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Abstract

This study introduces the development and implementation of a regional numerical finite-volume model FESOM—C,
specifically designed to accurately compute barotropic tidal dynamics in the Pacific waters adjacent to the southeastern region
of the Kamchatka Peninsula. The dynamics of principal harmonics of the semidiurnal M2 and diurnal K1 tidal constituents
are replicated, as well as the total tide, which encompasses 12 constituents. The computed results, obtained using a detailed
unstructured grid, are interpreted through the Long-wave approach. The FESOM—C regional model revealed the variability
of harmonic constants of tide and current characteristics within the shelf and canyon-cut continental slope, due to topograph-
ic scattering of tidal waves. The assessment includes the estimation of maximum currents and eddy structures associated with
residual tidal circulation on the shelf and continental slope. To investigate the influence of varying open boundary conditions,
sensitivity experiments have been conducted using data from two state-of-the-art global tidal models FES2014 and TPXO9.
The findings reveal that the regional model’s solution exhibits only minimal dependency on this choice, and it aligns well
with the limited available tidal data. Interestingly, the global models themselves demonstrate significant disparities in the tidal
currents. Furthermore, we assess the accuracy of global tidal model solutions in a broader region encompassing the Sea of
Okhotsk, as well as the Pacific waters along the Kuril Islands and the Kamchatka Peninsula. This assessment utilizes a verified
database of tidal harmonic constants derived from the Soviet and British tide tables. While the average errors in tidal heights
calculations remain minor and closely approximate officially declared values, certain areas within the region exhibit notable
discrepancies in the outputs of the global models. These discrepancies are site-specific and vary depending on the particular
model and tidal harmonic under consideration. This underscores the need for caution when applying results from global tidal
models at the regional scale. Meanwhile, the importance of advancing regional tidal dynamics modeling remains evident.

Keywords: regional modeling, tide, harmonic constants, residual circulation, vorticity, global tide models, FES2014,
TPX09, FESOM—C model, unstructured grid, Sea of Okhotsk, Kuril-Kamchatka region, Avacha Bay
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AHHOTAIMA

BHacTtoseit padbote mpencTapiaeHa peaan3alns YMCAeHHOM KOHEYHO-00beMHOM pernoHanbHoi Mogenn FESOM—C
IUISL TIPEABBIYMCIICHUs] OapOTPOITHOM MPUIMBHON JMHAMUKY B TMXOOKEAHCKUX BOJAX, MPUJIETalOIIUX K I0r0-BOCTOKY
m-Ba KamyaTka. JInHaMuKa BOCIIPpOU3BOIUTCS [IJIs OTACIbHBIX TApMOHUK MOJIycyTouHOTo M2 1 cytouHoro K1 nuamazona
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MPWIMBHOTO CIIEKTpa, a TaKKe JJIsi CyMMapHOro NMpWiInBa U3 12-Tu cocTaBisitollinX. Pe3yabraThl pacueToB, MOoJTydeHHbIE
Ha JIeTabHOM HeCTPYKTYPUPOBAHHOM CETKE, MHTEPIPETUPYIOTCS B paMKaX BOJTHOBOTO TToaxoaa. PernonanbHast Moneb
BBISIBUJIA U3MEHUMBOCTb TAPMOHUYECKUX MMOCTOSTHHBIX MPUJIMBHBIX KOJIeOaHUI YPOBHSI U XapaKTepUCTUK TEYCHUI Ha
menbde M M3pe3aHHOM KaHbOHAMU KOHTMHEHTATbHOM CKJIOHE M3-3a TOIorpaduieckoro pacceMBaHUs MPUIMBHBIX
BOJIH. OlLIEHEHbI MaKCUMaJIbHbIE TEYEHUSI U BUXPEBbIE CTPYKTYPbI, CBI3aHHbBIC C OCTATOYHON MPUJIMBHOI LIMPKYJISIIV-
eif Ha meabde 1 KOHTMHEHTAJIbHOM CKJIOHE. BBITTOTHEHBI 9KCTIEPUMEHTBI TTO YYBCTBUTEILHOCTU YUCICHHOTO pelIeHUs
K 3aJJaHUIO0 YCJIOBMIT HA OTKPBITHIX IPaHUIIAX, B3SIThIX U3 IByX COBPEMEHHBIX ITI00AIbHBIX MpUJINBHBIX Moaeeit FES2014
u TPXO9. Penienue B pernoHaJIbHOM MOJIE/U €1ab0 3aBUCUT OT 3TOTO BHIOOPA M XOPOIIIO COTIIACYETCsI C UMEIOIIIMMUCS
HEMHOTOYMCICHHBIMU JaHHBIMU 110 MpuiinBaM. OTHAKO 0Ka3aJIoCh, UTO PEIICHUS CAMUX IJTIOOAIbHBIX MOJIE/ICit 3HAUMMO
OTJINYAIOTCSA MEXITY COOO B TTOJIe TPUITMBHBIX TeUeHU . JIOTTOTHUTETLHO OBLIO caelaHO CpaBHEHWE TOYHOCTH PeIeHUI
1100aTbHBIX TPUJIMBHBIX MOJIENEH 1Sl pernoHa, BKoualiinero OXoTckoe Mope v TUXOOKEaHCKHME BO/IbI BIOJIb OCTPOBOB
Kypunbckoii tpsiabl u 1-Ba KamMuaTtka. D10 cpaBHeHHE OBLIO BBITTOJIHEHO N1 BepU(UIIMPOBAHHOK 6a3bl TapMOHMYE-
CKHUX TOCTOSTHHBIX TTPUJIMBHOIO YPOBHSI M3 COBETCKMX M OPUTAHCKMX TaOJIMIL MPUJIMBOB. XOTS B CpEIHEM IO 00J1acTH
OIIMOKM pacyeTa TMPWJIMBHOTO YPOBHS MaJibl M OJM3KM K O(MUIIMAIBHO 3asiBJICHHBIM, B OTIEIBHBIX paifoHaX peruoHa
OIlIMOKY TI00aTbHBIX MOJIeNIeit ObUIM BecbMa 3HaUMMBbI. KX reorpaduyeckasi mpuBsi3Ka 3aBUCUT OT KOHKPETHO MOJIEIN
1 CpaBHUBAEMOI TTPWJIMBHON TApMOHUKHU. DTO O3HAYaeT, YTO K UCTIOTb30BAHUIO PE3YJIbTATOB TIIOOATbHBIX TTPUIMBHBIX
MoJiesiel Ha perMoHaaIbHOM MaciuTabe ceayeT OTHOCUTBCS C OCTOPOXKHOCTBIO, a aKTYaTbHOCTb Pa3BUTHUSI PETMOHATbHO-
TO MOJICTTMPOBAHUS MTPUIMBHON TMHAMUKHN COXPaHSIETCS.

