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Abstract: Tidal dynamics play an important role in Kara Sea circulation, influencing currents, sea ice
formation, and biogeochemical processes. However, accurate numerical simulation of these processes
in regional models depends on the choice of tidal forcing at open lateral boundaries. This study
evaluates the performance of three tidal models - TPXO9, FES2014, and Arc2kmTM as sources of
boundary forcing for a high-resolution regional Kara Sea model based on MITgcm numerical kernel.
The goal is to identify the optimal tidal forcing that best aligns with observations from coastal stations.
Numerical experiments have revealed significant discrepancies in tidal energy estimates among the
models. The FES2014 model has shown the closest agreement to observations, while Arc2kmTM
exhibits the largest errors. However, when used as boundary forcing in the regional Kara Sea model,
Arc2kmTM vyields the smallest errors in simulated tidal amplitude and phase. Overall, the regional
model reproduces M2 tidal amplitudes well but introduces slight phase shifts in the southwestern
part of the Kara Sea. Our findings emphasize that no single tidal model can be considered universally
optimal. The choice depends on regional conditions and modeling objectives. For our regional model,
Arc2kmTM is recommended as a source of tidal forcing at the open boundaries of the regional model,
though global models like FES2014 remain viable alternatives. This work emphasizes the need for
improved validation methods and highlights the challenges posed by limited observational data in
the Arctic region.
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1. Introduction

Tidal movements play an important role in ocean dynamics, but their impact is
especially pronounced in shelf and coastal areas where the tidal mode of movement can
become dominant in some cases. Accounting for tidal movements is important for solving
various problems of shipping, building of hydrotechnical structures, oil and gas mining, etc.
More generally, it is important from the point of view of the fundamental study of processes
occurring in the World Ocean. In the Arctic region, accounting for tidal movements is also
important due to the presence of specific conditions, such as the relative shallowness of
the ocean, an extensive shelf area, the presence of sea ice, and considerable river runoff.
Although accounting for tidal dynamics does not significantly affect the overall extent of
sea ice in the Arctic shelf seas, [Postlethwaite et al., 2011] demonstrated that in coastal areas
with a pronounced tidal impact to the resultant current it delays freezing and accelerates
the onset of sea ice melting because tidal vertical mixing can increase the heat flux from
deeper water masses to the surface.

The structure of tidal oscillations in the Kara Sea was studied using in situ measure-
ment data by [Voinov and Naumov, 2017] for the southwestern part of the sea near Vaygach
Island, by [Voinov et al., 2020] for the southern part of the sea near Bely Island, as well as
in a series of works [e.g., Voinov et al., 2023; Voinov and Piskun, 2019, 2023] focused on
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the study of tidal oscillations in the Gulf of Ob. Besides, it was shown that the impact of
tidal dynamics on the structure of hydrophysical fields in the Kara Gate Strait significantly
affects the characteristics of internal waves and their interaction with the mean flow, as
was reported by [Morozov et al., 2017, 2008] who used in situ and satellite measurements
for their analysis. [Li et al., 2019] also studied internal waves in that region, but using
a non-hydrostatic numerical model, and their results helped clarify the structure and
evolution of internal waves in the strait.

In most cases, field observations of tidal oscillations represent sea level data measured
at coastal gauges or individual locations in the open sea. Using such data, it is possible to
perform a detailed analysis of tidal movements’ structure at a given point and its vicinity,
but, unfortunately, such conclusions cannot be freely generalized to a more extended area,
be it the entire marginal sea or some part of it, a large bay or more distant points of the
coastline. In this case there is a need to use mathematical models that take into account
physical and geographical features of an object under study such as its position, depth
field, coastline configuration, hydrophysical properties, etc. These models simulate the
state of the environment using a system of equations describing dynamic, thermodynamic,
and other processes, such as biogeochemical, lithodynamic, or any other, depending on
the particular goals of a study. Despite the fact that tidal dynamics can be described
with a relatively good accuracy by two-dimensional models in many cases, at present it
is advisable to use a three-dimensional formulation for a full description of the process.
For example, [Cai et al., 2006] showed that taking into account the three-dimensionality
of the process (in comparison with a two-dimensional formulation), density stratification,
atmospheric forcing, and adequate open boundary conditions for tidal forcing significantly
improved the results of sea level simulation in the South China Sea, which is confirmed by
a comparison with measurements at coastal stations. This conclusion is generally valid for
other shelf areas and marginal seas.

When studying tidal dynamics using regional numerical models, the specification
of open boundary conditions plays a crucial role. To date, open boundary conditions in
such studies are specified using either sea level and current velocity values with sufficient
temporal discretization, or in the form of spectral characteristics of tidal harmonics when
the tidal component is filtered out from an external solution and specified separately. For
instance, [Janekovi¢ and Powell, 2012] compared the results of tidal dynamics simulation
under idealized and realistic conditions using two different methods for tidal forcing
specification at the open boundaries. In the first case, tidal forcing taken from an external
model solution was specified at the open boundaries along with all other state variables
with a required discretization. In the second case, the tidal component had been pre-filtered
from the external solution and was specified separately at the open boundaries as spectral
forcing using phases and amplitudes of tidal oscillations. Numerical experiments showed
that specifying tidal forcing in the second case significantly improved the model solution,
whereas in the first case, due to insufficient discretization of tidal forcing at the open
boundaries, there was a reduction in amplitude magnitudes and aliasing of tidal energy at
high frequencies. It was also noted that when specifying not only one but multiple tidal
harmonics, the above-mentioned problems would increase due to nonlinear interactions.
Similar conclusions were reported by [Solano et al., 2020] who used a high-resolution
regional numerical model. Overall, it can be summarized that specification of the adequate
open boundary conditions in regional ocean models still remains a challenging task and
requires careful attention in each specific case, although several successful methodologies
have been proposed earlier [e.g., Marchesiello et al., 2001; Mason et al., 2010].

