical theory of water masses excludes the surface layer of the
ocean from the “stationary T-S analysis” precisely because of atmospheric influence [2,62,65].
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For this reason, the upper layer is not considered stationary, and extremes of temperature and
salinity are not considered [2] (p. 244).

In addition, the active layer that exists in the real ocean is never mentioned when
the vertical water structure is interpreted by the T-S method. The reason for this is quite
understandable: the active layer cannot exist without the ocean—-atmosphere interaction.

The way to overcome contradictions is the rejection of the T-S method for interpreting
the water structure in the variable ocean. In reality, the ocean constantly exchanges with
the atmosphere via heat and freshwater to generate unceasing changes in the boundary
conditions on the sea surface. The vertical distribution of independent temperature and
salinity fields must be investigated separately, taking into account the functionally asso-
ciated heat and freshwater budgets and the interaction with the atmosphere at different
time scales.

5. Variable Ocean

Let us examine the variability of the vertical salinity distribution in a tropical zone
with a negative freshwater budget (Figure 1).
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Figure 1. Characteristic vertical distribution of temperature and salinity in the arid zone of the ocean.
Explanation: 1—active layer of synoptic time scale; 2—active layer of seasonal time scale; 3—active
layer of great (geological) time scale.

The temperature and salinity profiles for different phases of heat and freshwater
budget variability are presented here. The dotted line demonstrates the salinity distribution
during the phase of evaporation dominance. During this season, the maximum salinity
values are located at the ocean’s surface, and there is only one extreme in its vertical
distribution: the salinity minimum at intermediate depths (Figure 1).

It should be noted that even Yu. A. Ivanov [66] proposed that, when studying the
distribution of oceanological characteristics, one needs to investigate each of them, keeping
in mind the surface boundary conditions affecting their variability.

Observations show that diurnal, synoptic, seasonal, and long-term active layers can
be distinguished in the ocean interior due to changes in the signs of the freshwater budgets
at corresponding time scales.

During the season precipitation predominates, the salinity values on the surface
decrease. The salinity value at subsurface depths turns out to be higher in absolute value
and becomes the maximum for this certain vertical distribution. As freshening increases,
the salinity values in deeper layers turn out to be maximal. The extreme occurrence depth of
the salinity maximum is achieved when extreme seasonal freshening occurs on the surface.
Moreover, the salinity values that were initially located at those depths become extreme
for this profile. The characteristics of the salinity maximum at subsurface depths—salinity
value and occurrence depth—change throughout the season due to freshwater budget
changes [67]. Therefore, this extreme is a temporary phenomenon of a seasonal scale; it
does not connect with horizontal advection but appears and disappears in the water column
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during the corresponding phase of freshwater balance variability. The extreme occurrence
depth represents the lower boundary of the active layer of the seasonal time scale.

The phase of precipitation dominance ends with the freshening of the surface layer—a
necessary initial condition for the subsequent appearance of another extreme at near-surface
(subsurface) depths, the salinity minimum, in the water column. The change in the sign of
the freshwater balance under the dominance of evaporation leads to a rise in salinity values
in the upper layer. Moreover, on the surface, the salinity increases faster than at subsurface
horizons and eventually becomes larger in absolute value [3,4,68,69]. This means that the
salinity minimum in the vertical salinity distribution appears at near-surface depths as a
background to the higher salinity values in the surface layer (Figure 1).

The characteristics of the salinity minimum—occurrence depth and salinity value in its
core—change continuously as the freshwater balance changes and depend on the duration
of the dry period. Figure 1 demonstrates one of the salinity minima at a smaller time scale
in the near-surface layers. Its occurrence depth represents the lower boundary of the active
layer of the synoptic (daily) time scale.

The process of a salinity minimum’s appearance in the water column follows the same
scenario for different time scales: daily [3], synoptic [4], or seasonal [45,68,69]. Essentially,
it represents a process of salinity increasing in the upper ocean layer during the phase
of evaporation dominance. The duration of this process continues as long as the salt
flow from the surface continues. The change in the sign of freshwater balance with the
dominance of precipitation leads to the disappearance of the salinity minimum as an
extreme. Thus, the salinity minimum, despite the differences in occurrence depths, is a
temporary phenomenon at different lifetime scales.

Let us examine the vertical distribution of salinity in the North Pacific at different
times and in different areas where there are different signs of freshwater budget (Figure 2).

