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Abstract

In the framework of a high-resolving version of the 3D finite-element hydrostatic model QUODDY-4 we have simu-
lated the fields of dynamic characteristics (amplitudes and phases of tidal elevations and barotropic tidal velocity ellipses)
corresponding to the surface semidiurnal M, tide in the no-ice East-Siberian Sea. It is shown that the obtained tidal chart
has a complex structure, determined by 4 real amphidromes of left rotation which are induced by interference of count-
er-coming progressive Poincare waves in the southern part of the sea, 1 fake amphidrome with the center upon the Novaya
Sibir Isl. and 4 small-scale amphidromes caused by interference of counter-coming Kelvin waves, from which 3 are formed
in the narrow straits in the region of Bolshoy and Maly Lyahovsky Isls. and 1 near the entrance of the Chaunskaya Guba.
Tidal amplitudes in the vicinity of the Novaya Sibir Isl. achieve 20—30 cm, whereas in the remaining part of the sea they are
comparatively small and do not exceed 5—10 cm. Accordingly, the field of barotropic tidal velocities in the north-western
part of the sea basically consists of high values (they are tens of cm/s), but in the other parts of the sea barotropic velocities
are small (lower then 10 cm/s) and their field has a band structure. The fields of the averaged (over a tidal cycle) integrated
in depth constituents of the barotropic tidal energy budget (namely, the barotropic tidal energy density, the advective trans-
port and the horizontal wave flux per unit length of this energy and the rate of its dissipation due to the bottom friction)
are presented. Also, a comparison of predicted tidal elevations with the mareographic level measurement data states that
an estimate of their agreement may be considered as satisfactory taking into account that the tidal amplitudes in the sea as
a whole are small.

Keywords: modeling, surface semidiurnal tide, surface tidal elevations, barotropic tidal velocities, barotropic tidal energy
budget, the East-Siberian Sea
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BbICOKOPA3SPEIIAIOIIEE MOAEINPOBAHUE ITOBEPXHOCTHOTI'O
IHOJYCYTOYHOTI'O ITPNJINBA M, B BOCTOYHO-CUBUPCKOM MOPE:
EIro IMHAMUKA 1 DHEPTETUKA
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AHHOTAIMS