[Harms, 1992] carried out one of the first simulations of the Kara Sea circulation using
a three-dimensional regional model with a rather coarse spatial resolution equal to about
18 km where the contribution of the tidal component to the overall circulation of the
Kara Sea was assessed, and a tidal map of the M2 wave was proposed based on numerical
modeling. Tidal forcing at the open boundaries in those simulations was specified in the
form of amplitudes and phases of the M2 wave taken from an external tidal model of the
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Arctic Ocean. Despite a relatively coarse spatial resolution and significant limitations of the
model, the study managed to obtain the correct positions of amphidromic points and the
distribution of M2 wave phases across the sea. More recently, dynamics and characteristics
of tidal motions in the Kara Sea were extensively investigated in a series of studies reported
by the research group from the Shirshov Institute of Oceanology [e.g., Kagan et al., 2019;
Kagan and Timofeev, 2017] using the regional model based on QUODDY-4. They simulated
the M2 tidal wave and its potential impact on mixing and regional climate in the Kara Sea.
In their model runs, the amplitude and phase of the M2 wave were taken from the Arctic
Ocean tidal model [Padman and Erofeeva, 2004] and specified at the open boundaries of the
domain. The intra-annual variability of hydrophysical characteristics in the Gulf of Ob,
and the interaction of primary production and sea ice in the Kara Sea were investigated by
[Chantsev and Danshina, 2019] and [Martyanov et al., 2018], respectively. In both studies
the authors used modern high-resolution regional models based on Delft3D and MITgcm,
each of them taking into account tidal motion, which was the primary mode of motion in
the former study.

Currently, several different sources can be used to specify tidal forcing at the open
boundaries of regional models of the Arctic Ocean marginal seas. Among the most popular
are the products of tidal models TPXO9 [Egbert and Erofeeva, 2002], FES2014 [Lyard et al.,
2021], and Arc2kmTM [Howard and Padman, 2021]. However, although these products
are obtained using modern hydrodynamic models and data assimilation techniques, their
simulation results for the Kara Sea are not identical. This is quite understandable due
to a possible use of different bathymetric data, spatial resolutions, and implementation
features. At the same time, from the perspective of obtaining the most accurate results
in a specific Kara Sea regional model, it becomes important to determine which tidal
forcing at the open boundaries provides a numerical solution that most closely matches
the real tidal oscillations and best agrees with observation data. For example, similar
tasks were addressed in the study reported by [Nguyen and Lee, 2020] for the Yellow Sea
and by [Romanenkov et al., 2023] for the coastal region off the Kamchatka Peninsula. It
was found in both studies that the internal solutions of regional numerical models were
weakly dependent on the choice of tidal forcing at the open boundaries. However, it
was also shown that coarse-resolution parent tidal models, from which the tidal boundary
conditions for regional models had been taken, could provide a highly distorted description
of tidal dynamics in the coastal zone and their solutions could significantly differ from
each other, while more detailed regional models provided a substantially better description
of tidal processes. In this regard, it seems important to carry out a similar analysis for the
Kara Sea using a high-resolution numerical model to determine the optimal tidal forcing
necessary for the correct simulation of tidal dynamics in this region, which is the main goal
of the current study.

2. Data and Methods
2.1. Observation Data

Sources of tidal observation data in the Arctic seas of Russia are rather scarce and
based mainly on information obtained during the Soviet era. First of all, these are harmonic
constants for predicting the tidal sea level elevation taken from tide tables issued in various
years by Soviet and non-Soviet hydrographic services. There also exist data on the tidal
sea level in the Arctic seas obtained at long-term observation stations and published
in 1994 [Kowalik and Proshutinsky, 2013]. More recently, the Arctic Tidal Constituents
Atlas (ArcTiCA) became freely available [Hart-Davis et al., 2024]. This product combines
the analysis of in situ sea level measurements at coastal tidal gauges, bottom pressure
sensors data and those obtained using reflectometry data. We also have at our disposal
the tables of the Hydrographic Office of the USSR Navy and the Admiralty tide tables of
the Hydrographic Office of the United Kingdom. After cross-checking of the combined
information and removing duplicates, our database of tidal harmonic constants for the
Kara Sea includes 31 observation points (Figure 1).
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Figure 1. Bathymetry of the Kara Sea based on the GEBCO 2019 data. Red circles show the location
of tide gauges used in our analysis.