324 328 332 336 34 S,psu 328 332 336 34 34.4 S, psu 34 34.2 34.4 34.6 S, psu
0 L 1 4 1 L 1 1 L 0 L 1 L 1 it Il L \/ 0 Il 1 1 1 Il n L L
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Figure 2. Typical vertical distribution of salinity in areas with different signs of freshwater balance:
(a) positive; (b) transition zone; (c) negative. Salinity profiles are located between 160° E and 160° W:
(a) 48° N; (b) 43° N; (c) 38° N.

The subarctic zone of the Pacific Ocean has a positive freshwater budget; therefore,
the surface layer has the maximum freshening (Figure 2a). The intra-annual variability
of the salinity field leads to the fact that, at near-surface depths, one can find a salinity
minimum, which has a short lifetime. Salinity profiles do not have any extremes in the
deep-water column.

The transition zone between areas with different signs of freshwater budget (Figure 2b)
has a much greater amplitude of intra-annual salinity variability. Different time scales’
variability in the value and sign of the freshwater budget is the reason for the appearance
and disappearance of salinity extremes of different signs and lifetime scales. During a
year, one can observe here the near-surface salinity minimum of the synoptic time scale,
the subsurface salinity maximum of the seasonal time scale, and a salinity minimum at
intermediate depths, which also has a seasonal lifetime scale.

The position of the salinity minimum at intermediate depths throughout the North
Pacific, according to the freshwater budget, is shown in Figure 3.
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140° E 160 180 160 140 W

Figure 3. Area of the seasonal existence of a salinity minimum at intermediate depths in the North
Pacific Ocean (shaded). Explanation: 1—seasonal southern boundary of the water structure without
a salinity minimum; 2—seasonal northern position of the water structure with a salinity minimum;
3—salinity minimum at near-surface depths in the subarctic zone. The insert shows corresponding
salinity profiles.

Here, we mark the area within which the salinity minimum detected only seasonally
during the dry season. The transition zone between areas with different signs of freshwa-
ter budget can be traced throughout the entire North Pacific, with 300-400 miles across
(Figure 3). The northern periphery of it represents the seasonal northern boundary of
salinity minimum occurrence at subsurface depths. The southern boundary of the tran-
sition zone represents the seasonal southern position of the water structure without a
salinity minimum.

The quintessence of the transition zone is that, in a given area of the ocean, seasonal
changes in the sing of freshwater budget inevitably lead to the appearance and disappear-
ance of a salinity minimum in the vertical distribution of salinity at a seasonal time scale,
regardless of the presence or absence of horizontal advection.

During the wet season, the ocean surface becomes fresher, and up to approximately
42° N, the vertical distribution of salinity looks like that in the subarctic, without extremes
at subsurface depths. Here, at a depth of about 300-350 m, one can observe a salinity
minimum, which is completely isolated from the ocean surface at this time. This is the
largest occurrence depth of a salinity minimum, which appears and disappears in a region
throughout the year, representing a temporary seasonal phenomenon [45].

During the evaporation-dominated season, the area of the salinity minimum at subsur-
face depths shifts northward, up to approximately 46° N. At this time, due to the increase
in salinity values in the surface layer, those salinity values that initially were on subsurface
horizons turn out to be the minimum for the given salinity profile. The seasonal growth of
salinity values in the surface layer is the reason for the appearance of a salinity minimum
at subsurface depths—not at one point but over broad areas.

South of the transition zone, there is an area with a negative freshwater budget
(Figure 2¢). In this area, the salinity minimum at intermediate depths in vertical salinity
distribution does not disappear each year. The characteristic feature of the given area is
the presence of maximum salinity values on the surface. This is the essence of the arid
zone: for a long time, the salt flow here is directed deep into the ocean. The presence of
a seasonal salinity maximum at subsurface depths is a consequence of the positive phase
of freshwater budget variability of a seasonal time scale. This seasonal temporal attribute
of the salinity profile manifests in the background of its long-term variability due to its
generally negative trend (Figure 1).

Thus, the salinity minimum at intermediate depths in the North Pacific consists of
two sections: seasonal for transition zone and long-lived for arid zone.

Field observations demonstrate the existence of a similar transition zone in the
southern hemisphere located at the boundary of areas with different signs of freshwa-
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ter budget—within which the salinity minimum, as noted earlier [44], can be observed only
seasonally (Figure 4).
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Figure 4. Area of the seasonal existence of a salinity minimum at intermediate depths in the southern
hemisphere (shaded). Explanation: 1—seasonal northern boundary of the water structure without a
salinity minimum; 2—seasonal southern position of the water structure with a salinity minimum;
3—salinity minimum at near-surface depths in the subantarctic zone.

