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Estimates of the barotropic tidal body force for diurnal and semidiurnal tides are obtained for the Sea of
Okhotsk for the summer and winter periods. It is shown that in the study area, the tidal body force for
diurnal tides is significantly greater than for semidiurnal ones. The maximum values of this quantity
can reach about 2-8 m?s~2, and these values are typical for areas with a sharp bathymetric gradient.

A comparison of the tidal body force for the two seasons showed noticeable differences. The features of
the transformation of a barotropic tidal wave propagating in the zone of large values of the tidal body
force for the K, O, M5 tidal constituents are demonstrated. Numerical simulations indicate that
baroclinic tidal waves are effectively generated in this area, and intense short-period internal waves are

likely to occur.
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1 INTRODUCTION

The generation of internal tides is closely re-
lated to the action of the body force that occurs
when a barotropic tidal flow goes around bottom
roughness. It emerges in the right-hand side of the
equation of motion for the vertical velocity com-
ponent and actually determines the tidal forcing.
In fact, this quantity determines the barotropic
to baroclinic transfer of tidal energy [Gustafsson,
2001]. Knowledge of the spatial distribution and
seasonal variations of the tidal body force in a par-
ticular water area makes it possible to identify pos-
sible zones of more efficient generation of inter-
nal tides. This is necessary for the correct ad-
justment of computational models of marine dy-
namics, for zoning currents and related impacts
on underwater objects and marine ecosystems, for
planning human activities, in particular, for as-
sessing risks in the design of hydraulic structures
on the shelf. The constructed maps can be used
along with maps of the Rossby baroclinic radius, as
well as maps of kinematic, dispersion and nonlin-
ear parameters of long short-period internal waves
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[Kurkina et al., 2017a,b,c; Rouvinskaya et al., 2018;
Stepanov, 2017] for preliminary estimates of pos-
sible effects, including planning numerical experi-
ments.

The spatial distribution of the tidal body force
is often used to determine the location of possi-
ble internal wave generation zones in various re-
gions of the World Ocean [Bai et al., 2014; da Silva
et al., 2007; Lozovatsky et al., 2011; Magalhaes and
da Silva, 2012; Pichon et al., 2013; Sherwin et al.,
2002; Vlasenko et al., 2014; Wang et al., 2022; Zhao
et al., 2021]. For example, in [Wang et al., 2022],
the calculation of the body tidal force for the South
China Sea for the M, and K; tidal components
is presented and it is shown that the semidiurnal
tidal body force is significantly greater than that
for diurnal tides in the considered water area. Typ-
ical values for this quantity, as a rule, do not exceed
10m?s~2, but can reach few tens of m?s~2 for cer-
tain geographical areas with extreme tides, such as
the Celtic Sea shelf break [Viasenko et al., 2014].

In this article we aim at the clarification of spa-
tial distribution of the tidal body force in the Sea
of Okhotsk for three main tidal components K,
O; and M,. These distributions reflect not only
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geographic variability of bathymetry and water
masses of this basin but also mirror strong seasonal
variations in the atmospheric and hydrographic
features in the region.

The structure of the paper is as follows. Sec-
tion 2 presents the details of the calculations and
sources of the data. A short insight into the com-
mon concept of tide structure in the study area is
presented in section 3. The seasonal and spatial
variability of the barotropic tidal body force is dis-
cussed in detail in section 4. A selection of results
of numerical simulation of barotropic tide trans-
formation into baroclinic motions along a section
in the northern part of the eastern shelf of Sakhalin
Island is described in section 5. The closing sec-
tion 6 provides a short discussion of the main re-
sults.

2 DETAILS OF THE CALCULATION AND DATA
USED

The formula for calculating the barotropic tidal
body force was used following the works [Baires,
1973, 1982]:

_ dvH j IN(2)dz,
 wH?2

(1)
where z indicates the vertical location, (5 is the
barotropic tidal volume transport for the corre-
sponding tidal component, H is the local sea depth,
VH is the bottom gradient, w is corresponding tidal
frequency, N(z) is the Brunt-Viisala frequency. Its
profiles have been calculated using the standard
approach based on the classic definition:

2 _ & dpo(z)
N@ =@ dz

(2)

Here g is acceleration due to gravity and py(z) rep-
resents the vertical variation in water density.

The international hydrological atlas WOA18, the
bathymetry array GEBCO, and the output of the
tidal model TPXO8 were used as initial data.