B pamkax BbICOKOpaspemiamolieii BepcHMU TpPeXMEpPHON KOHEYHO-3JIEMEHTHON TMIPOCTaTUYECKON MOIeIn
QUODDY-4 Bocnpou3BeleHbl MOJISI JUMHAMUYECKUX XapaKTEPUCTUK (aMIUIUTYAbl U (a3bl MPUIMBHBIX KOJeOaHMIt
YPOBHSI W 3JUIMIICOB GAPOTPOITHOM MPWJIMBHON CKOPOCTH), OTBEYAIOIIMX TTOBEPXHOCTHOMY TOJYCYTOUHOMY TMPUITUBY
M, B 6e3nénHoM BoctouHo-Cubupckom mope. [TokazaHo, YTO COOTBETCTBYIOLIAs MIPUJIMBHAS KapTa MOpPs BKJIIOYaeT 4
peasibHble aM(MUAPOMUH JIEBOTO BpaIlleHNsT, 00sI3aHHBIE CBOMM CYIIECTBOBAHUEM MHTEP(hEPEHIINKM BCTPEIHBIX TTPOTpec-
cUBHBIX BoJIH [TyaHKape B 103KHOIT yacT Mopsi, 1 1oxkHYI0 aMbuapomuio ¢ iieHTpoM Ha o. HoBast Cubupb 1 4 MeaKoMac-
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1mtabHble aMmpuapoMuu, 00yclIoBIeHHbIe MHTephepeHInel BcTpeuHbIX BoJIH KenbBuHa. M3 HuX 3 00pasyroTcst B y3KUX
MIPOJIMBAX, PACIIOIOXEHHBIX B OKPECTHOCTU 0-BOB bosbiroit 1 Massbiit JIsxoBckuiit u 1 — Ha Bxome B YayHcKyio Ty0y.
B cBolo ouepenb, 6apoTporiHasi MpUJIMBHASI CKOPOCTD B 001aCTM MaKCUMYMa B CEBEpO-3araHOi YaCTU MOPSI TOCTATOYHO
BBICOKA (IOCTUTAeT HECKOJIBKMX NECSATKOB CM/C), a 3a TIpefie;laMi MaKCUMyMa ee TToJie UMeeT TTOJIOCUaTyIo CTPYKTYpY,
B KOTOpOIi 6apoTpornHasi ckopocTh He TpeBbiiaet 10 cm/c. [1puBoasarcs moiist cpeaHUX (3a MPUJIMBHBINA LIMKIT) UHTE-
TPaJbHBIX IO TIYOMHE COCTaBIISIONINX Ol0KeTa 6apOTPOITHOM MPUIMBHOM SHEPTUH (TUTOTHOCTHA SHEPTUH, €€ aIBEKTUB-
HOTO MepeHoca, TOPU3OHTAIbBHOTO BOJIHOBOTO MOTOKA UM CKOPOCTU ITMCCUIIALIMU 3a CUET MpUAOHHOro TpeHus ). CpaB-
HEeHUe MOJEJIbHBIX 3HAUEeHWI MPUIMBHBIX KOJIEOAHUN YPOBHS C JAaHHBIMU €ro MapeorpadHbIX U3MEPEHHUIT TTPUBOIUT
K 3aKJII0YEHUIO, YTO OlLIEHKA UX COOTBETCTBUSI MOXET ObITh NMPU3HAHA YIOBJICTBOPUTEIbHOM, YUUTHIBAsI CPABHUTEIbLHO
HeOOJIbIINE aMTUTUTYIBI TIPUJIMBA B MOPE B LIEJIOM.

KioueBbie ciioBa: MOIeTMPOBAaHKE; TTOBEPXHOCTHBIN TOJYCYTOUHBIN TPUJINB; TMPWIMBHBIE KOJEOAHUST YPOBHS U TIPU-
JINBHBIE CKOPOCTH; OIOIKET 6apOTPOITHOI NMPpUIMBHOIT 3Hepruu; Boctouno-Cubupckoe Mope

1. Introduction

Prior to the final stage of ocean tides’ modeling, the authors of [1] dedicated significant efforts to address
the existing knowledge gap regarding the surface semidiurnal tide M, in the Arctic Ocean, particularly in the
East Siberian Sea. At that time, information about this tide was extremely limited. Subsequently, the research
continued in [2—4], leading to the discovery that the tidal characteristics of this sea comprise between 2 and 4
amphidromes of unknown origin. Additionally, a false amphidrome centered on the Novaya Sibir and Kotelny
Islands was identified. However, it is important to note that the tidal maps provided in [1—4], with the excep-
tion of the one presented in [4], were generated using low-resolution models. Consequently, they require reas-
sessment within models that offer higher resolution. Given this consideration, our approach is as follows: first,
utilizing a high-resolution version of the three-dimensional finite element hydrostatic model QUODDY-4, we
obtain a new tidal map of the sea, specifically focusing on the M, harmonic of the surface tide. Our objective is
to determine whether this new map aligns with the existing understanding of the sea. To achieve this, we deter-
mined the number and origin of the amphidromes depicted in the map and compared the model’s amplitude
and phase values of tidal level oscillations measured by tide gauges. The satellite altimetry data and in situ mea-
surements of tidal current velocities were not incorporated into our analysis. The available satellite altimetry
data proved to be insufficient, and surprisingly, the latter were absent completely in fact. Second, we examined
the previously unexplored tidal cycle average fields of depth-integrated components of the barotropic tidal en-
ergy budget, namely, the density, advective transport, horizontal wave flux of this energy, and the dissipation
rate caused by bottom friction. The primary objective of this communication was to address these two aspects.