A transition zone exists throughout the southern hemisphere, but its size varies signif-
icantly in different oceans. The appearance and disappearance of the salinity minimum at
a seasonal time scale is not synchronous but variable due to seasonal changes in the sign of
the freshwater budget along the entire subantarctic front, regardless of the peculiarities of
water dynamics. The salinity minimum is not surface ocean water and, therefore, it does
not contain high oxygen concentrations. Consequently, oxygen cannot be a tracer for the
salinity minimum. In turn, a seasonal salinity minimum, as a temporary phenomenon,
cannot be the source of a salinity minimum at intermediate depths in the arid zone.

North of the transition zone in the southern hemisphere, in the area where evaporation
dominates over precipitation, the salinity minimum in the water column exists all the
year-round. This means that the salinity minimum at intermediate depths in the southern
hemisphere, like in the northern, consists of two sections with different lifetime scales.

Thus, the salinity minimum at intermediate depths in both hemispheres is not a
complete structure. It consists of two parts: a deep-water minimum, which does not
disappear every year; and a seasonal shallow-water minimum on its northern (southern)
periphery. In the framework of the representation of ocean variability over a large time
scale, it would be more accurate to call the salinity minimum at intermediate depths, which
does not disappear every year, a long-term phenomenon rather than a permanent feature.
The nature of the seasonal origin of the salinity minimum is quite clear: it appears in the
water column every year during the season when evaporation prevails.

The negative freshwater budget of the tropical zones of North Pacific reflects the fact
that evaporation has dominated here for a long time. This explains salinity increases in the
upper layer and salt flux into the deep ocean. These processes have been occurring here
over a period of more than 2.73 million years [55] and continue at present not only in the
seasonal active layer but also in the underlying layers. A negative freshwater budget is
a necessary condition for the existence of the salinity minimum in the water column, not
only for short time scales but also for long ones.

Thus, a water column deeper than the seasonal active layer can be considered a
long-term active layer with an extra-long lifetime scale whose formation is still ongoing.
The lifetime of this active layer corresponds to the duration of the negative phase of the
freshwater budget existing in this climatic zone. A salinity minimum at intermediate depths
representing its lower boundary is a long-lived but still temporary phenomenon. It has no
connection with the ocean surface and with the horizontal spreading of waters from other
regions, what explains the absence of any tracers in its core.
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The greatest depth of salinity minimum occurred in areas with the highest salinity
values in the surface layers. This corresponds to the functional relationship between
the salinity and the freshwater budget. Salt fluxes from the surface create a water of a
higher density in deep layers, which becomes the salinity minimum. If salt fluxes from
the surface have different rates in adjacent areas, one can find a deeper occurrence depth
of salinity minimum for the region with the greater magnitude or longer duration of the
salt fluxes. Thus, the different values of freshwater balance on the surface in various
regions of the arid zone explain the difference in the occurrence depths of the salinity
minimum and, correspondingly, the lack of isopycnicity of its staying (not spreading!) at
intermediate depths.

Thus, all separate salinity minima in the vertical salinity distribution from near-surface
horizons to intermediate depths represent temporary phenomena of different lifetime scales.
In essence, all of them are local and are not associated with horizontal advection. The
characteristics of the freshwater budget determine their lifetime, occurrence depth, and
distribution in the ocean. All of them observed during the negative phase of freshwater
budget variability. The occurrence depths of salinity minima represent the lower boundary
of the active layer of the corresponding lifetime scale. They appear and disappear in the
water column on the background of salinity values’ variability in the surface layer. All of
these processes occur under the stable water stratification conditions.

The presence of active layers of different lifetime scales in the water interior contradicts
the idea for existing of stationary layers in the water column. It seems that a continuously
variable ocean cannot contain any unchangeable elements that not influenced by atmo-
spheric forcing. Nonetheless, there are some specific water volumes that fully correspond
to the classical concept of “water masses”.

6. On the Idea of Water Masses

The concept of water masses originated from the interpretations of the oceanographic
data from the central part of the Atlantic Ocean, where the waters from the Mediterranean
Sea are present at intermediate depths. Here, the method of T-S of analysis identifies
extrema with a salinity minimum and maximum, which were initially considered as the
cores of two different water masses [58,60]. Researchers believed that the salinity minimum
represents low-salinity waters from the subarctic. However, many years later, it was
recognized that this salinity minimum should be considered “secondary” or false [2]
(p. 331).