KimouyeBble ciioBa: pernoHajbHOE MOAETMPOBAHUE, MPUINB, TAPMOHUYECKNE TTOCTOSTHHBIE, OCTAaTOYHAs LIMPKYIISIIINS,
3aBUXPEHHOCTb, IobanbHbie Moaeau npuianoB, FES2014, TPXO09, monens FESOM—C, HecTpyKTypupOBaHHasi ceTKa,
Oxotckoe Mope, Kypuino-KamuaTckuii pernoH, ABaYMHCKUI 3aJIMB

1. Introduction

Precise replication of tides is of utmost importance in the modeling of intricate shelf and coastal process-
es. It is widely acknowledged that the skill of model physics and the precision of tidal motion calculations
depend significantly on several key factors: (1) the availability of a digital bathymetry model of sufficient
quality; (2) the use of a high-resolution grid to account for pronounced geometric and bathymetric features;
(3) the capability to represent three-dimensional effects with a description of boundary layers. In the context
of regional models for marine open areas, it is also necessary to have adequate conditions at the open bound-
aries of the calculation area, and for expediting the model field adaptation phase (spin-up), proper initial
conditions are essential.

Satellite altimetric observations have made a substantial contribution to the understanding of global pro-
cesses on the sea surface, notably by enhancing the accuracy of ocean tide predictions through data assimi-
lation. It was believed that the quality of global tide models on a regional scale, encompassing shallow waters
and coastal areas, fell short in predicting sea level and current characteristics with the precision achieved in
open ocean predictions. This assertion was based, in part, on the results of comparisons with seven contem-
porary global ocean tide models at the time of publication [1]. The primary focus of this comparison was
directed towards empirical models, which are based on the processing and interpolation of altimetric data,
and hydrodynamic assimilation models, which assimilate altimetric and tide gauge observation data. The
testing was grounded in the comparison of model solutions with both in-situ and remote measurements of
tidal levels.

In recent years, the reliability of altimetric data in coastal regions has notably improved, thanks to the devel-
opment and application of new algorithms and technical enhancements, a detailed review of which is presented
in [2]. Consequently, more “coastal” signals are extracted compared to the classical altimetry processing, with-
out compromising the accuracy of standard open ocean processing and coastal regions. This, in turn, leads to
the increased accuracy of many tidal models utilizing altimetry in areas where it was previously lacking. This has
allowed for a reduction in the contribution of data from coastal tide gauges during assimilation, or categorizing
certain stations as unrepresentative. In recent years, numerous studies have emerged with a focus on reevaluat-
ing the accuracy of global models on a regional scale [3—11]. An analysis of these publications reveals that when
compared to observational data and reasonable areca-averaged error estimates, these global models may exhibit
disparities in certain regions. Furthermore, the results of such comparisons are contingent on the specific tidal
harmonic under consideration. For instance, in [12], it is noted that the tidal atlas FES2014 notably enhances
accuracy compared to the earlier version, FES2012, with a significant improvement observed in the Arctic
Ocean for the tidal constituents K1 and S2. However, a reduction in accuracy appears to have occurred in two
anomalous regions: the Ross Sea for O1 and the Weddell Sea for M2.
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On the other hand, the accumulated time series of altimetric observations over three decades allow for the
assessment of a greater number of minor tidal constituents. As ocean tide models continue to improve, par-
ticularly in coastal areas, these minor tides are gaining increasing significance. Currently, the most common
global tidal models are TPXO [13] and FES [14]. Based on their latest versions (TPX0O9 and FES2014, re-
spectively), tidal harmonic constant atlases are frequently utilized to determine and provide boundary infor-
mation in regional models. These datasets offer the finest spatial resolution, the most extensive harmonic set,
and a low mean calculation error when compared with benchmark coastal and pelagic tide gauges. Although
these models have also been among those evaluated in the previously cited studies, to date, there have been
no such assessments for the waters of the northwestern Pacific Ocean, including the Sea of Okhotsk and the
Kuril-Kamchatka region.