Generalised and standardised information
about the basic features of hydrophysical parame-
ters of sea water and their seasonal variations has
been integrated into the open source digital clima-
tologic atlas World Ocean Atlas 2018 (WOA18).
It provides arrays of averaged and smoothed data
of field measurements for temperature, salinity
and other hydrological parameters [Bover et al.,
2018]. The information in WOA18 is gridded
to a regular rectangular set with a horizontal
resolution of 5°, 1° or 1/4°. Data that represent
the vertical profiles of temperature and salinity
are yearly, seasonally and monthly averaged at 137
vertical levels. In this study, we used salinity and
temperature data for summer and winter periods,
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on the basis of which, using the equation of state
of sea water TEOS10 (http://teos-10.0rg/), we
reconstructed the potential density of sea water
and calculated the Brunt-Viisila frequency, Eq.
(2).

GEBCO (https://www.gebco.net/) is a dig-
ital atlas of ocean bathymetry. We have used the
latest GEBCO-2022, which contains a bathymetry
dataset with a resolution of 15 arcseconds.

Maximum tidal flux data for main tidal com-
ponents were taken from the TPXO 8 (A
TOPEX/Poseidon Global Tidal Model) tidal model
based on satellite altimetry data [Egbert and Ero-

feeva, 2002].

All atlases had different data formats and grid
resolutions, so the calculations required their ini-
tial processing. Bathymetry gradient vector VH
was calculated on the original GEBCO grid. All
data were then interpolated to the coarsest grid,
and the resulting array of tidal body force values is
presented on a grid which horizontal resolution is
determined by the spatial resolution of the WOA18
atlas input (1/4 degree).

3 STRUCTURE OF THE TIDE IN THE SEA OF
OKHOTSK

Tidal phenomena in the Sea of Okhotsk are
associated with the propagation of a tidal wave
from the Pacific Ocean through the straits of the
Kuril chain. They cause significant fluctuations
in sea level, speed and direction of currents. Ac-
cording to the nature of the level fluctuations,
all types of tides are manifested here to varying
degrees: semidiurnal, irregular semidiurnal, ir-
regular diurnal and diurnal. The dynamics of
long-wave processes, especially on the northeast-
ern shelf of the Sakhalin Island, is determined pri-
marily by the features of the tidal regime. The
study of currents at the Odoptinskaya, Piltun-
Astokhskaya and Veninskaya sites made it possible
to identify the shelf wave (a kind of topographic
Rossby waves) in the daily K; and O; waves [Ra-
binovich and Zhukov, 1984]. The complex nature
of tidal and shelf wave propagation off the east-
ern coast of Sakhalin Island, their intra-annual
and inter-annual variability (according to field ob-
servations), as well as significant spatial variabil-
ity of the harmonic constants of the main tidal
waves [Deyeva, 1972; Putov and Shevchenko, 1998;
Shevchenko, 1996] make these processes an incon-
venient object for numerical simulation [Kowalik
and Polyakov, 1998], since it is necessary to take
into account as much as possible the available in-
formation on the values of harmonic constants at
various points in the simulation area. The largest
contribution to the tidal flow in the Sea of Okhotsk
is made by harmonics K;, the lunisolar declinary
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diurnal component, O;, the main lunar diurnal
wave, and M,, the main lunar semidiurnal com-
ponent. In this case, it is possible to conditionally
distinguish areas with different ratios of the main
components (Figure 1). Diurnal, semidiurnal and
irregular diurnal tides are mostly observed in the
study area. [Moroz et al., 2010].

semidiurnal

irregular semidiurnal
H jrregular diurnal

diurnal

60°N

55°N

50°N

45°N

“I40°E  T45°E I50°E 155°FE I60°E

Figure 1: Mapping of the Sea of Okhotsk
according to the types of complex tides with
different ratios of the main components. Adapted
from [Moroz et al., 2010]. The black line near the
north-eastern coast of Sakhalin Island shows the
location of the cross-section for the analysis in
section 5.

4 RESULTS OF TIDAL BODY FORCE CALCULA-
TIONS

As described above, from knowledge of the den-
sity distribution, tidal volume transport and bot-
tom bathymetry discretized on a rectangular grid,
the value of tidal body force at each grid seg-
ment can be calculated. At the same time, analyz-
ing the expression Eq. (1), one can see that, ce-
teris paribus, the value of F reaches its maximum
values when the bottom depth gradient is large
and its direction is close to (collinear with) the
tidal flux vector. Seasonal changes in Eq. (1) are
presented through the integral multiple, which is
determined by the seawater density stratification.
The detailed analysis of spatial and seasonal varia-
tions in the density-driven stratification in the Sea
of Okhotsk and their impact on the properties of
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short-period nonlinear internal waves in this wa-
ter body is given in [Kurkina et al., 2017c]. It was
shown that the vertical structure of water masses
of the Sea of Okhotsk exhibits substantial seasonal
variations. The maxima of N(z) in summer are, on
average, four times as large as the relevant max-
ima in winter. This should provide a noticeable
difference in tidal body force calculated for differ-
ent seasons.