2.2. External Tidal Models

The most popular global tidal models to date are the Oregon State University
TOPEX/Poseidon Global Inverse Solution tidal model — TPXO [Egbert and Erofeeva, 2002]
and the latest finite element solution global ocean tidal atlas — FES2014 [Lyard et al., 2021].
Global solutions based on these systems (TPXO9 (version 4) and FES2024, respectively) are
often used to define and specify tide-related information at the open lateral boundaries of
regional ocean models. The TPXO9 atlas has a spatial resolution of 1/30° and is based on
a global barotropic tidal model that uses assimilation procedures of satellite and tidal buoy
data. The archive includes harmonic constants (amplitudes and phases of tidal sea level
oscillations and components of barotropic tidal currents) for 15 tidal components, namely
M2,52,N2,K2,K1, 01, P1, Q1, Mf, Mm, M4, MS4, MN4, 2N2, S1. The FES2014 atlas is
a global product created on the basis of a finite element barotropic tidal model with spatial
resolution equal to 2—60 km depending on the local depth. The FES2014 tidal model uses
assimilation of satellite and in situ observations. Available FES2014 data are presented on
a grid with a spatial resolution of 1/16° for 34 tidal harmonics.

We also use the data from the most detailed regional tidal model to date — Arctic
2-kilometer Tide Model (Arc2kmTM). It was developed at the Earth and Space Research
Institute in collaboration with Oregon State University in 2021 [Howard and Padman, 2021].
Arc2kmTM is a regional barotropic tidal model of the Arctic Ocean implemented on a grid
with a spatial resolution of 2 km and based on the Regional Ocean Modeling System
numerical kernel. Arc2kmTM provides sea surface height and depth-integrated current
velocity for 8 tidal components (M2, S2, K1, O1, N2, P1, K2, Q1). The bathymetry of the
model is based on the International Bathymetric Chart of the Arctic Ocean (IBCAO) version
3.0 [Jakobsson et al., 2012]. Being a regional model, Arc2kmTM uses tidal current velocities
and sea level heights taken from the TOPEX/Poseidon global barotropic tidal model at the
open lateral boundaries.
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2.3. Regional Kara Sea Model

A regional implementation of a three-dimensional Massachusetts Institute of Tech-
nology general circulation model — MITgcm [Marshall et al., 1997], specifically adopted
and configured for the Kara Sea conditions, is used in this study. A detailed description
of the model was reported by [Martyanov, 2023], therefore we only provide main features
of the model here in order to outline the physics and numerical aspects it incorporates.
MITgcm solves the Boussinesq form of the Navier-Stokes equations for an incompressible
fluid in a curvilinear framework. The model equations are written in z-coordinates and
discretized using a staggered Arakawa C-grid. Water temperature and salinity are calcu-
lated using an advection-diffusion equation with corresponding boundary conditions. The
water density is calculated using a modified UNESCO equation of state proposed in [Jackett
and McDougall, 1995]. MITgcm is coupled with a sea-ice model described in [Losch et al.,
2010]. The model’s domain is shown in Figure 1. This high-resolution regional numerical
model of the Kara Sea (KASM) is run in a hydrostatic mode and utilizes the following set of
main features. Vertical mixing in the model is parameterized with the TKE closure scheme
proposed by [Gaspar et al., 1990], horizontal turbulent mixing uses the modified Leith
viscosity parametrization [Leith, 1996]. Time-stepping uses the Crank-Nicolson scheme
for the sake of better energy conservation [Campin et al., 2004], while a tracer advection
scheme is a third-order direct space-time method with a flux limiter.

The KASM’s grid consists of 1000x1100 cells horizontally and 50 unevenly distributed
z-levels vertically. The horizontal resolution of the model is about 1530 m along meridians
and 850-2264 m along parallels, the effective horizontal resolution being approximately
1500 m in the center of the domain, thus making the model eddy-resolving almost every-
where throughout the domain [Hallberg, 2013; Nurser and Bacon, 2014]. This configuration
is more advantageous over those used in our earlier studies focused on modeling of the
arctic seas’ dynamics and biogeochemistry [e.g., Martyanov et al., 2017, 2018] due to a better
simulation of eddy dynamics and their impact on circulation and other processes achieved
by resolving the first baroclinic deformation radius in the domain explicitly. The vertical
resolution of KASM is 2-5 meters in the upper layers and reaches 30-50 meters in the
deepest parts of troughs.

The depth field is taken from the GEBCO 2019 bathymetry database [Jakobsson et
al., 2012]. A no-slip and impermeability conditions are used for the solid boundaries.
A parametrization proposed by [Parkinson and Washington, 1979] is applied for respective
fluxes at the ocean-atmosphere interface. Initial conditions, as well as boundary values for
water temperature, salinity, non-tidal current velocity, and sea-ice characteristics are taken
from the daily-mean data provided by the global oceanic and sea ice reanalysis GLORYS12
[Jean-Michel et al., 2021]. At the open lateral boundaries, we use a Dirichlet-type condition
combined with a nudging layer for all computed fields. The width of the nudging layer
is set equal to 15 cells along all boundaries. This value was obtained empirically for the
current KASM configuration during the process of studying the behavior of the simulated
fields in the vicinity of the open boundaries for the presence of artifactual high-frequency
oscillations formed during the inevitable partial reflection of the signal from the open
boundary. Boundary conditions for tidal motions are set using a spectral formulation with
amplitudes and phases of the tidal harmonics calculated using the results of the external
tidal models TPXO9, FES2014, and Arc2kmTM. Thus, the total current velocity set at the
open lateral boundaries in KASM (Equation 1) include a non-tidal component retrieved
from the three-dimensional velocity field provided by GLORYS12 and a tidal component
calculated using results of the external tidal models. The total three-dimensional current
velocity U normal to the boundary specified at the open lateral boundaries of the KASM
model is calculated as follows:

