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Abstract

Purpose. The present study is aimed at evaluating the role of diapycnal mixing conditioned by
the dissipation of baroclinic tide energy, in formation of climatic characteristics of the Laptev Sea in
summer period.

Methods and Results. The sea dynamics with and without tidal forcing is reproduced using the high-
resolution 3D finite element model. Spatial resolution of the unstructured grid varied from 1 to 18 km.
The wind and thermohaline (seawater temperature and salinity restoring to the specified values on
the sea surface) forcings, as well as the sea level at the domain open boundary, are set by the climatic
affects corresponding to the summer (July, August) ice-free period in the Laptev Sea. The tidal
forcing is set by an indirect method: the diapycnal diffusion coefficient defined, in accordance with
the approximation of “weak interaction” of turbulence of various origins, by solving the problem on
the baroclinic tide dynamics, is added to the vertical turbulent diffusion coefficient controlled by the
wind and thermohaline forcings.

Conclusions. The changes in seawater temperature and salinity induced by diapycnal mixing, having
been compared to the climatic characteristics as such show that, as a rule, they (especially, their
extremal values) are well-detectable, and that their ignoring is not always acceptable. This is
confirmed by the average (over the tidal cycle and over the area of the identified sea zone differing
from the others by depth) vertical profiles of the uncorrected and corrected (due to the internal tidal
wave effects) vertical turbulent mixing coefficients. The profiles differ from one another, if not in
the entire sea, then at least within ~ 40% of its volume.
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Introduction

We are aware of only two publications, which are involved in the evaluation of
changes in climatic characteristics under diapycnal mixing action induced by
the dissipation of baroclinic tides [1, 2]. They are based both on in situ sea
measurement data and on a comparison of model profiles of the average (over
the tidal cycle and over the sea area) coefficients of vertical turbulent and
diapycnal diffusion induced by non-tidal (wind + thermohaline + conditioned mass
transfer with neighboring water bodies) and purely tidal forcing. Naturally,
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the conclusions obtained in these works regarding the importance of changes in
climatic characteristics in the sea caused by the baroclinic tide dissipation can be
considered as tentative until new empirical information becomes available. Since,
however, the appearance of any numerous data of direct measurements in the sea in
the near future is hardly possible, the aim of the present paper is to evaluate the
role of tides in the formation of the climatic characteristics of the sea using the
results of high-resolution modeling and applying the indirect method of describing
the baroclinic tidal energy dissipation proposed in [2].

An indirect method to describe the effects of internal tidal waves (ITW)
and the model used

Let us dwell briefly on what underlies the indirect method of describing
diapycnal diffusion. Explanation of its occurrence mechanism is as follows: it is
assumed that diapycnal diffusion owes its origin not to orographic resistance, as
was considered in [3], but to the baroclinic tidal energy dissipation, which enters
into the expression for the diapycnal diffusion coefficient [4]. Adding
the uncorrected vertical turbulent diffusion coefficient controlled by non-tidal
forcings to the diapycnal diffusion coefficient makes it possible to estimate
the corrected vertical turbulent diffusion coefficient (taking into account the ITW
effects). The justification is the “weak interaction” approximation [5]. According to
it, if the difference between the characteristic frequencies and spatial scales of
turbulence of different origin is sufficiently large, then nonlinear interactions
between its individual components can be neglected, approximately assuming them
to be additive, although these turbulence components themselves are strongly non-
linear. Solution to the original initial-boundary value problem characterizing
the sea climate is sought in the following sequence: first, two auxiliary problems
are solved, one corresponding to non-tidal forcings and the other describing
the ITW dynamics and energy in the sea under the purely tidal forcing action. From
the solution to the first problem, the corresponding uncorrected vertical turbulent
diffusion coefficient is found; from the solution to the second problem, the average
(for a tidal cycle) diapycnal diffusion coefficient is obtained. Then the uncorrected
vertical turbulent diffusion coefficient is corrected by summation with the average
local diapycnal diffusion coefficient, after which the equations of sea
hydrothermodynamics with the corrected vertical turbulent diffusion coefficient are
integrated until the solution reaches the quasi-stationary regime. Comparison of
two solutions obtained with and without allowance for ITW effects gives an idea of
tidal changes in climatic characteristics in the sea. Here and below, tidal changes in
climatic characteristics are understood as changes caused by diapycnal diffusion
determined by the ITW effects. The advantage of this description method
is rejection of two a priori assumptions adopted in [3], namely: invariance in the
horizontal plane of the vertical distribution of the baroclinic tidal energy
dissipation and fixing the vertical scale of dissipation degeneracy (setting it equal
to the value found in the Brazilian Basin), as is done when determining dissipation
in terms of orographic resistance. Both assumptions are debatable, bearing in mind
the dissipation structure patchiness in the ocean.
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It should be noted that all studies of the considered problem so far have dealt
mainly with oceanic scales. Regional studies of this kind have not been carried out,
except perhaps for those related to the Barents and Kara Seas in [1, 2]. With this in
mind, the present work can either confirm the conclusions made in [1, 2] or refute
them. To achieve this aim, a three-dimensional finite element hydrostatic model
QUODDY-4 [6] was used. We will be limited to listing of the model equations
used and describing the special procedure adopted in the model for determining
the baroclinic pressure gradient and boundary conditions on the free sea surface
and bottom (or rather, at the calculated level closest to the bottom). The present
work also lists the empirical information sources used.