The computed spatial distributions of F (1) in
the Sea of Okhotsk are characterized by average
values of the order of 0.02m?s™? in case of M,
component, or 0.07 m?2s~2 for K; tidal constituent,
see Table 1 for details (note, that the estimates in
Table 1 are given for the whole rectangular geo-
graphical region shown further in

However, the median of F is much lower than
the mean, around 0.005-0.006 m?s~2? for M, and
for Ky, indicating a highly positively skewed dis-
tribution. As much as 80% of the values of F are
less than the mean for all tidal components and
seasons. In terms of total forces, for example, less
than only 16% of the area contributes to more than
63% of the total barotropic tidal forcing for K;
tide. Similar estimates for other tidal components
for different seasons are given in Table 1

The geographical distribution of F (Figure 2—
Figure 4) show strongly enhanced forcing of the
baroclinic tide in areas of steep topography, such
as shelf and through slopes. Figure 2a, b shows
the spatial distribution of F, Eq. (1), for the Sea
of Okhotsk for the tidal component K;. The maxi-
mum values are distributed near the Kuril Islands,
along the perimeter of the Kuril Basin, and to the
north of Sakhalin Island, over the Deryugin Basin.
These areas are characterized by sharp bathymet-
ric gradients. It should be noted that in the area of
the shelf of the Kamchatka Peninsula, many dis-
crete areas were also found where the values of the
tidal body force are high. Figure 2b shows that in
winter in some areas the tidal body force values
decrease, for example, this is typical for the Gulf
of Sakhalin, the Penzhina Bay area, and the La Per-
ouse Strait. On the other hand, in winter, the ar-
eas of high values in the vicinity of the Kuril Basin
even slightly expand.

Similar calculations for two seasons were car-
ried out for the O, tidal component (Figure 3a, b).
Since the values of the maximum tidal flux for the
K; and O; harmonics are similar, which was also
noted in [Putov and Shevchenko, 1998], the tidal
body force values for these components, as well as
the spatial distribution and seasonal variability, al-
most do not differ qualitatively. The quantitative
difference is small, but still noticeable, including
in the estimates given in Table 1. The body force
values for the O, tide are generally slightly lower,
than those for K;.
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Figure 2: Tidal body forces for diurnal (K;) tides in (a) summer and (b) winter. These and other maps
in this paper are drawn using Ocean Data View software [Schlitzer, 2022].

For the M, component, the spatial distribution
of the tidal body force for summer and winter is
shown in Figure 4a, b, respectively. In comparison
with the considered results for the K; and O; com-
ponents in the study area, the semidiurnal tidal
body force is significantly less than that for diur-
nal tides. The maximum values of F for M, are
also distributed near the Kuril Islands, along the
perimeter of the Kuril Basin, and, for the summer
season Figure 4a, it is still possible to distinguish
areas of large values in the Gulf of Sakhalin and in
the Penzhina Bay.

As mentioned above, the difference in the spatial
distributions of the tidal force between the diurnal
and semidiurnal components is very significant,
which is confirmed by Figure 5, where the relative
difference for the pairs of tidal components in the
form

Fx, = Fum,

6K1M2 =100 x PM

(3)

2

is mapped for the summer season. The relative dif-
ference of tidal body force values for pairs (K;, M,)
and (O;, M;) exceeds 100% in a very significant
part of the Sea of Okhotsk.

In shallow water areas, the values of the tidal
force are very sensitive to the season. This is
clearly seen from Figure 6 which shows the relative
difference between the tidal body force in summer
and winter for the K; tidal component in the Sea
of Okhotsk. For the O; and M, components, the
result is the same, since when calculating the rel-
ative difference ¢;,, only the integral factors re-
main, determined by the seawater density stratifi-
cation |Fsum - Fwinl
(Fsum + Fwin)/2

f_OH z|N2,,(2) - N2, (2)| dz
I_OH Z(Ns2um(z) +N2 (Z))dZ/Z.

win
The most pronounced relative seasonal varia-
tions are observed in depths up to 1000 m. Ab-