One of the objectives of this study was to conduct regional modeling of barotropic tides in the waters adjoin-
ing the southeastern coast of Kamchatka. This modeling will be employed in the following numerical simula-
tions of the complex dynamics and hydrology of this region, characterized by a limited array of heterogeneous
observations. Another goal of this study is the assessment of the quality of global models in the overall region,
assuming that the proposed regional model, equipped with improved boundary conditions, will provide new
insights into the tidal dynamics within these waters.

The paper is structured as follows: In Section 2, information about the research area and the state of its
tidal dynamics study is presented. Section 3 provides data on the observed harmonic constants of tide, dis-
cussing two different solutions for global tides, namely FES2014 and TPXO9. The regional model is briefly
introduced in focus on the discretization characteristics of the computational domain using an unstructured
grid. In Section 4, a comparison of global models in the northwestern part of the Pacific Ocean, including
the Sea of Okhotsk and the Kuril-Kamchatka region, is conducted among themselves and with observational
data. The results of regional modeling are presented in Section 5. The selection of boundary conditions for
the regional model is discussed. A general description of the modeled tide is provided for the diurnal (K1)
and semidiurnal (M2) harmonics as representatives of sub-inertial and super-inertial tidal forcing harmonics.
A separate discussion is dedicated to tidal currents and their distinctions from global model solutions within
the study area. The results of modeling the total tide are limited to the analysis of maximum currents, eddy
structures, and residual tidal circulation. The Conclusion section addresses the outcomes of the work and the
implications derived from them.

2. Research Region

The Pacific Ocean waters adjacent to the southeastern coast of the Kamchatka Peninsula encompass
both narrow and wide shelf areas, a steep continental slope, and a deep-sea trench (see Figure 1). The under-
water topography of two major bays within this region, Kronotsky and Avacha, is characterized by intricate
deep-sea canyons that extend across the slope and the narrow shelf. This area, primarily due to its canyons,
is renowned as the spawning ground for the largest population of the Eastern Kamchatka walleye Pollock
(Gadus chalcogrammus Pallas) in the region. Our interest in this aquatic region is prompted by existing ev-
idence of potential critical influences of some abiotical processes on the early stages of development of this
commercially important fish species, attributed to tidal dynamics [15]. To implement a regional model of the
dynamics and hydrology of this area, accounting for tidal impacts, the initial step requires the creation and
verification of the tidal component of this model, with particular attention to the specified conditions along
the extensive open boundary of the domain. Tidal phenomena within this aquatic region have not been the
subject of targeted investigation. As stated in the Introduction, researchers have access to the results of global
tide models such as TPXQO9 (version 4) and FES2014, which can be employed for initiating the boundary and
initial conditions of the regional tidal model. However, the quality of global model solutions in the north-
western Pacific Ocean region has not been thoroughly examined. For the southeastern part of the Kamchatka
Peninsula, only two tide gauge stations with harmonic constants of tides are available in open databases, one
of which (see Figure 1) is situated in the Avacha Bay and may not be representative for comparison with
global model results. Therefore, in the preliminary stages of this study, it was decided to evaluate the quality
of global models in a broader region, encompassing the Sea of Okhotsk, the Pacific waters of the Kuril-
Kamchatka region, and the northern part of the Sea of Japan.

47



Pomanenkos JI.A., Cogvuna E.B., Poouxosa A.E.
Romanenkov D.A., Sofina E.V., Rodikova A.E.

Fig. 1. Bathymetry of the study area (m). Red cir-
cles represent observation points with harmon-

0 ic constants of tidal level amplitudes and phases.
Dashed lines indicate the 500 m isobath. The gray
1000 curve represents the boundary of the computational
domain of the regional model. The blue rectangle
2000 genotes the area of the incut with bathymetry near
3000 the deep-water canyons of the Avacha Bay. Ara-

bic numerals indicate the mentioned observation
4000 points in the text, while Roman numerals mark:

I — Sea of Okhotsk, II — Kamchatka Peninsula,
5000 III — Sakhalin Island, IV — Avacha Bay, V — Kro-

notsky Bay, VI — Shelikhov Gulf, VII — Penzhina
6000 Bay, VIII — Uda Bay, IX — Shantar Islands, X —

Kuril Islands, XI — Lopatka Cape, XII — Shipun-
7000 sky Cape

8000

The northwestern part of the Pacific Ocean

9000 Is strongly influenced by tidal dynamics affect-

: ing the hydrology of its waters. Notable char-

25 M0 W 1. des Ieb - les acteristics of tides in the region include: 1) the

dominance of diurnal constituents in the spec-

trum of mixed type tide in most of its parts, and 2) some of the highest tidal amplitude values in the world, observed
in Penzhin Bay and bays of the Shantar region in the Sea of Okhotsk.