The model includes the so-called two-dimensional generalized wave-form
continuity equation for free-surface level disturbances, primitive equations of
motion written in the hydrostatic and Boussinesq approximations, evolution
equations for seawater temperature and salinity and turbulence characteristics
(turbulence kinetic energy (TKE) and turbulence scale), a three-dimensional
continuity equation used to determine the vertical velocity and the equation of
hydrostatics and the seawater state. Evolutionary equations for the horizontal
velocity, seawater temperature and salinity and turbulence characteristics after
transferring the terms characterizing advection and horizontal turbulent diffusion to
the previous time step are solved as a system of non-stationary one-dimensional
(vertically) inhomogeneous differential equations.

The adopted model uses a special procedure for determining the baroclinic
pressure gradient. Its essence is the seawater density at a fixed horizon interpolated
from the o-coordinate grid to the z-coordinate grid, after which the baroclinic
pressure gradient is calculated on the z-coordinate grid and then interpolated back
to the o-coordinate grid, where vertical integration of the model equations is
carried out.

Boundary conditions for the TKE on the free surface and the calculated level
closest to the bottom are given by the Dirichlet condition, which follows from
the approximate equality between the production and TKE dissipation when
the turbulence scale is approximated by law of the wall and relates the kinetic
energy of turbulence to the square of the friction velocity. The boundary values of
the turbulence scale are also found there from law of the wall. The vertical
momentum flux at the water-air interface required to determine the horizontal
velocity is expressed in terms of the momentum flux in the atmospheric near layer,
which is parameterized by a quadratic drag law with a drag coefficient equal to
1.3 x 107, The momentum flux in the bottom layer of the sea is also parametrized.
The drag coefficient in this case is assumed to be 5.0 x 107, The horizontal turbulent
diffusion coefficients are calculated using the well-known Smagorinsky formula.

Wind and thermohaline forcings, as well as the sea level at the open boundary
of the computational domain, are set as climatic ones, corresponding to the summer
(July, August) ice-free period in the Laptev Sea. The wind field in the near layer of
the atmosphere is taken from the ERA-Interim reanalysis of atmospheric data in
the Arctic, now recognized as the best of the 7 available reanalysis products [7].
The sea surface level at the domain open boundary is set according to the
CNES-CLS09 global ocean mean dynamic topography, supplemented by satellite
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altimetry data and in situ measurements [8]. Seawater temperature and salinity on
the free sea surface are determined using restoring boundary conditions. According
to them the normalized heat and salt fluxes on the free sea surface are considered to
be proportional to the differences in climatic and predicted values of the variables
with a proportionality coefficient that has the meaning of the reverse restoration
time. The latter is assumed to be the same for the seawater temperature and salinity
and equal to 10° s, i.e., according to [9], the recovery of the predicted temperature
and salinity values to their climatic values is considered strong. The climatic values
of the variables are taken from the digital atlas of the Arctic [10], the heat and salt
fluxes at the calculated level closest to the bottom are assumed to be zero. The sea
is considered to be stratified and free of sea ice and river runoff, making it
unnecessary to consider their effects.