S5 =100 x

(4)
=100 x

Table 1: Characteristics of the tidal body force spatial distribution for different tidal components for

summer and winter seasons

% of the total

[0}
P F Fo % of the barotropic aréoaoth}}lleere
7%, mean, median area, where tidal forcing ’
[m~s™¢] [m*s™¢] [m*s™¢] F>0.1
F<Fhean for values m2s-2
F>0.1 m2s72
K summer 8.18 0.08 0.015 82.8 63.7 15.8
' winter 8.08 0.07 0.011 83.2 61.8 14.5
o summer 7.43 0.06 0.011 83.4 60.2 13.7
1 winter 6.40 0.06 0.009 84.2 53.3 7.2
M, Summer 1.70 0.02 0.007 78.9 38.8 3.5
2 winter 2.33 0.02 0.005 81.7 39.9 3.7
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Figure 3: Tidal body forces for diurnal (O;) tides (a) summer and (b) winter.
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Figure 4: Tidal body forces for semidiurnal (M,) tides in (a) summer and (b) winter.

solute differences of F values for different seasons,
determined by the following expression

As,w = |Fsum - Fwinl
_OVH 0
Qv (J stumz(z)dz
“H

wH?
ZNwinz(Z)dz)

0
J_H
reach maximum values in the same areas where the
values of the compared values are high (Figure 7).

’

To build the maps of tidal body force values for
various tidal components, a software package with
a graphic user interface has been developed [Kok-
oulina et al., 2022], and this desktop application is
available upon a request from the authors.
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5 DyYNAMICS OF BAROCLINIC WAVE MO-
TIONS IN A ZONE OF LARGE VALUES OF THE
TIDAL BODE FORCE

To demonstrate some applications of the con-
structed maps of tidal body force, we consider
the process of formation of internal waves from
barotropic tide in typical conditions of the north-
eastern shelf of Sakhalin and the adjacent conti-
nental slope in summer season. The selected cross-
section (Figure 1) passes from the zone of large
body force values for the Ky, O;, M, tidal com-
ponents (in the Deryugin Basin) towards the coast
(towards the Schmidt Peninsula near Cape Eliza-
veta) through the Deryuginsky and North Sakhalin
oil and gas basins and belongs to the Sakhalin-5
block. Numerical simulation of the generation and
dynamics of baroclinic waves was performed using
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Figure 5: Relative value of difference between tidal body forces for different tidal constituents in the
Sea of Okhotsk in summer: (a) Kyand M,, (b) O; and M,, (¢) K; and O;.

a software package that implements the procedure
for numerical integration of a fully nonlinear two-
dimensional (vertical plane) hydrodynamic equa-
tions for an inviscid incompressible stratified ro-
tating fluid in the Boussinesq approximation, tak-
ing into account the influence of the barotropic
tide [Lamb, 1994]. A description of the model, as
well as a comparison of the simulation results with
field measurements, can be found in our works,
including those devoted to the study of the dy-
namics of internal waves in the Sea of Okhotsk
[e.g., Kuznetsov et al., 2021; Rouvinskaya et al.,
2017, 2021]. To initialize the calculations, the
bottom relief functions were parametrized based
on the GEBCO-2022 data and density stratifica-
tion from the climatological atlas WOA18; data on
the amplitudes and phases of the multicomponent
barotropic tide were taken from the TPXO8 model.
The bottom relief along the considered transect is
shown in Figure 8. The variations in the Brunt-
Viisdla frequency N(z) (also shown in Figure 8)
are moderate in the entire water column along this
profile, the maximum values of this quantity reach
up to 0.05s7! in summer.

It is well known that a barotropic tide that
propagates from the deep sea into stratified wa-
ter masses on the continental slope often trans-
forms into a baroclinic tide [Viasenko et al., 2005].
The dynamics of internal waves in the region un-
der study corresponds to the classical scheme of
the transformation of long barotropic tidal waves
into baroclinic ones, followed by the formation
of wave bores and intense short-period internal
waves. In typical conditions of summer the onset
of formation of internal bores from the baroclinic
tidal wave is located at a distance of approximately
90 km from the origin of the transect Figure 9. The
generation zones are determined by the resonant
combination of the bottom slope, the Brunt-Vaisala
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Figure 6: Spatial distribution of the relative
difference ¢;,,, between tidal body force values for
summer and winter for any tidal component.

frequency, and the tidal forcing frequency [Baines,
1995]. The emerging steep fronts, propagating on-
and off-shore from the critical zones, further trans-
form into short-period solitary internal waves and
their trains. The amplitudes of long baroclinic
waves of tidal periods are 10-15m, short-period
waves also have amplitudes about 10 m in the field
of density isolines displacement (Figure 9 and Fig-
ure 10).