The structure of tides and various aspects of their dynamics in the Sea of Okhotsk and the adjacent
waters of the Pacific Ocean have been the subject of previous modeling studies [16—26]. Only in [25—26],
tidal forcing was applied from TPXO9, and the quality of global models was not assessed in those or other
studies. In this context, we do not analyze the results of tidal dynamics modeling in the region, but we
will highlight one particular feature. The dynamics of long-wave processes in the region, including tides,
are characterized by the generation and propagation of trapped shelf waves (a type of Rossby topographic
waves) [27]. Under certain conditions, these waves “extract” energy from the primary barotropic tide of
sub-inertial harmonics as it dissipates over bathymetric and shoreline irregularities. Their wavelengths are
more than an order of magnitude shorter than the wavelength of the fundamental energy-carrying Kelvin
wave, which manifests in observed small-scale variations in the characteristics of sea level oscillations and
currents [28]. This circumstance may prove challenging for both modeling and the comparison of its results
with observational data.

3. Initial Data and Research Methodology
3.1 Database of Harmonic Constants of Tide

Existing open tidal observation data include harmonic constants tables for tidal levels from 1948 and
1960 [29—30] and Admiralty tidal tables from 1998 [31]. The primary data source consisted of Soviet ta-
bles (118 stations), and the dataset was augmented with Admiralty tables (95 stations), including 4 unique
stations not present in the Soviet tables, along with 2 pelagic stations [32]. In the initial stage, data veri-
fication was conducted through cross-comparisons between different datasets, comparisons with known
tidal charts, and the WXTIDE32 tidal calculator database [33]. As a result, station coordinates and certain
amplitude and phase values of tide were adjusted, and the phase was converted to UTC time. Errors and
typos were identified in both datasets. Dubious stations were excluded, and duplicates were not consid-
ered. This phase yielded a new base of harmonic constants containing 124 tidal stations (supplementary
materials: Appendix, Table Al).

3.2 Global tidal models

Below, a more detailed examination of the most common databases concerning the characteristics of tidal
harmonics, TPXO, and FES, obtained using global models with data assimilation, will be provided.
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TPXO (Oregon State University TOPEX/Poseidon Global Inverse Solution tidal model) is a global product
based on a barotropic tidal model that assimilates altimetry data from satellites such as Topex Poseidon, Topex
Tandem, ERS, GFO, and in situ observations from tidal gauges. Each successive version of the TPXO model
is based on updated bathymetry and assimilates more data compared to its predecessors. The latest available
implementation, TPXO9, features a spatial resolution of 1/30°.

The model description and assimilation procedure are presented in [13]. The archive comprises harmonic
constants (amplitudes and phases of tide) and constituents (northward and eastward components) of barotrop-
ic (vertically-averaged) tidal currents. It also includes local bathymetry used to calculate tidal flows (velocity
components multiplied by local depth) for tidal constituents, such as M2, S2, N2, K2, K1, Ol, P1, Q1, the
long-period components Mf and Mm, and the nonlinear constituents M4, MS4, MN4, as well as 2N2 and S1.

The FES2014 (Finite Element Solution) global ocean tide atlas is a global product created based on a fi-
nite element barotropic tidal model with spatial resolution ranging from 2 to 60 km depending on local depth.
The atlas is the result of assimilating long time series of altimetric data from satellites such as Topex/Poseidon,
Jason-1, Jason-2, TP interleaved-J1 interleaved, ERS-1, ERS-2, and Envisat, along with in situ observational
data from tidal gauges. The model description and assimilation procedure are provided in [14].

The FES2014 atlas includes harmonic constants (amplitudes and phases of tide and components of baro-
tropic tidal currents in the north and east directions) and loading tide (vertical displacements of the Earth’s
crust due to oceanic tides) for the following tidal harmonics: 2N2, EPS2, J1, K1, K2, L2, La2, M2, M3, M4,
M6, M8, Mf, MKS2, Mm, MN4, MS4, MSf, MSgqm, Mtm, Mu2, N2, N4, Nu2, Ol, P1, QI, R2, S1, S2, S4,
Sa, Ssa, and T2. The user-accessible database is provided on a regular grid with a spatial resolution of 1/16°,
obtained through interpolation from the “native” finite element grid. Additionally, there is an extrapolated
version of the database available for tidal levels, though not for current velocities, to cover coastal regions more
comprehensively.

3.3 Regional model FESOM—-C
3.3.1 Description of the Regional Model

To simulate the barotropic tides in the Pacific waters southeast of the Kamchatka Peninsula, the Finite
Element Sea-ice Ocean Model, FESOM—C (FESOM—Coastal, [34]), was employed. This model forms the
basis for addressing a wide range of geophysical, hydrogeological, engineering, and environmental problems.
FESOM-—C is founded on the discretization of the original geophysical hydrodynamics equations using the
finite volume method and operates on horizontal mixed unstructured grids composed of triangles and quadri-
laterals. FESOM—C possesses multi-resolution functionality for simulating marine hydrodynamics, bridging
the gap between different motion scales. The model employs multiple advection schemes for the equations of
motion and tracers, characterized by low numerical dissipation. It is equipped with modules for tide, drying,
and sedimentation calculations. For the vertical coordinate, a standard sigma-coordinate transformation is
used, which accounts for bathymetry. The numerical implementation of the model in the horizontal direction
is based on an explicit scheme that separates the barotropic (mean in the vertical) and baroclinic modes. The
model features two types of parallelization: Open MPI and MPI. The dynamic core of FESOM—C has been
developed and tested (in the hydrostatic option) in numerous idealized and real-world experiments [34—38].
The 2019 version of the FESOM—C model is accessible at the following link: https://doi.org/10.5281/zeno-
do.2085177 (accessed on June 27, 2023).