U = Unon-tidal + fiUOi Cos(wit + (VO + u)i _gi)r (1)

n

i=1
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where n is the total number of tidal components taken into account; i is the index of a tidal
component; Uy oy tidal 1S the three-dimensional non-tidal current velocity normal to the
boundary taken from the GLORYS12 reanalysis (m/s); Uy; is the velocity amplitude of
a tidal component normal to the boundary (m/s); w; = 21/T; is the wave angular velocity
(rad/s); T; is the tidal wave period (s); t is time (s); g; is the wave phase (rad); f; is the
astronomical reduction factor; (vg + u); is the astronomical argument (rad). The reduction
factors and astronomical arguments for Equation 1 are calculated using a KASM module
based on the UTide package [Codiga, 2024].

Atmospheric forcing is set using the hourly-mean data of the ERAS5 reanalysis. River
runoff is specified for the main rivers flowing into the Kara Sea, namely Ob, Nadym, Yenisey,
Pur, Taz, Pyasina, and Taymyra, using the daily-mean discharge taken from the Global
Flood Awareness System [Grimaldi et al., 2022].

2.4. Description of Numerical Experiments

As a first step, a model spin-up is carried out. For this purpose, KASM is integrated
for the period from January 2012 to July 2015 with boundary conditions that do not
account for the tidal component in the current velocities, i.e., the current velocities at
the open boundaries are set based on the daily-mean GLORYS12 reanalysis data only,
thus only Ujop tidal is taken into account in Equation (1). Subsequently, starting from
August 2015, additional tidal forcing is included by introducing the tidal component of
the current velocities at the open boundaries. This is achieved by calculating the normal
to the boundary component of the tidal velocity for seven harmonics (M2, S2, N2, K2, K1,
O1, P1) based on data from the TPXO9, FES2014, and Arc2kmTM archives. The choice
of these tidal harmonics is based on an assessment of the contribution of individual tidal
components to the total tide in the Kara Sea. This assessment was carried out using the data
from the TPXO9 tidal model for the entire KASM domain due to an insufficient number
of coastal gauges with in-situ data that would provide a long series of tidal harmonics
indicating their contribution to the total tide throughout the domain. Based on this analysis,
the main contribution, amounting to over 99% of tidal energy, is made by harmonics M2,
S2,N2,K2,K1, 01, and P1. The contribution of harmonic Q1 is only about 0.04% of the
total tidal energy, and therefore this harmonic is not taken into account in KASM. Thus,
three different simulations with KASM have been carried out for the period from August to
September 2015, which is mostly ice-free. In other words, each KASM experiment differs
only by the source of external data used to specify the tidal component of the current
velocities at the open boundaries, all other parameters being the same. These simulations
will henceforth be referred to as KASM(TPXO), KASM(FES), and KASM(Arc2km). It should
be noted that only the calculation results obtained for September 2015 are subjected to
further harmonic analysis, while August 2015 serves as the adaptation time for the tidal
forcing. The obtained hourly series of simulated three-dimensional total current velocities
in the KASM domain are further depth-averaged and analyzed using the UTide package
in order to determine the amplitudes and phases of individual tidal wave components
simulated with KASM.

2.5. Comparison Methodology

We have compared all available data described above with each other and with avail-
able tidal observations from coastal stations in the Kara Sea. The comparison is based on
the characteristics of the principal lunar semi-diurnal harmonic M2, which is the dominant
tidal component in the Kara Sea [Voinov, 1999], and of the most significant waves: S2, K1,
and O1 (Figure 2). The potential and kinetic energy (E, and Ey) of the tidal constituents,
averaged over a tidal cycle and integrated over the KASM’s domain, are calculated for each
model as follows [Nekrasov, 1990]:

Py j o (2)
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u>|

N
=0 (U2 v )hs;, (3)
j=1

where N is the number of grid cells in the computational KASM domain; p is the constant
water density equal to 1025 kg/m?; g is the gravity acceleration (m/s?); Hj is the amplitude
of the tidal wave in the j-th cell (m); U; and V; are the zonal and meridional velocity
amplitudes of the tidal wave in the j-th cell (m/s); h; is the water depth in the j-th cell (m);
s; is the area of the j-th cell (m?).
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Figure 2. Individual contribution of tidal waves (in percent) to the average density of potential tidal
energy in the Kara Sea based on the data from the coastal observation stations [Hart-Davis et al.,
2024].