Horizontal resolution of the finite element grid is taken to be 5 km on average
over the sea area. A terrain-following coordinate is used. The sea column is divided
into 40 layers (variable length in depth), thickening in the surface and near-bottom
boundary layers. Time step is set as 24 s. The need to select such a time step is
dictated by the solution of evolutionary equations for the horizontal velocity,
seawater temperature and salinity and turbulence characteristics as a system of
non-stationary one-dimensional (vertically) inhomogeneous differential equations.
Depths are taken from the IBCAO data bank. The other model parameters are set
the same as in its original version [6].

The diapycnal diffusion coefficient required to implement the indirect method
of taking into account tidal forcing is set according to the results of [11].

Simulation results

Starting the discussion of the simulation results, it should be noted that ITW-
induced tidal changes in climatic characteristics in the sea cover, as a rule, the entire
sea (Fig. 1-7), in contrast to expectations, according to which they do not penetrate
beyond the critical latitude (where the tidal and inertial frequencies coincide; in the
present case, for wave M, the critical latitude equals 74.5°N). In other words, the
ITW existence domain as freely propagating waves is limited by the critical latitude.
Here, ITWs disintegrate (decay) into packets of nonlinear short-period internal waves
(NIWSs). Generally speaking, reflection of ITW from the critical latitude is also
possible. NIWs are not fully reproduced by any tidal model (including the one used
here), so that they can propagate only from their generation site, and the existence of
tidal changes cannot be associated with them. Then the question arises, what caused
the NIWSs at supercritical latitudes? It can be assumed, remaining within the
framework of the classical theory of tide dynamics, that either a partial ITW
disintegration occurs at the critical latitude and, consequently, the existence of
degenerate ITWs at supercritical latitudes, or a complete ITW disintegration and,
therefore, the existence of some still unidentified ITW generation sites at
supercritical latitudes, as evidenced by the analysis of SAR images of the sea surface
(see, for example, [12]). The existence of quasi-inertial internal waves at supercritical
latitudes neither seems impossible *.

* Cherkesov, L.V., 1976. Hydrodynamics of Surface and Internal Waves. Kyiv: Naukova
Dumka, 364 p. (in Russian).
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F i g. 1. Tidal changes of magnitude (m/s) (a) and direction (°) (b) of the stationary current
resulting velocity in the sea surface layer

However, in the second case, it will be necessary to explain which waves are
the source of multiple ITW generation at supercritical latitudes. To understand this,
it is first of all necessary to solve one more auxiliary problem — to prove that
the results obtained are not model-dependent. Until this problem is solved,
the results presented can be taken as indicative, intended for estimating the orders
of magnitude of the characteristics of interest to us. The results of high-resolution
ITW modeling in the Laptev Sea given in [13] can serve as an indirect
confirmation of the foregoing, and the results of field measurements presented in
[14-17] directly confirm this. Further it will be assumed that a possible explanation
for the causes of tidal changes in climatic characteristics in the sea is the existence
of a quasi-stationary residual tidal circulation, which is due to the nonlinear
interaction of degenerate ITWs at supercritical latitudes. This is the first
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circumstance to which the attention should be drawn to. The second is that
the average (over the tidal cycle and over the sea area) tidal changes in
the magnitude and direction of the resulting velocities of stationary currents in the
surface layer of the sea (Fig. 1) are —0.1 cm/s and —0.4°, respectively, and only on
the continental slope in the northern part of the continental slope (77.75°N,
130.52°E), they reach higher values (maximum 13.4 cm/s and 8.6°). The same can
be said about the resulting velocities in the bottom sea layer (Fig. 2) with the only
difference that now the tidal changes in the velocity magnitude at the same point
are equal to 13.1 cm/s, direction —3.8°. As can be seen, the differences in the tidal
changes in the resulting velocities in these layers are not very large, which
implicitly suggests the barotropization of the velocities included in the definition of
their tidal changes.
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Fig. 2. The same as in Fig. 1 for the stationary current resulting velocity in the sea bottom layer
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Fig. 3. Tidal changes of seawater temperature (°C) in the surface (a) and bottom (b) layers