In this study, the FESOM—C model is utilized to compute the barotropic tides (without accounting for
stratification effects). Thanks to the model’s adopted algorithm, which splits the dynamic problem into the ver-
tical mean and deviations from it, model solutions in three-dimensional and two-dimensional (shallow water
approximation) formulations for variables such as sea level and vertical mean velocities are nearly indistinguish-
able. In our analysis, we will focus on precisely these variables and the associated dynamical characteristics. The
Smagorinsky model is employed to describe horizontal eddy viscosity. To approximate advection, a second-or-
der accurate finite difference scheme is selected. The bottom friction coefficient is set to 0.005. To stabilize the
numerical solution near the open boundary and reduce the time for solution convergence, an additional buffer
zone option is used along this boundary, with a width of 20 km and a bottom friction coefficient increased by a
factor of 10.
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3.3.2. Grid

The calculations were conducted on an unstructured triangular mesh with elements of uniformly varying
sizes. The mesh was generated using the GMSH generator [39], with local refinement allowing for a reliable

representation of the barotropic scale (Lb, = \/g7 ) / (max ( /s 03)) according to the recommendations [40], where
g=9.81 m/s2, h represents the local depth, fis the Coriolis parameter, and o is the tidal harmonic frequency.
In our model domain L, € [50 km to 2500 km], with a total of 37,738 nodes in the mesh and 74,226 elements.
The edge sizes of the elements range from 330 m to 7800 m, with the smallest values in the shallow water areas.

The bathymetry of the computational domain was derived from the 30" ETOPO 2022 dataset [41], with
minimum and maximum depths of 5 m and 7900 m, respectively. This version of the archive effectively resolves
deep canyons in the bays (Fig. 1, inset).

3.3.3. Boundary Conditions

At the open boundary of the model domain, the sea level is set in the form of:

n
ézéo+ZfiAiCOS((D[t+(UO+ui)i_gi)s (D)
i=1
where n represents the number of considered harmonics (waves), &, is the non-tidal component of sea level
variations, 4; denotes the amplitude of tidal wave i, w; = 21t/ T; represents the angular velocity of wave / (in radi-
ans per second), 7;is the period of the i-th harmonic,  is the time, g; is the phase of wave / relative to the prime
meridian, determining its initial sea level reference at the initial time of the calculation 7 = 0, f; represents the
astronomical nodal factor, and (v,+u); signifies the astronomical argument. 4; and g; are the tidal harmonic
constants, which depend on local conditions and are provided from observations or other models. The values
of f; and (v, tu);, the astronomical parameters at “00” hours of the first day of the calculation, are determined
based on the lunar and solar orbit parameters in accordance with [42].

To calculate the monoperiodic tide, one of two harmonics is specified: the semi-diurnal M2 (T = 12.42
hours) or the diurnal K1 (T = 23.93 hours), without considering astronomical parameters. For the total tide, the
following constituents are considered: M2, S2, N2, K2, K1, O1, P1, Q1, Mf, Mm, MS4, M4. Other calculation
parameters include &, = 0.0, a time step of Af = 3 seconds. The calculations are performed until the numerical
solution reaches a quasi-periodic regime, where the mean change in the depth-integrated barotropic tidal en-
ergy density becomes less than 0.1 % over a tidal cycle and the entire sea area. The monoperiodic tide stabilizes
in less than 20 periods, and the total tide takes approximately 4 synodic months to establish. To estimate the
harmonic constants of the monoperiodic tide, a Fourier analysis was conducted on the numerical solution over
the last tidal cycle of the calculation. The analysis of the total tide was performed for one synodic month after
the solution had stabilized.

4. Comparison of global models among themselves and with observational data

The analysis of tidal maps for the diurnal (K1, O1) and semidiurnal (M2, S2) harmonics in the northwestern
region of the Pacific Ocean revealed that large-scale tidal features, such as the number and positions of am-
phidromes, local maxima, and minima, correspond to established understanding of tides in the region (see, for
example, [18, 43]). However, there are differences in the values of tidal characteristics.

Comparison of the results from the global models FES2014 and TPXO0O9 was conducted for the observation
points included in the newly corrected database of harmonic constants of tidal level amplitudes and phases (see
Table Al; Figure 1).

Spatial maps of the vector error of tidal heights from global models for the harmonics M2, S2, K1, and O1
are presented in Fig. 2. The vector error was determined as follows:

1

1 T A 1 1
D, = {?I[Am. cos(wt —g,; ) — A, cos(wr — g, )]2 a’t} _2h [Afl +Ap. =24, A, cos(g, —gm,-)JA , (2)

i 0i“ mi
0

where A,;, g, A,ni» and g,,,; are the observed and model values of amplitude and phase of tide at the i-th observa-
tion point for an individual tidal harmonic with period 7.
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Fig. 2. Vector errors in tidal heights (m) using global models FES2014 and TPXQ9 at observation points (supplementary

materials: Appendix, Table A1) for the M2, S2, K1, and Ol tidal constituents. Error magnitude is indicated by color,

with black circles denoting points where coordinates did not fall within the model grid cell, and harmonic constants were
assumed equal to the constants at the nearest grid node