To assess the quantitative differences between the modeled and observed values of
tidal amplitude and phase, we utilize some widely used error metrics. The first error metric
Dy [e.g., Kagan and Timofeev, 2017; Romanenkov et al., 2023] is computed as the average
(over a tidal cycle) absolute root-mean-square vector difference between the model results
and the measurements for individual tidal waves at the locations shown in Figure 1:

T 172
1 2
Dy = _/[Aoicos(wt_goi)_Amicos(wt_gmi)] aty =
! (4)
0

1/2
2 1/2[A2+A2 2Ao,-Amicos<goi—gmi>] ,

where A,;, Ayi, S0ir §mi are the observed and modeled values of amplitude and phase of
tidal sea level oscillations for an individual tidal constituent at the i-th geographical point,
and T is the wave period. A somewhat similar equation was proposed by [Janekovié¢ and
Powell, 2012], which defines the inphase-quadrature plane distance D,:

Dy; = \/(Aoi C08(oi) = A i €08(gi))” + (Aoi SN (Zoi) = Api SN (gmi))’- (5)

The error metrics D, and D, account for differences in both amplitude and phase of
tidal waves. We also use an absolute vector error D, to assess the total error in all points

under consideration: .
1
D(1,2)abs = m ZD(l,Z)ix (6)
i=1

where n — total number of points with available measurements.
The third error metric we use in the present study is defined only in terms of ampli-
tudes and simply is a root-mean-square error calculated as:

1 n
Ds=1| ;mol« ~Ami)” (7)
1=
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3. Results and Discussion
3.1. Comparison of External Tidal Models” Results with Each Other and with Observations

Figures 3a,b,c present the cotidal charts of the semidiurnal M2 tide based on the
results of the TPXO9, FES2014, and Arc2kmTM tidal models. From Figures 3a,b it is
evident that the global TPXO9 and FES2014 models yield qualitatively similar results.
Differences between these two solutions are primarily observed in the M2 tidal amplitude
in the northern part of the Gulf of Ob, in the Baydaratskaya Bay, and in the vicinity of
Bely Island. The results of the TPXO9 model also feature a degenerate amphidromic
point in the area of the Arctic Institute Islands, which is not observed in the results of the
FES2014 model. In contrast to these two models, the results of the Arc2kmTM model show
more pronounced sea level oscillations for the M2 wave along the southern coast of the
Kara Sea, including the Gulf of Ob and the Baydaratskaya Bay. Additionally, Arc2kmTM
results include a degenerate amphidromic point in the northwest of the Novaya Zemlya
archipelago (Severny Island) and another amphidromic point in the Pechora Sea. In all
these three solutions, an anti-clockwise rotation around an amphidromic point is present
in the southwestern part of the Kara Sea, centered between the Novaya Zemlya archipelago
and the Yamal Peninsula. However, a phase distribution around this amphidromic point
in the Arc2kmTM model solution is slightly shifted anti-clockwise by approximately 30°
compared to the results of the TPXO9 and FES2014 models.

M2 TPXO9 b M2 FES2014 M2 Arc2kmTM

om em

fom
5 15 25 40 60 100 140 180 510 15 20 25 30 40 50 60 80 100 120 140 510 15 20 25 30 40 50 60 B0 100 120 140

d M2 KASM(TPXO9) M2 KASM(FES2014) f M2 KASM(Arc2kmTM)

Jom jom Jom
5 10 15 20 25 30 40 50 60 80 100 120 140 5 10 15 20 25 30 40 50 60 80 100 120 140 5 10 15 20 25 30 40 50 60 80 100 120 140

Figure 3. Cotidal charts for M2 tide based on simulations: TPXO9 - (a), FES2014 — (b), Arc2kmTM —
(c), KASM(TPXO9) — (d), KASM(FES2014) — (e), KASM(Arc2kmTM) — (f). Amplitudes are indicated
with color (in cm), while cotidal lines are represented with red lines (in degrees), the bold red line
representing a zero phase.

Overall, having compared these M2 tidal charts with other studies, it can be concluded
that the TPXO9 and FES2014 models demonstrate both qualitative and quantitative agree-
ment with tidal charts derived from observational data [Voinov, 1999] as well as with those
obtained from previously reported findings based on model simulations [e.g., Kagan and
Timofeev, 2017].

In order to analyze possible causes of the differences between all the solutions pre-
sented above in the KASM’s domain, we have compared the currents from the external
tidal models at the open lateral boundaries, and also currents within the KASM domain
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(Figure 4). Figures 4b,c show the amplitudes of the M2 barotropic tidal current velocity
normal to the boundary taken from the three external tidal models. These values, along
with those for other harmonics, are specified as the tidal forcing in the KASM model. At the
northern boundary (Figure 4b), the velocity values are quite similar for all external mod-
els. The largest differences are demonstrated by the TPXO9 model compared to FES2014
and Arc2kmTM in the eastern part of the northern boundary off the Severnaya Zemlya
archipelago. At the western boundary (Figure 4c), significant differences are observed in
the Pechora Sea: 0.4, 0.7, and 1.9 m/s for TPXO9, FES2014, and Arc2kmTM, respectively.
However, these differences have little effect on the behavior of the M2 wave in the Kara Sea,
as it is separated from the Pechora Sea by the rather narrow Kara Gate Strait. Meanwhile,
along the boundary with the Barents Sea in the northwestern part of the Kara Sea, the
differences are insignificant (Figure 4c). All this demonstrates that the parameters of the
M2 tidal wave coming to the Kara Sea, specified by three different external tidal models,
are quite similar to each other at the open boundaries of the KASM model domain.
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Figure 4. M2 barotropic currents in the Kara Sea as simulated by the TPXO9, FES2014, and

Arc2kmTM tidal models. (a) tidal current ellipses; (b) amplitude of the tidal velocity normal

to the northern boundary of the KASM domain; (c) amplitude of the tidal velocity normal to the

western boundary of the KASM domain.