Fig. 3 shows the fields of tidal changes in seawater temperature in the surface
and bottom sea layers. Consequently, a distinctive feature of these fields is
an almost homogeneous (in the horizontal plane) structure, covering almost
the entire sea, except for the bays in the southeastern part. Tidal temperature
changes in the surface layer are -0.1-0.0 °C, in the bottom layer they are
0.0-0.1 °C. The most noticeable differences from such a structure are found near
the open boundary of the Khatanga Bay in Bolshoy Begichev Island area, where
tidal changes reach —0.4 °C, while in the main part of the Anabar Bay they are
—0.2 °C. To the east, tidal temperature changes fade everywhere in the Olenek Bay,
except for the vicinity of its eastern coast, and then, in the form of a narrow strip
bordering the coast of the mainland, are observed near the western coast of the
Buor-Khaya Bay.
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In the bottom layer, the most noticeable tidal changes in seawater temperature
can be detected in the main part of the Khatanga Bay to the northern coast of
Bolshoi Begichev Island and further in the form of a narrow strip adjacent to the
coast of the mainland; they cover the Nordvik Bay, as well as the Anabar and
Oleneksky Bays. At the same time, tidal temperature changes gradually decrease
eastward. At the Khatanga Bay boundary, they are 0.7-0.8 °C, they have the same
order of magnitude in the Nordvik Bay, then decrease to 0.5-0.6 °C in the Anabar
Bay and further to the east in the Oleneksky Bay reach 0.4 °C, and in the western
part of the Buor-Khaya Bay again slightly increase to 0.5 °C. We should emphasize
the widespread increase in tidal temperature changes in the bottom layer, especially
in the Khatanga and other bays listed above, in comparison with the surface layer.

°N
82+

80 =3
78
76 F
74+

72+

a

95 100 105 110 115 120 125 130 135 140°E
b

Fig. 4. The same as in Fig. 3 for seawater salinity (%o)
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The presence of an extensive structure with almost uniform (in the horizontal
plane) tidal changes in seawater salinity is also characteristic of the fields shown in
Fig. 4. The only difference is the increase in tidal changes in salinity up to 1.3%. in
the surface layer near the northern coast of Bolshoy Begichev Island, an even
stronger decrease to 0.5%o in the main part of the Khatanga Bay, and the Nordvik
Bay; on the contrary, a weaker decrease in tidal changes in salinity to 0.3%o in
the Anabar Bay and, finally, the almost complete disappearance of such changes in
the Oleneksky and Buor-Khaya Bays. This applied mainly to the surface layer. In
the near-bottom layer, tidal changes in salinity are converted from the positive ones
in the surface layer to the negative ones. At the same time, in the Khatanga,
Nordvik and Anabar Bays, their values are -2.5...-2.0%o0, then further to
the Oleneksky Bay they increase to —0.7%o, after which they decrease again to
—-2.0%o at the eastern boundary of the Oleneksky Bay and —1.5%o0 and less — in the
vicinity of the western coast of the Buor-Khaya Bay.
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F i g. 5. Tidal changes of seawater temperature (°C) along the meridional transect 120°E. In the
upper fragment, the tidal temperature changes are shown along the entire section, in the lower
fragment — along its shallow-water part on the enlarged scale

Fig. 5 and 6 show tidal changes in the seawater temperature and salinity along
the 120°E meridian. In the main seawater column, their values reach 0.03 °C for
temperature and vary within -0.05 ... 0.05%. for salinity, wedging out with
increasing distance to the north. Let us note that the wedging out of tidal changes in
seawater temperature and salinity can be caused by ITW degeneration. These
figures are interesting in yet another respect, as evidence that the main tidal
changes in these variables occur not in the surface layer, but in the lower layers of
the sea, including the bottom one. Here, tidal temperature changes in the shallow
part of the section are several times greater than in the surface layer, and tidal
changes in salinity there also vary within 0.5 ... =1.0%o.
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Another feature of tidal changes of climatic characteristics in the sea is related
to the field of tidal sea level changes (Fig. 7). It has a distinct striped structure,
vaguely resembling continental slope outlines. The magnitude of tidal level
changes in this structure is £0.06 m, from a drop in level (-0.06 m) in the vicinity
of the continental slope to an increase (0.04 m and above) in shallow water east of
the continental slope, and remains close to zero values in the western and eastern
parts of the sea.