The vertical distribution of temperature and salinity in this region of the ocean presents
only one alien water mass originated from the Mediterranean Sea. In fact, it was recognized
that the salinity minimum in this case is not a water mass at all. In general, this means that
the idea proposed by A. Defant and G. Wiist [58] based on the method of T-S analysis of the
indispensable vertical intermittency of water layers of different origins was erroneous. In
reality, this area of the Atlantic Ocean contains only one water mass in the water column that
corresponds to their classical definition. One can clearly differentiate this water mass on
the vertical salinity and temperature profiles by the increased values of both characteristics.
It has clearly defined boundaries in space, so it can definitively be identified as an intrusion
of waters from the Mediterranean Sea. This sea is an actual source of water that one can
observe at certain intermediate depths in the Atlantic Ocean—not only near the Strait of
Gibraltar [70] but also far from it [71]. These waters differ from the surrounding ones in
that they have both extremes existing simultaneously at the same depth.

Similar water column properties can also be observed in the deep waters of the north
Atlantic. Analogous properties in the water interior can also be observed in other areas of
the World Ocean: for example, in the western part of the Arabian Sea, where waters from
the Gulf of Oman spread. The extremes in the vertical distribution of temperature and
salinity for all these waters actually have a common origin, associated with deep convection
and (/or) horizontal advection. These waters spread as a uniform water volume from a
definite source, thus fully corresponds the classical definition of a water mass [62].
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These also include shelf waters involved in slope convection and sliding along the
continental slope to intermediate depths in the areas of Greenland, the Sea of Japan, the Sea
of Okhotsk, the Irminger Sea [72], and other high-latitude regions. Some of them may not fit
the classical definition of water masses because of the small volumes, but for intermediate
depths, they are alien waters that have their own distinctive properties.

Perhaps the word “alien” is a key word for understanding the idea of water masses.
There should be attributes in the water column that make it possible to definitively dis-
criminate a limited water volume from surrounding waters that originate from another
area. Such attributes may be joint extremes of temperature and salinity at the same depths.
This water volume must also have a characteristic chemical tracer. If one can discriminate
such water volume in the variable ocean, then we are undoubtedly dealing with an actual
water mass.

Intrusions of relatively small volumes of water of various origins in wide interfrontal
zones, for example, in the area of the mixing and mutual penetration of Kuroshio and
Oyashio waters, are also related to this category of waters. They represent lenses of subarctic
waters surrounded by tropical ones and lenses of tropical waters among subarctic ones. All
of them have definite boundaries in space and specific sizes; they differ from surrounding
waters in bearing extremes of both characteristics at once.

Perhaps some kind of classification of water masses according to their volume or
lifetime is needed, but this is outside the scope of the discussion here.

Field practice demonstrates that the variable ocean contains limited water volumes
to which the term “water mass” fully applies. The classical definition of water masses
requires clarification. The definition of a “water mass” as stated by A.D. Dobrovol’skij [62]
might be supplemented and concretized as follows: a water mass is a relatively large
volume of water with explicitly definite boundaries, formed in a certain area of the World
Ocean—in the source of the origin (formation area) of this water mass—possessing over
a long period an almost constant and continuous distribution of physical, chemical, and
biological characteristics. It forms an integrated complex that spreads as one, differing
from surrounding waters by exhibiting both extremes of temperature and salinity at the
same depth at the same time.

7. Conclusions

The main attribute of the variable ocean interacting with the atmosphere is the presence
of active layers of different lifetime scales. The time scale of the interaction processes
determines their temporal and spatial scales. Changes in the boundary conditions on the
ocean surface account for the appearance and disappearance of salinity extremes in the
vertical salinity distribution from the near surface to the intermediate depths. One has
to draw distinctions between the water structure conditions with the separate or joint
existence of temperature and salinity extremes.

All of the separate extremes in the vertical salinity distribution represent the temporary
phenomena of different lifetime scales; their occurrence depth is the lower boundary of the
corresponding active layer of the definite time scale. No one separate salinity extreme has
a tracer; its origins are not related to horizontal advection.

The coexistence of both independent temperature and salinity extremes at the same
depth in the water interior indicates their common origin. This is an objective reason for
identifying an isolated water volume (a water mass), whose existence and spread in the
water column are associated with horizontal advection and/or deep convection at high
latitudes. All water masses have specific tracers.
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