In most locations, the vector error does not exceed a few centimeters for all four harmonics. Exceptions
are Cape Astronomical and Uda Bay (stations 210 and 205 respectively), where the tides are the highest in the
region (see Table Al). The error magnitude might also be affected by the station locations; both stations are at
the bay heads. For example, at Lebyazhya Bay on the Shantar Islands (station 204), located to the east of station
205, the vector error is small, despite the significant tidal amplitudes. Significant discrepancies are observed at
station 211, located at the mouth of a river on the western coast of Kamchatka, for both diurnal harmonics, and
in station 209 in the northwestern part of Shelikhov Bay for the K1 harmonic. The latter example errors may be
generated by both model and inaccuracies in the observational data. It is worth noting a slight increase in vector
errors on the northeastern coast of Sakhalin for diurnal harmonics, which could be attributed to the influence
of shelf waves in this area [44].

In Fig. 3, probability distributions of vector errors are presented for the four harmonics and both global
models. A lower median value compared to the mean is characteristic for all vector errors, indicating the pres-
ence of individual large outliers. Based on the mean values of vector errors, FES2014 appears more favorable
compared to TPXQ09, while the error medians are close, and Q3 (the third quartile) for TPXO9 is smaller, as
well as the “whiskers.” This conclusion does not apply to S2, where error distributions for both global models
are nearly identical. The significantly high mean values of vector errors in TPXO9 for the M2 and K1 harmon-
ics are due to the outliers in the aforementioned two locations: Cape Astronomical (station 210) and Uda Bay
(station 205). Bilinear interpolation was used for the interpolation of modeling results for both models. When
the coordinates of the stations did not fall within the computational grid cell, the harmonic constants for those
points were set equal to the values at the nearest grid node. The coordinates of both stations extend beyond
the TPXO9 computational domain (in Fig. 2, these points are encircled in black). For the FES2014 model, all
harmonic constants were obtained through bilinear interpolation, as an extrapolated archive of FES2014 model
results was used.

Upon a more detailed examination of station 210, Cape Astronomical (refer to Table Al), it becomes ev-
ident that the discrepancy in the M2 amplitude between observational data and the TPXO9 model is signifi-
cantly smaller than that observed in the FES2014 model. To be specific, it measures 0.085 meters in contrast
to —0.322 meters. Additionally, the vector error stands at 0.34 meters for FES2014 and 1.24 meters for TPXO.
This disparity is primarily attributed to a notable phase shift in the Penzhinskaya Gulf apex within the TPX0O9
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Fig. 3. Probability diagram of vector errors (box plot). The box boundaries correspond to Q1 and Q3 (first and third

quartiles), the orange line represents Q2 (the median), and the whiskers extend to 1.5 X (Q3 — Q1) from the edges

of the box, ending at the farthest data point within this interval. Outliers are not depicted. The lower row provides
the mean values of vector errors (m)

model, recording a phase of 340° compared to the observed 261°. This difference may be explained by the ba-
thymetry data for this region, representing greater depths than the actual bathymetry. Another plausible expla-
nation lies in the implementation of an unstructured grid in the FES2014 model simulation, which facilitates
a more detailed depiction of the coastline and increased resolution within narrow bays. These differences in
sea level characteristics are expected to be reflected in the patterns of tidal currents. In order to compare these

M2 TPXO
T

-

125

=120

Fig. 4.Fin p. 54

53



Pomanenkos JI.A., Cogvuna E.B., Poouxosa A.E.
Romanenkov D.A., Sofina E.V., Rodikova A.E.

) d)

K1 FES
|

55

K1 TPXO9

K1 FES-TPXO

Fig. 4. Tidal current ellipses and amplitude of tidal current velocities (major axis of tidal ellipse) in global models for harmonics

M2 and K1: a — M2 currents from FES2014; 5 — M2 currents from TPXO9; ¢ — K1 currents from FES2014; d — K1 currents

from TPXO9; e — difference in the magnitude of the major axis of M2 between FES2014 and TPXO9; f — difference in the

magnitude of the major axis of K1 between FES2014 and TPXO9. The amplitudes of tidal current velocities are depicted in

color, and the ellipses are displayed at every 5 grid nodes. The difference in current velocities is presented at a coarser resolution
for the FES2014 model. Current velocities are given in cm/s

currents derived from the global models, we narrow our focus to a region of particular interest: the waters adja-
cent to the southeastern coast of the Kamchatka Peninsula. Tidal currents are typically represented as ellipses
describing the rotation of the current vector over a tidal period for individual harmonics. The ellipse is char-
acterized by its parameters: major and minor axes and the aspect ratio (eccentricity), whose sign indicates the
direction of rotation. Figure 4 illustrates the tidal harmonic ellipses from the global models and the disparities in
model current amplitudes (major axes of the ellipses). These figures reveal significant disparities in the results,
which can reach half or more of the maximum current values. This is particularly evident in the vicinity of the
First Kuril Strait. Along the Kamchatka Shelf and the continental slope, these differences manifest locally,
primarily in areas characterized by distinct bathymetry and coastlines. Nevertheless, these disparities can be as
substantial as +20 cm/s.
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5. Results of Regional Modeling in the Waters Adjacent to the Southeast of the Kamchatka Peninsula
5.1 Comparison of Regional and Global Modeling Results. Sensitivity to the Boundary Conditions

The Table presents the modeling quality assessments for diurnal and semidiurnal harmonics at two obser-
vation points in the model domain along the southeast coast of Kamchatka. The table includes differences in
amplitude and phase calculations, as well as vector errors compared to similar assessments provided by global
models for these stations. It is evident that, for the majority of the compared characteristics, our solution ex-
hibits lower accuracy compared to the FES2014 atlas but performs better than the TPX09 data. Importantly,
our solution does not employ any assimilation procedures. The differences are relatively minor and reflect local
peculiarities of oscillations within the bays. Consequently, the regional model’s accuracy demonstrates the suc-
cessful simulation of barotropic tides along the southeast coast of Kamchatka.