It is known that the Laptev Sea is characterized by the division of depths into
two areas — the shallow water (inner shelf) and the deep water (outer shelf). In
the first one, vertical turbulent diffusion can propagate to the entire sea column; in
the second, which includes the stratified part of the water column, ITW generation
can occur, but only up to the critical latitude. As already mentioned, ITWs
disintegrate into packets of NIWs, so that ITWs cannot propagate freely at
supercritical latitudes. Which of the unidentified waves have such capability is still
unknown. It is only known that, near the critical latitude, NIWs differ significantly
from ITWs and that, apparently, one of the probable mechanisms for their
generation is the one that is inherent in lee waves induced on the leeward side of
underwater obstacles [17]. Consequently, at present we have two explanations for
the mechanism of NIWSs generation at supercritical latitudes. One of them,
mentioned above, relates the NIWs to the partial disintegration of ITWSs at
the critical latitude into packets and subsequent NIWSs propagation, as well as
degenerate ITWSs, which serve as generation sites of other SIWs at supercritical
latitudes. The second explanation interprets NIWs as lee waves formed on
the downstream side of bottom irregularities such as a shelf edge and an isolated
bottom uplift [18]. Such an explanation concretizes the mechanism of NIWSs
generation, but does not reveal their origin at supercritical latitudes. Which of
the explanations presented here is preferable, remains a matter of judgment.

It can be expected that tidal changes in climatic characteristics in the sea
appear in both shallow and deep-water areas. However, the expectations are only
partially justified: the average (over the tidal cycle and over the sea area) corrected
(due to ITW effects) and uncorrected vertical turbulent diffusion coefficients differ
from each other by less than an order of magnitude, and only in zone IV (Fig. 8),
their discrepancies turn out to be greater in the layer located deeper than
the 2,500 m horizon. To make the conclusion about the vertical distribution of
the two coefficients clearer, we single out a shallow-water area in the sea with the
depths of up to 100 m (zone 1), bordering the continental slope area with depths
of 100-500 m (zone II), an area adjacent to it from the north with the depths of
500-2,500 m (zone I11), and a deep-water area with the depths over 2,500 m (zone
IV). In every such region, the average corrected and uncorrected vertical turbulent
diffusion coefficients are determined. From Fig. 9 it follows that the ITW-induced
discrepancies in the values of these coefficients are concentrated mainly in
the lower layers, the volume of which, relative to the sea volume as a whole, is
~40%. The noted circumstance gives reason to believe that the greatest tidal
changes in climatic characteristics, in particular the seawater temperature and
salinity, are in the lower, and not in the upper layers of the sea.
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Fig. 8. Bottom topography and the specific zones with different depths

Now that estimates of tidal changes in temperature and salinity in the sea have
been obtained, the problem of comparing the simulation results with observational
data appears. However, its implementation is difficult due to the lack of mass
measurements of some of the climatic characteristics in the sea. Of the 5 such
characteristics (magnitude and direction of the resulting velocity of stationary
currents, seawater temperature and salinity, free surface sea level), only
temperature and salinity have the necessary data. Comparison of the rest due to the
paucity of observational data has to be abandoned. According to the simulation
results, the average (over the tidal cycle and over the sea area) tidal changes in
seawater temperature and salinity, defined as the difference between their predicted
values taking into account the ITW effects and the reference values controlled only
by non-tidal forcings and thus not taking into account the ITW effects, are equal to
0.02 °C and 0.10%o in the surface layer and 0.05 °C and —0.20%o in the bottom
layer. Their comparison with the corresponding climatic characteristics shows that
they are commensurate with the same climatic characteristics for temperature and
much less for salinity. It follows that the conventional disregard for tidal changes in
temperature and salinity in the sea is justified for salinity and has no basis for
seawater temperature. Whether it is generally the case, needs to be determined. See
below for possible reasons for the appearance of such estimates of tidal changes in
seawater temperature and salinity.
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Now we are to consider how the observed and model tidal changes in seawater
temperature and salinity differ from each other. Here we are faced with the need to
estimate the reference values of temperature and salinity from observational data.
The point is that the observational data bear the imprints of all the considered
forcings, including the tidal forcing, while only non-tidal forcings are responsible
for the reference values. Indeed, the observational data alone is not enough to
estimate reference values of seawater temperature and salinity. They must first be
exposed to the procedures for revealing hidden periodicity or traditional harmonic
analysis, then it is necessary to eliminate the selected tidal harmonic. There is
another possibility: to involve the results of the simulation. We preferred
the second option. Acting in this way, it has been found that the observed and
model values of the variables differ from each other by no more than 0.1 °C for
temperature and 0.7%. for salinity, i.e., the discrepancies between them are
acceptable.