2. QUODDY-4 model in homogeneous sea approximation

It has been routinely observed that there is minimal difference between surface tides in a stratified and a
homogeneous sea. This finding has led to the practice of replacing a stratified approximation with a homo-
geneous when simulating surface tides. In keeping with this tradition, we employ the high-resolution version
of the three-dimensional finite element hydrostatic model QUODDY-4 in a homogeneous approximation to
replicate the surface semidiurnal tide M, in the East Siberian Sea.

The model was described in detail in [5]. To prevent repetition, we confined ourselves to listing the model
equations for homogeneous sea approximation and explaining the underlying physical assumptions for certain
boundary conditions. In the homogeneous sea approximation, the QUODDY-4 model included the two-di-
mensional generalized wave continuity equation for sea level disturbances, untransformed equations of motion
in the Boussinesq approximation for horizontal velocity, evolutionary equations for turbulence characteristics
such as turbulent kinetic energy (TKE) and turbulence scale, a three-dimensional continuity equation used
to determine vertical velocity, a hydrostatic equation, and an approximate similarity relation for the vertical
turbulent viscosity coefficient. After transferring the terms characterizing the advection effects and horizontal
turbulent momentum diffusion to a previous timestep, the above model equations were solved as a system of
non-stationary one-dimensional (vertically) inhomogeneous differential equations. This approach allowed for
a comprehensive representation of the dynamics within the model.

The boundary conditions for the TKE at the sea’s free surface and the closest to the bottom level, were set by the
Dirichlet condition. This condition arose from the approximate balance between TKE production and dissipation,
assuming the turbulence scale is in accord with the law of the wall, which is linking the TKE to the square of the fric-
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tion velocity. Regarding the estimation of horizontal velocity at the free surface, the vertical turbulent momentum
flux was set to zero, while at the nearest to the bottom computational level, it was parameterized using a quadratic
drag law with a drag coefficient of 5% 10—3. The vertical velocity at the free surface was determined by the kinematic
relation, as is customary. Vertical mixing was described using a 2.5-level turbulent closure scheme [6], while the
horizontal turbulent diffusion coefficient was defined by the Smagorinsky formula [7]. The remaining boundary
conditions and their parameters were assumed to be consistent with those in the original version of the model [5].

The finite element mesh employed in the model has an average horizontal resolution of 3.5 km across the
sea area. In order to discretize the barotropic Rossby deformation radius of 219.9 km, 63 finite elements are uti-
lized. Additionally, a terrain-following vertical coordinate is introduced, incorporating layers of varying thick-
ness along the vertical axis. The sea depth is divided into 40 layers, with the layers condensing as they approach
the free surface and the sea bottom. To ensure numerical stability and accuracy, a time step of 11.2 seconds is
selected. This time step is determined by the method employed for solving the model equations along the ver-
tical axis, as discussed earlier.

In this study, the tidal frequency is assumed to be equivalent to the frequency of the M, harmonic, which
represents the tide forcing and correspond to those obtained from the high-resolution Arctic tidal model [4],
which incorporates additional satellite altimetry data.

The model equations are integrated until a quasiperiodic state is reached, which is defined as the decrease
of the change in the depth-integrated barotropic tidal energy density averaged over both the tidal cycle and the
entire sea area, below 0.2%. It takes 23 tidal cycles from the initiation for this condition to be met.

3. Simulation results

As previously discussed, the surface semidiurnal tide M, in the East Siberian Sea exhibits a complex struc-
ture. The model tidal map of the M, harmonic in figure 1 reveals the presence of four real counterclockwise
amphidromes in the southern part of the sea. Additionally, there is one false amphidromy centered on Novaya
Sibir isl. and four small-scale amphidromes, with three located to the west and south of Bolshoy and Maly
Lyakhovsky isl., and one situated at the entrance to Chaunskaya Guba. The formation of the four large-scale
counterclockwise amphidromes can be attributed to the interference of counter-propagating progressive Poin-
care waves occurring in the southern region of the sea, along the mainland coast and the western coast of Wran-
gel Island.Three of the small-scale amphidromes are formed due to the interference of counter-propagating
Kelvin waves propagating through the narrow straits near the aforementioned islands. The fourth small-scale
amphidrome is formed due to the existence of a relatively narrow entrance to Chaunskaya Guba. Note a signif-
icant increase in tidal level oscillation amplitudes is observed near Novaya Sibir Island, where amplitudes reach
values of 20—30 cm, in contrast to the rest of the sea with smaller tidal amplitudes, ranging from 5—10 cm.