Differences in the solutions of the external tidal models in the KASM’s domain (Figs.
3a,b,c; 4a) may be due to the different bathymetry used in these models, as well as different
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Table 1. Potential and kinetic tidal energies (averaged over a tidal cycle and integrated over the
KASM’s domain) for the waves M2, S2, K1, and O1, calculated with Equations (2) and (3) using the
results of the TPXO9, FES2014, Arc2kmTM, and KASM models. The designations KASM(TPXO9),
KASM(FES2014), and KASM(Arc2kmTM) label the KASM runs forced with the corresponding tidal
forcing at the open boundaries. Here E, and Ej are expressed in TJ

M2 S2 K1 01
E, Eg E, Ej E, Eg E, Eg

TPXO9 66.19 10591  11.02 15.81 4.57 4.70 1.44 2.10
FES2014 97.78  108.98  10.99 11.64 9.53 12.36 2.38 5.82
Arc2kmTM 15441  221.46  55.45 70.06 10.73 27.15 3.53 9.88
KASM(TPXO9) 68.63  106.85  11.64 18.70 4.22 23.62 1.06 3.57
KASM(FES2014) 48.71 87.38 5.87 11.76 4.82 33.91 1.61 4.66
KASM(Arc2kmTM) 6836  127.19  19.48 38.26 6.07 30.96 2.09 5.19

parametrizations of turbulent exchange, bottom friction, and different spatial resolutions,
since all these factors become increasingly important as the tidal wave propagates into the
shallow water. In our opinion, this is the primary reason for the discrepancies between
the models, but the specifics of the numerical implementation of these models, as well as
differences in the data assimilation procedures, may also contribute.

As with the M2 harmonic (Figure 4a), a similar relationship generally holds for the
S2, K1, and O1 harmonics: the tidal velocities simulated by the Arc2kmTM model within
the KASM domain significantly exceed those obtained by the TPXO9 and FES2014 models,
especially in areas with strong tidal currents, while the current velocities simulated by the
TPXO9 and FES2014 models are relatively close to each other (not shown in the figures).

Some of the most powerful tidal currents in the Kara Sea are observed to the north
off the Yamal Peninsula due to the tidal dynamics structure in this region. The tidal wave
goes around the Yamal Peninsula clockwise, forming a false amphidromic point on Bely
Island, with a corresponding velocity field nearby. Simulations of the external tidal models
show that, in general, areas with higher tidal velocities also exhibit greater discrepancies
between the results of these models.

We have also assessed the values of potential and kinetic tidal energies calculated
using the Equations (2) and (3) for the results of all tidal models discussed herein. From
Table 1 it follows that the potential and kinetic energies calculated using the Arc2kmTM
model differ significantly from those obtained using the other two global models (Figure 5).
This discrepancy is also corroborated in Figure 4a, which shows the tidal current ellipses
for the M2 wave as obtained from the results of TPX09, FES2014, and Arc2kmTM. It
is apparent that the tidal currents simulated by the Arc2kmTM model are substantially
stronger than those simulated by TPXO9 or FES2014. This difference directly leads to the
correspondingly higher kinetic energy levels produced in the Arc2kmTM simulation.

Figures 6a,b,c present the absolute root-mean-square vector differences between in
situ sea level measurements and model solutions produced by TPXO9, FES2014, and
Arc2kmTM for M2 tide. Increased values in all three external models are reached along the
coast of the northern tip of the Gydan Peninsula, as well as in the Pyasina Bay. The largest
root-mean-square vector differences occur in the Arc2kmTM results along the southern
coast of the Kara Sea, the absolute maximum being about two times greater than that
observed in FES2014 results. An approximately similar ratio is observed in the values of
absolute vector errors Dy,ps and D,,ps (Table 2). Thus, it can be concluded that FES2014
demonstrates a more accurate solution for the Kara Sea compared to TPXO9 and Arc2kmTM
as it yields the smallest errors for the most significant tidal harmonics and, therefore, can
be considered as a more reliable source of information related to tidal dynamics in the Kara
Sea for the purposes of regional modeling and dynamical downscaling.
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250

M2 energy, TJ

Figure 5. Potential E, and kinetic E energy (averaged over a tidal cycle and integrated over
the KASM’s domain) of the M2 semidiurnal tide calculated using the results of the TPXO9,
FES2014, Arc2kmTM, and KASM models. The designations KASM(TPXO9), KASM(FES2014),
and KASM(Arc2kmTM) label the KASM runs forced with the corresponding tidal forcing at the open
boundaries.
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Figure 6. Average (over a tidal cycle) absolute root-mean-square vector difference between the model
results and measurements for the M2 tide assessed using the Equation (4). Models: TPXO9 — (a),
FES2014 - (b), Arc2kmTM - (c), KASM(TPXO9) — (d), KASM(FES2014) - (e), KASM(Arc2kmTM) —
(f).