Note one more detail: it is required to understand the reasons for
the appearance of relatively small model tidal changes in the seawater temperature
and salinity. Among them, there may be either inevitable errors in estimating
the reference values of temperature and salinity based on the simulation results, or
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averaging the initial fields over the sea area, leading to compensation for tidal
changes in variables with opposite signs, or, finally, the unrepresentativeness of
the found estimates of tidal changes in the Laptev Sea temperature and salinity,
compared to those predicted in other marginal seas.

Comparatively small model values of tidal changes in the seawater
temperature and salinity are most likely the consequences of averaging over the sea
area, which compensates for tidal changes in variables with opposite signs. That
this is the case can be verified by referring to their maximum values. For example,
the maximum tidal temperature change (0.87 °C) in the bottom layer is observed at
the point with coordinates 73.97°N, 109.92°E, while the maximum tidal change in
salinity in the same layer (-3.20%o0) is at the point with coordinates 74.40°N,
111.80°E. Here and below, the signs of tidal changes depend entirely on the
difference between the variables induced by different forcings: if it is positive or
negative, the sign of the tidal change in temperature and salinity will be the same.
Further, local tidal changes of the same variables in the surface layer are smaller
(-0.12 °C and 0.21%. versus 0.87 °C and —2.75%o) in absolute value in comparison
with the given maximum tidal changes in temperature and salinity in the bottom
layer at the point with coordinates 73.97°N, 109.92°E. Limiting the observations to
only the second pair of estimates as the largest in the same sense, it is seen that in
relative units, normalized to the value of these variables in the bottom layer, local
tidal changes are ~100% for temperature and ~10% for salinity and that,
consequently, predictions and calculations of extreme tidal changes in temperature
and salinity in the sea can be improved by taking into account the ITW effects.

Conclusion

Now we are to summarize the results of the work carried out. Using a high-
resolution version of a three-dimensional finite element hydrostatic model
QUODDY-4, tidal changes in the magnitude and direction of the resulting
velocities of stationary currents in the Laptev Sea surface and bottom layers,
the seawater temperature and salinity in the same place, the level of the free surface
and vertical distributions of tidal changes in temperature and salinity are
reproduced along the meridional section 120°E. The simulation results show that
the average (over the tidal cycle and over the sea area) tidal changes in the first
9 climatic characteristics in the sea are, respectively: -0.1 cm/s and -0.4° in
the surface layer; 0.0 cm/s and —2.2° in the bottom layer; —0.02 and 0.05 °C for
temperature and 0.10 and —0.20%. for salinity in the same place; —0.002 m for sea
level. It has also been found that the simulation results indicate an increase in tidal
changes in temperature and salinity in the near-bottom layer compared to
the surface. This fact is confirmed by comparing the vertical profiles of
the corrected (due to ITW effects) and uncorrected vertical turbulent diffusion
coefficients determined, respectively, by all the considered forcings, including
the tidal one. Estimating the average (over the sea area) and extreme tidal changes
in temperature and salinity, we are convinced that the generally accepted ignorance
of tidal changes in the seawater temperature and salinity is only partially justified:
it is true for average (over the sea area) values and not true for extreme ones.
The latter, as applied to the Laptev Sea, are ~ 100% for temperature and ~ 10% for
salinity in relative units. This means that the currently existing methods for
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forecasting and calculating extreme values of seawater temperature and salinity in
the part of the sea volume, equal to ~ 40% of the total volume, in this case need to
be revised.

10.

11.

12.
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