Figure 2 illustrates the modeled field of barotropic tidal velocity ellipses. This field exhibits a distinctive pat-
tern characterized by a velocity maximum in the northwestern part of the sea and a banded structure throughout
the rest of the sea. The velocity maximum exhibits high values, reaching several tens of centimeters per second,
in contrast to other parts of the sea with relatively small and almost zero velocities. The structure appears to
have four bands in these areas. One band adjoins the northern open boundary of the sea, where the barotropic
velocities are close to zero. Other lays southward with moderate velocity values. Further south, another band
emerges where the velocities gradually decrease as distance from the north increases. Finally, near the main-
land, a fourth band appears where the velocities diminish to zero. Of particular interest is the circulation pattern
around Novaya Sibir Island and fragments of a similar cycle around Wrangel Island.

The root-mean-square absolute vector error for determining the amplitudes and phases of tidal level os-
cillations in the East Siberian Sea was estimated to be 4.1 cm based on 10 points of tide gauge measurements.
This value is only 1.1 cm larger than the error in the model [4], which assimilates tidal empirical data, including
satellite altimetry data. In contrast, the error in model [1], which does not incorporate data assimilation like our
model, has an error of 7.5 cm. The significant difference in errors between these models may be attributed, in
part, to choices of spatial resolutions.

Turning to a discussion of the fields of energy characteristics (their definitions are given in [8]), we be-
gin with the field of the average (over a tidal cycle) depth-integrated density of the total (kinetic + potential)
barotropic tidal energy, which exhibits a banded structure similar to the field of ellipses of the barotropic tidal
velocities (Fig. 3). In this case there are three prominent maxima. The strongest maximum is located in the
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Fig. 1. Fields of isoamplitudes (dashed lines, cm) and isophases (solid lines, deg.) of tidal elevations for the M, harmonic
in the East-Siberian Sea
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Fig. 3. Field of the averaged (over a tidal cycle) integrated in depth total (kinetic + potential) barotropic tidal energy density
in the East-Siberian Sea

northwestern part of the sea, another is near Novaya Sibir isl., and the third is in the vicinity of the central part
of the eastern open border of the sea. It is worth noting that the variable systematically decreases with distance
from the coastline of the islands, resulting in velocity maxima around Novaya Sibir isl. and the eastern border
that resemble circular shapes. Also note a significant decrease in the variable to 50 J/m? or less when approach-
ing the mainland coastline. The average depth-integrated density of barotropic tidal energy over both the tidal
cycle and the entire area of the sea is measured at 102.6 J/m?2.

According to Fig. 4, the average (over a tidal cycle) depth-integrated advective transport of kinetic baro-
tropic tidal energy is presented by a combination of individual so-called gyres and multidirectional flows of this
energy. These gyres are primarily observed around Novaya Sibir, Bolshoi and Maly Lyakhovsky Islands, as well
as Wrangel Island. They also occur in the open sea, specifically to the north of Cape Shelagsky, along the Koly-
ma coast, Gusinaya Bay, and near the northwestern maximum of the variable. It is important to note that these
gyres weaken as they approach the northern open boundary of the sea and the mainland coastline. Additionally,
the multidirectional flows also exhibit a clear weakening.