Regarding the sensitivity of the regional model to the boundary conditions, the comparison of modeling
results has shown that tidal sea level variations are weakly sensitive to the choice between the global models
FES2014 and TPXQO9 as sources of information on tidal sea level variations at the open boundary. If the choice
is based on a comparison at two observation stations, the use of the FES2014 model results in a reduction of the
vector error by no more than 0.6 cm for K1, and for M2, the results are nearly identical.

Next, the results of regional modeling are analyzed, where tidal sea level variations at the open bound-
ary are specified from the global model TPX09. This choice was made because the TPX0O9 model provides
results with higher resolution, which are more suitable for the end user and are more commonly used by
other users.

Table
Model errors of harmonic constants at observation stations. Errors of FESOM—C model are presented
with boundary conditions from FES2014 and TPXO9
- 2 Ph
% Source é Amplitude, m Phase, Amp litude diﬂ“erf:ilece, Vector error, m
s é degrees difference, m degrees
observations 0.280 131.0
§ fesom_fes2014 0.268 123.2 0.012 7.8 0.028
;g = fesom_tpxo9 M2 0.269 122.9 0.011 8.1 0.028
g Q fes2014 0.279 125.9 0.001 5.1 0.018
=2 |tpxo9 0.282 125.5 —0.002 55 0.019
% Z  |observations 0.390 334.0
r::é § fesom_fes2014 0.382 345.5 0.008 —11.5 0.055
% e fesom_tpxo9 K1 0.371 346.8 0.019 —12.8 0.061
2 fes2014 0.377 344.7 0.013 —10.7 0.051
tpxo9 0.365 349.4 0.025 —154 0.074
observations 0.320 136.0
fesom_fes2014 0.300 129.4 0.020 6.6 0.029
% = fesom_tpxo9 M2 0.303 129.4 0.017 6.6 0.028
= Q fes2014 0.284 132.6 0.036 34 0.028
g%&  [tpxo9 0.300 131.4 0.020 46 0.022
£ 7 | observations 0.430 333.0
% S fesom_fes2014 0.387 349.2 0.043 —16.2 0.087
A “ fesom_tpxo9 K1 0.379 350.1 0.051 —-17.1 0.092
fes2014 0.384 348.1 0.046 —15.1 0.082
tpxo9 * 0.371 351.3 0.059 —18.3 0.099

Note: * The station’s location extends beyond the source data area; the «nearest neighbor» extrapolation method was applied.
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5.2 Tidal maps

The tidal maps of the major semi-diurnal (M2) and diurnal (K1) harmonics do not exhibit fundamental dif-
ferences in the spatial patterns of amplitudes and phases (Fig. 5). Phases increase in the southwest direction, and
amplitudes gradually rise from the deep-sea areas towards the coast. Such a tidal chart is typical for the large-
scale Kelvin tidal wave. The Kelvin wave propagates along the continental shelf, where variations in depth and
the coastline introduce some variability in the characteristics of sea level fluctuations. Local amplitude maxima
are observed at Cape Shipunsky and in the Avacha Bay, and they are more pronounced for the diurnal K1
harmonic. It is also notable that along the continental slope and on the shelf, amplitudes and phases of the K1
harmonic exhibit more variability compared to the semi-diurnal M2 harmonic. In the vicinity of Cape Lopatka,
the peculiarities of the model solution are associated with the gradient of prescribed sea level characteristics at
the open boundary, influenced by the nearby First Kuril Strait.

5.3 Monoperiodic tidal currents

Figure 6 represents the tidal currents of the M2 and K1 harmonics. diurnal tidal currents dominate over
the semidiurnal currents, exhibiting an intensification not only over the shoal near Cape Shipunsky but also
on the shelf in the northern part of the Avacha Bay and in the southwestern region where the shelf widens no-
ticeably. This phenomenon may be associated with the generation of diurnal shelf waves, the effects of which
are manifested stronger in the variability of currents. Over shallow shelf areas, both components of the currents
deviate from a nearly-reverse regime, and the compression of ellipses decreases, which is typical in zones with
high energy dissipation by bottom friction. The spatial structure of the currents is similar to what was previously
examined for solutions from global models. Our velocity amplitude solution is closer to the FES2014 current
field, except in the southwestern part of the model domain, under the condition that boundary information was
adopted from the TPXO9 model.

5.4 Total tide

In the model calculations, the total tide is set at the boundary as a combination of 12 harmonic constituents
and computed from January 1, 2022. For analysis, the results of modeling over a synodic month of 29.5 days,
corresponding to June 2022, were selected. This month was chosen as a period in which the maximum tidal
values are observed according to astronomical conditions from 2016 to 2023.