The linear theory of the baroclinic tides predicts
that baroclinic waves of frequency w cannot prop-
agate as free waves to the north of the critical lat-
itude @, where the tidal frequency w is equal to
the local inertial frequency f = 2Qgsing, where
Qp =0.00007292 s7! is the frequency of the Earth’s
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Figure 7: Absolute difference A, ,, between tidal body force values for summer and winter in the Sea of

Okhotsk: (a) for Ky, (b) for Oy, (c) for M,.

rotation [LeBlond and Mysak, 1978]. This latitude
for tidal period Ty, = 12.4 his 75°, and only about
30° for the diurnal tidal periods. However, di-
urnal baroclinic waves in the Sea of Okhotsk can
be generated locally and propagate as lee waves;
due to the nonlinear generation of higher harmon-
ics, which can propagate freely, highly nonlinear
small-scale internal waves are excited. Thus, the
typical tidal, hydrological and bathymetric con-
ditions of the Sea of Okhotsk can drive compli-
cated patterns of internal wave fronts and intense
short-period waves as well as the induced baro-
clinic flows of complex structure (Figure 11) in the
nearshore of the Sakhalin Island. Figure 11 shows
the vertical distribution of the exceedance proba-
bilities for the horizontal velocity levels in the or-
bital motion of fluid particles at different points of
the path for the considered section. The horizon-
tal velocity field characterized by Figure 11 is es-

sentially vertically inhomogeneous at all horizon-
tal locations, while the velocity in a barotropic tide
does not change with depth. The asymmetry of
the distributions at the bottom and on the surface
is also noticeable, where, obviously, the maximum
velocity values are achieved. At the same time,
there are specific layers in the middle of the wa-
ter column at which the velocities are always close
to zero, and above and below them there are mul-
tidirectional flows. Asymmetry is also observed in
horizontal (in on-, off- shore flows). All this indi-
cates a complex nonlinear multimodal structure of
baroclinic wave fields and induced shear flows.

6 CONCLUSIONS

Maps of the spatial distribution of the tidal body
force in the Sea of Okhotsk were constructed for
the main tidal components K;, O, M, for winter

i N(xz) [s]
0.045
200 0.04
200 0.035
e 0.03
= 600 0.025
o
< 800 0.02
0.015
1000
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1200 0.005
0 20 40 60 80 100 120
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Figure 8: Characteristic vertical structure of the Brunt-Viisala frequency in summer along the

cross-section.
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Figure 9: Evolution of a baroclinic tide along the transect: space-time (x—t) diagram of the deviations
of isopycnal surfaces (colour scale, m) from their undisturbed horizon z = 70 m.

20

40

60

depth [m]

80

100

120

%107

'
[}

60 65 70 75 80

85

Il Il
90 95 100 105 110

x [km]

Figure 10: Snapshot of the simulated normalized density anomaly field demonstrating various
generated waveforms: long baroclinic waves, steep wave fronts and large-amplitude short-period

waves.

and summer seasons. The diurnal tidal body force
is significantly greater than the force for semidi-
urnal tides almost everywhere in the studied re-
gion. Characteristic values of body force for the
Sea of Okhotsk do not exceed 2-8 m?s~2. The max-
imum values of this value are typical for areas with
a sharp bathymetric gradient. It is shown that the
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seasonal change in seawater density stratification
evidently affects the spatial distribution and the
magnitude of the tidal body force. In all cases, the
median of the tidal body force is less than its in-
dividual mean and all distributions of F are pos-
itively skewed, indicating that a small fraction of
the area is responsible for the bulk of the possi-
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Figure 11: Frequency of occurrence of large flow velocity values along the z-axis at different locations
(marked by vertical dashed lines) along the cross-section. Colors indicate the exceedance probability

for velocity levels.

ble total energy transfer from barotropic to baro-
clinic motions. The features of the transformation
of a tidal wave propagating from the zone of large
values of the barotropic tidal body force for the
components K;, O, M, are demonstrated. It is
shown that in this area long internal waves of tidal
periods are generated with amplitudes of 5-15m,
and the intense short-period internal waves appear
every diurnal period. The time evolution of the
horizontal velocity field was also modeled, and sig-
nificant values of flow velocities are obtained, with
the maximal values greater than the amplitude of
the barotropic tidal flow.
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