3.2. Results of KASM Simulations

As mentioned in Section 2.4, we have conducted three numerical experiments using
our high-resolution regional model of the Kara Sea (KASM). In each experiment, along
with the non-tidal component of currents, tidal velocities taken from the TPXO9, FES2014,
or Arc2kmTM models are imposed at the open boundaries.

In the KASM(TPXO9) configuration, the model demonstrates nearly identical energy
characteristics for the semidiurnal M2 and S2 tidal waves compared to the external solution
(Figure 5, Table 1). Figures 3d,e present M2 cotidal charts based on the KASM(TPXO9)
and KASM(FES2014) experiments and show that these two KASM solutions are largely
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Table 2. Absolute errors (cm) of the models’ results calculated using the Equations (4)—(7)

M2 S2 K1 01
Diabs Daabs D3 Diabs Daabs D3 Diabs Dzabs D3 Diabs Daabs D3
TPXO9 4.1 5.8 6.2 2.1 3.0 2.9 1.5 2.2 1.9 1.0 1.4 1.1
FES2014 3.4 4.8 3.8 2.1 3.0 3.2 1.4 2.0 1.3 0.9 1.3 0.9
Arc2kmTM 8.6 12.2 117 4.9 6.9 6.2 2.2 3.1 2.0 1.4 1.9 1.5
KASM(TPXO9) 7.5 10.6 6.9 4.7 6.6 3.0 3.5 5.0 3.5 1.1 1.5 1.1

KASM(FES2014) 7.1 10.1 6.2 3.6 5.1 3.4 3.9 5.5 4.1 1.0 1.4 0.8
KASM(Arc2kmTM) 6.1 8.6 6.4 3.7 5.3 4.7 3.7 5.2 3.1 1.1 1.5 0.9

similar. However, the KASM(TPXO9) and KASM(FES2014) simulations yield slightly larger
amplitudes of the M2 tidal wave in the western part of the sea, approximately up to 70°E,
compared to the external solutions (Figure 3d). This is also seen in the higher values of the
absolute vector errors D s and D, for the M2 wave presented in Table 2. We note that
there is a phase shift of about 30° clockwise in the KASM(TPXO9) and KASM(FES2014)
experiments relative to the external TPXO9 and FES2014 solutions in the area of the
amphidromic point located in the southwestern part of the sea. This fact can possibly
explain the increase in the absolute vector errors Dy, and D;,y,s for the KASM results
compared to TPXO9 and FES2014, since the error calculated without considering the phase
(D3) for the KASM(TPXO9) experiment is approximately consistent with that of TPXO9:
6.9 and 6.2 cm, respectively (Table 2). Figure 3 also demonstrates that the KASM(TPXO9)
and KASM(FES2014) experiments reveal an amphidromic point near the Rybny Peninsula
located to the north off the Pyasina Bay, which is a degenerate amphidromic point in the
TPXO9 and FES2014 simulations. Overall, KASM successfully reproduces the spatial
structure of the M2 tide in the Kara Sea in both the KASM(TPX0O9) and KASM(FES2014)
experiments. Both solutions show six amphidromic points: in the Baydaratskaya Bay; in
the southwestern part of the sea; a false amphidromic point of clockwise rotation near
Bely Island; a degenerate amphidromic point located in the Yenisey Gulf; to the north off
the Pyasina Bay; and the amphidromic point located to the northwest off the Severnaya
Zemlya archipelago (Figures 3d,e,f). This result agrees quite well with the TPXO9 and
FES2014 data, as well as with earlier independent findings reported by [Kagan and Timofeev,
2017], with the only difference being that [Kagan and Timofeev, 2017] classified the last two
amphidromic points listed here as degenerate.

A somewhat different picture emerges when examining the KASM(Arc2kmTM) ex-
periment. Although the external Arc2kmTM solution itself exhibits roughly twice the
tidal energy compared to FES2014 and TPXO9 (Table 1, Figure 5), the KASM(Arc2kmTM)
results show the smallest vector errors Dy, and D;,yp for the M2 wave among all KASM
experiments discussed here (Table 2). The tidal amplitudes along the coastal zone in the
KASM(Arc2kmTM) experiment are noticeably lower than those in the Arc2kmTM results,
and the energy of the semidiurnal M2 tide decreases by approximately twice as much
(Figure 5, Table 1). Moreover, the KASM(Arc2kmTM) solution clearly reveals an additional
amphidromic point located to the southwest off the entrance to the Vilkitsky Strait, which
is absent in all other KASM experiments and in the TPXO9, FES2014, and Arc2kmTM data.
It is noteworthy that this amphidromic point was also present in the solution obtained by
[Kagan and Timofeev, 2017], but it was classified as a degenerate amphidromic point since
its actual location was on land.