In Figure 7, the characteristics of the total tidal currents are presented. Maximum current velocities can
reach up to 40 cm/s south of Cape Shipunsky. Elevated velocity values are observed in the Avacha Bay, includ-
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Fig. 5. Tidal maps for principal harmonics (regional model): ¢ — M2; b — K1. The amplitude is shown using a color scale.
Solid lines (cotidal lines) represent phase values in degrees, referenced to the zero meridian
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Fig. 6. Tidal current ellipses of principal harmonics (regional model): a — M2; b — K1. The amplitude of tidal current velocity
(major axis of tidal ellipse) is represented by color. The ellipses are shown after interpolating current characteristics onto a
uniform grid

ing over deep canyons, and further along the entire southeast Kamchatka shelf. In Kronotsky Bay, the currents
are noticeably weaker. Of particular interest is the residual tidal circulation, obtained by averaging the current
ov  Ou

velocities and relative vorticity over the analysis period, = x o where u and v represent the zonal and
X oy

meridional components of the velocity in the right-handed coordinate system, with the x-axis pointing east, the
y-axis north. Residual currents result from the nonlinear interaction of the flow with sharp topography and be-
tween individual tidal harmonics. This type of circulation plays a crucial role in the dynamics of the continental
shelf, ensuring steady transport, causing upwelling, and forming long-lived vortex and convergence zones in the
currents. As shown in Fig. 7, b, the tide creates a background southwestward transport throughout the region
and an anticyclonic eddy south of Cape Shipunsky. Local extremes in the field of residual tidal vorticity (Fig. 7,
a, inset) indicate that vortex structures on the shelf and slopes of the bays are ubiquitous. Along the canyon
slopes, the model predicts sheared residual tidal currents, which are evident from sharp vorticity gradients with
a change in sign.

cm/s cm/s

a) 0) b)
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Fig. 7. Results of modeling the total tidal currents: @ — maximum currents for the synodic month; b — residual (average)
currents for the synodic month, interpolated onto a uniform grid. Insets in a and b show the residual vorticity and circula-
tion, respectively

57



Pomanenkos JI.A., Cogvuna E.B., Poouxosa A.E.
Romanenkov D.A., Sofina E.V., Rodikova A.E.

6. Conclusions

The numerical model of tidal dynamics has been successfully implemented to simulate barotropic tides
along the southeastern part of the Kamchatka Peninsula and the adjacent waters. New detailed tidal level and
current maps of the main tidal harmonics in the area have been obtained. The characteristics of the modeled
tide are explained from the perspective of wave physics: the tidal structure is dominated by Kelvin waves, and
the diurnal harmonic significantly reflects the influence of trapped shelf waves, which manifest in the along-
shore variability of tidal characteristics, although less pronounced for the semidiurnal component. Modeling
of the total tide has been performed for the first time in this region. Maximum currents and vortex structures
associated with tidal currents have been estimated. The calculations have revealed significant residual tidal dy-
namics on the shelf and continental slope of the Avacha Bay.

The tidal modeling was preceded by a reassessment of the information available from global tidal atlases TPXO9
and FES2014. It has been previously reported that global ocean tide models exhibit significant discrepancies in
shallow coastal waters. Our analysis, conducted for the northwestern part of the Pacific Ocean, indicates that these
discrepancies may not be limited to these specific areas. None of the global models demonstrates consistently
superior performance in certain areas of this region when compared to observational data, especially in the Sea of
Okhotsk. These areas can have large tidal level amplitudes, strong tidal currents (e. g., in straits), and unusual local
effects generated, for example, by trapped shelf waves. However, the regional average errors (obtained by averag-
ing over all observation points) are low and close to the stated accuracy estimates. Discrepancies with observations
can be attributed to both data assimilation methods and the grid resolution used in global tidal models.

Another source of errors is inaccurate coastal observation data. It is unknown which of the tide gauge sta-
tions were used for assimilation in global models and which were used for comparisons and accuracy assess-
ments. A review of open reference sources for information on harmonic constants of tides in the northwestern
Pacific region was conducted. Errors and typos identified during the analysis of this information were corrected.
As a result, a new verified database of tide harmonic constants in the region was used for our assessments of the
spatial distribution of errors in global models in the region.

Our results indicate that data obtained from assimilation-based global tidal models should be viewed criti-
cally, for instance, in tidal energy assessments or when prescribing boundary conditions in regional modeling.
In this case, the choice of boundary conditions from two possible sources had minimal impact on modeling
results in the waters adjacent to the southeastern part of the Kamchatka Peninsula. The accuracy of the regional
model, without using data assimilation, is comparable to global models when compared with coastal tide gauge
stations. Unfortunately, information on tidal current observations is lacking in the area where the tide was
modeled. At the same time, significant discrepancies were demonstrated between data from global models in
the same area concerning the characteristics of maximum tidal currents, which reach half of their velocity mag-
nitude. Calculated diurnal and semi-diurnal tidal currents from the regional model are close to global solutions
in some parts of the region, while they differ in others. These contradictions motivate further research.

Supplementary materials

Appendix. https://www.doi.org/10.59887/2073-6673.2023.16(4)-4-suppl
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