The field depicted in Figure 5, representing the average depth-integrated horizontal wave flux of potential
barotropic tidal energy, exhibits a more structured pattern compared to the advective transport field (compare
Figures 4 and 5). Both fields display three maxima in the northwestern part of the sea, near Novaya Sibir Is-
land, and in the vicinity of the eastern open border of the sea. However, there is a notable distinction: the first
field demonstrates a more organized structure than the second. This contrast becomes evident upon comparing
the two fields. The primary feature is the horizontal wave flux structure associated with the influx into the sea
through the northern and eastern open boundaries. Subsequently, both branches of the flux extend southwest-
ward, gradually turning westward leaving the East Siberian Sea and entering the Laptev Sea through the western
open boundary. It is also important to note the significant disparity between the advective transport and the
horizontal wave flux: the latter is two orders of magnitude greater than the former.

The field representing the average rate of dissipation of barotropic tidal energy due to bottom friction shows
similarities to the field of barotropic tidal energy density. It exhibits three maxima and a banded structure be-
yond them. Two of the maxima mentioned earlier reach a dissipation rate of 10— W/m?, while the third ex-
ceeds 103 W/m?2. A similar trend of dissipation occurs towards the east. In the open sea, the banded structure
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Fig. 6. Field of the averaged (over a tidal cycle) dissipation rate of barotropic tidal energy in the East-Siberian Sea

of dissipation is quite pronounced. Along the coastal areas of the mainland, the dissipation ranges from 10—* to
10—3 W/m? or lower, primarily due to the weakening of barotropic tidal velocities. The average dissipation rate,
considering the entire tidal cycle and the sea area, is calculated to be 1.8 X 10—3 W/m?.

Thus, having the average values of density and dissipation rate of barotropic tidal energy available, we can
estimate the dissipation time, which is the ratio of these variables. In this case, the simulated dissipation time
in the East Siberian Sea is 3 hours, approximately twice as long as in the Laptev Sea [9]. This increase in dissi-
pation time in the East Siberian Sea can be attributed to a corresponding decrease in dissipation compared to
the values observed in the Laptev Sea. This decrease is primarily caused by the weakening of barotropic tidal
velocities in the East Siberian Sea.

4. Conclusion

The dynamic and energy characteristics of the surface semidiurnal tide M, in the ice-free East Siberian Sea
were simulated Using the high-resolution version of the three-dimensional finite element hydrostatic model
QUODDY-4. The model reveals a complex structure in the field of isoamplitudes and isophases of tidal level
fluctuations, including displays four real counterclockwise amphidromes in the southern part of the sea, result-
ing from the interference of opposing progressive Poincaré waves. Additionally, there is one false amphidromy
centered on Novaya Sibir Island. Furthermore, four small-scale amphidromes are observed, which originate
from the interference of opposing Kelvin waves propagating through narrow straits in the region of Bolshoi
and Malyi Lyakhovsky Islands and through the entrance to Chaunskaya Guba. A significant increase in the
amplitudes of tidal level oscillations (up to 30 cm) in the vicinity of New Siberia Island were registered as well
as intensification of barotropic tidal velocities in the northwestern part of the sea and near the northern open
boundary. Moreover, so-called velocity gyres of tidal currents, have been identified around Novaya Sibir and
Wrangel Islands. In the eastern and central parts of the sea and especially along the coastline of the mainland,
the ellipses of barotropic tidal velocities degenerate into points.

The root mean square absolute vector error in the determination of amplitudes and phases of tidal lev-
el oscillations is reported to be 4.1 cm. This value is compared with the results of two models, [1] and [4].
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In Model [1], which does not incorporate assimilation of empirical tide data, the error is 7.5 cm. In Model [4],
which includes observational data assimilation, the error is reduced down to 3.0 cm. Model [4] and our model
show that the agreement between model estimates and observational data improves through both assimilation
of observational data and a decrease in spatial resolution. The current models have a resolution of 10’ and
5 km, respectively [1][4]. However, it is premature to determine which method is preferable. A larger number
of comparisons is needed before drawing any conclusions.

This study presents, for the first time, the fields of average depth-integrated components of the barotropic
tidal energy budget, specifically, including the barotropic tidal energy density, advective transport, horizontal
wave flux of energy, and the rate of energy dissipation due to bottom friction.
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