Figure 7 shows that the differences in the tidal currents simulated with the KASM
model for various tidal forcings at the open lateral boundaries differ from each other to
a significantly smaller degree than the solutions of the external tidal models from each other
in the KASM domain (Figure 4a). Possible reasons for the significant discrepancies between
the solutions of the external tidal models have been discussed earlier in the section 3.1. At
the same time, as shown in Figure 4, at the open lateral boundaries, the tidal velocities
taken from the external tidal models are more or less similar to each other. This leads
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Figure 7. M2 tidal current ellipses in the Kara Sea as simulated by the KASM model forced with
TPXO9, FES2014, or Arc2kmTM external tidal models at the open boundaries.

to the result that KASM yields its own solutions (i.e., KASM(TPXO9), KASM(FES2014),
and KASM(Arc2kmTM)) that are significantly closer to each other than the results of the
external models to each other in the inner domain, due to the fact that all other parameters,
except boundary tidal forcing, are unchanged in all KASM simulations. This is also evident
from the comparison of the error values presented in Table 2: the scatter of errors for
KASM is smaller than for the external tidal models. The same pattern as for the M2 tidal
current ellipses based on KASM results also remains for the S2, K1, and O1 harmonics: all
KASM results are significantly closer to each other than the results of the three external
tidal models (not shown).

Comparison of the M2 tidal charts based on the results of KASM simulations
with the map based on observational data reported in [Voinov, 1999] suggests that the
KASM(Arc2kmTM) experiment shows slightly better agreement with observations in terms
of amplitudes and phases.

4. Conclusion

This study presents a comparative analysis of numerical simulations of tidal dynamics
in the Kara Sea, where tidal forcing at open lateral boundaries is derived from various
external tidal models. The results are compared with sea level measurements from coastal
stations. The study examines the results of simulations performed using a high-resolution
regional Kara Sea model (KASM) based on MITgcm, as well as results from the TPXO9,
FES2014, and Arc2kmTM external tidal models.

We have assessed the tidal energy for all model solutions considered in this study.
It has been found that the potential and kinetic energies computed using Arc2kmTM data
differ significantly from those obtained with TPXO9 and FES2014. However, the tidal
energies in all KASM solutions show smaller differences between each other compared to
external tidal models.

Absolute root-mean-square vector differences have also been calculated for all model
solutions using various error metrics. Overall, it can be concluded that among all the
external tidal models, the solution from FES2014 yields the smallest error, followed by
TPXO9, while Arc2kmTM shows the poorest agreement with observations. However, the
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best-performing KASM solution is achieved when tidal forcing from Arc2kmTM is applied
at the open boundaries, followed in terms of quality by KASM(FES2014), and then by
KASM(TPXO9). The main errors in KASM, as inferred from comparing error metrics, arise
from a slight phase shift in the tidal signal in the southwestern Kara Sea, whereas tidal
amplitudes are reproduced more accurately. Differences in the solutions of the external
tidal models in the KASM’s domain may be due to the different bathymetry used in
these models, as well as different parametrizations of turbulent exchange, bottom friction,
and different spatial resolutions since all these factors become increasingly important
as the tidal waves propagate into the shallow water. Additionally, different numerical
implementation and assimilation techniques used in the external tidal models, may also
contribute. On the contrary, KASM yields its own solutions that are significantly closer
to each other than the results of the external models to each other. This is due to the
fact that all other parameters, except boundary tidal forcing, are unchanged in all KASM
simulations.

Summarizing this analysis of the selection of tidal forcing at the open boundaries of
the regional model, we note that KASM initially was developed as a high-resolution Kara
Sea model, where explicit tidal motion was not primarily intended for detailed studies
of tidal dynamics but rather for explicitly accounting for tidal energy impact to various
processes such as river plume formation, lens dynamics, eddy generation, accurate sea
ice regime simulation, and marine biogeochemical processes. Therefore, the choice of
tidal boundary forcing should be based on the best agreement in energy characteristics,
particularly kinetic energy. However, validation of the model against observed tidal current
velocities in the Kara Sea is a challenging task due to the lack of free publicly available
observation data. Thus, the reliability of tidal current velocities, both presented in tidal
atlases and in KASM, can only be assessed indirectly by comparing total kinetic energy
values in the study area. In this context, the only reliable criterion for model quality
assessment remains the agreement with sea level observations at coastal stations. Among
the conducted numerical experiments, the smallest error has been achieved using boundary
tidal forcing based on Arc2kmTM data.

Based on the analysis of all available data, including sea level measurements, tidal
atlases, and our own simulations, the following conclusions can be summarized as follows:

1.  Existing tidal models show significant discrepancies in estimates of total tidal energy
for the Kara Sea. The FES2014 model demonstrates the best agreement with observa-
tions at coastal stations, yet the ratio of total kinetic energy to potential energy for
the M2 tide differs substantially from other solutions. The Arc2kmTM model shows
the poorest agreement with observations.

2. When selecting tidal boundary forcing for a regional Kara Sea model, no single
atlas can be universally recommended, as various models may employ significantly
different forcing methods. In KASM, tidal forcing is imposed via velocities at the
open boundaries. In general, global model data, such as FES2014 and TPXO9, can be
recommended for the tidal forcing for the Kara Sea.

3. KASM experiments show that Arc2kmTM forcing, which provides the smallest error
when compared to coastal sea level observations, is the most suitable for our purposes,
taking into account that KASM was initially developed as a tool for studying the
interaction between physical and biogeochemical processes in the Kara Sea, and where
the tidal mode of motion is only one of numerous factors affecting them.

Thus, the results presented in this study highlight the importance of taking into
account regional conditions and specific modeling objectives when selecting tidal boundary
forcing, as well as the need for further improvements in model validation methods given
the limited availability of observational data.
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