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Ice thickening caused by freezing of tidal jet
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We observed freezing of strong tidal jet of ice-free water as it flows under the ice
in Lake Vallunden in the Van Mijen Fjord, Spitsbergen. The size of Lake Vallunden
is approximately 1.2 km by 650 m, and its depth is 10 m. It is connected to the Van
Mijen Fjord by a channel 100 long and 10 m wide. Due to strong tides, periodical tidal
current in the channel exceeds 1 m/s. In winter, water temperature in the channel
is close to freezing. It strongly cools while propagating along the ice-free channel. The
jet of high velocity from the channel continues into the lake and its velocity decreases
in the lake. As the strong current diverges and slows down in the lake, the water
freezes in close vicinity of the channel. Ice thickness was measured over the entire lake.
Intense freezing occurs approximately at a distance of 100 m from the channel where
the velocity of the tidal jet decreases. The ice thickness in this region reaches 120 cm,
whereas in the entire lake it is 70 cm. A mathematical model is suggested showing
the velocity field of diverging and circulating tidal flow in the lake. The model for
numerical simulation is based on a system of shallow water equations together with
the transport equation. KEYWORDS: Current under ice; Spitsbergen; freezing tidal jet;

Van Mijen Fjord.
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1. Introduction

Lake Vallunden is a lake in Spitsbergen approx-
imately 1200 m long, its width is 600–650 m. The
mean depth of the lake is 10–11 m. The lake is
located near the shallow summit of the fjord at a
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distance of 55 km from the open ocean. The lake
is connected to the Van Mijen Fjord by a channel
100 long and 10 m wide [Marchenko et al., 2013].
Strong tidal currents develop in this channel be-
cause the sea level in the fjord changes with the
tidal periods. The amplitude of sea surface height
in the fjord is approximately ±1 m. Due to strong
tides, periodical tidal current in the channel ex-
ceeds 1 m/s. The lake and the fjord are covered
with ice in winter, but the channel usually remains
ice-free even in very cold winters because of the
strong tidal flow in the channel. In winter, water
temperature in the ice-free channel is close to freez-
ing. Water strongly cools while propagating along
the channel. The jet of high velocity from the chan-
nel continues into the lake and its velocity decreases
in the lake approximately over a distance of 100 m.
Field works were performed in the shallow area lo-
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Figure 1. Chart of Lake Vallunden. The red dot indicates location of the experiment.
Location of the lake in Spitsbergen is shown in the inset.

cated in the end of the Van Mijen Fjord [Marchenko
and Morozov, 2013, 2016a]. A chart of the region
is shown in Figure 1. We study the continuation of
the strong flow from the channel between the Van
Mijen Fjord and Lake Vallunden near the Svea set-
tlement (77∘53’ N, 16∘46’ E). In our previous stud-
ies [Marchenko and Morozov, 2013; Morozov et al.,
2019] we observed a strong tidal flow in the chan-
nel connecting the Van Mijen Fjord and Lake Val-
lunden (and in Lake Vallunden). This tidal flow
generates short period internal waves [Marchenko
and Morozov, 2016b; Morozov and Pisarev, 2002;
Morozov et al., 2019].
The goal of our research is to investigate the in-

fluence of very cold-water current on sea ice, which
can cause changes in the ice thickness. The strong
tidal currents in the channel continue into the lake
preventing ice freezing along a narrow strip during
relatively warm weather.

2. Experiment

Field works were performed in 2019 in Lake Val-
lunden (Spitsbergen) near the channel connecting
the lake with the fjord. A narrow (∼ 1–2 m wide)
strip of water in the continuation of the flow from
the strip does not freeze (Figure 2). We found an
interesting phenomenon: ice thickness at the end
of the ice-free strip appeared notably greater than
in the lake. The mean ice thickness in the lake was
approximately 70 cm.
To make a detailed map of the ice thickness near

the channel in the northern part of the lake we per-
formed a survey of ice thickness by drilling holes in
the ice and measuring ice thickness with a gradu-
ated rod. The survey showed that the characteris-
tic size of the region, in which thicker ice was found,
is ∼ 100 m. The region of thicker ice is located im-
mediately near the end of the non-freezing tidal
stream and around it. The maximum ice thick-
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Figure 2. Photo of the ice-free stripe (left) and the flow of cold water under ice (right).

ness in this region reaches 120 cm. At the border
of this region, a significant gradient of ice thick-
ness was found. Ice thickness sharply decreases
over several meters to 80–90 cm and then grad-
ually decreases to 70 cm, which is typical for the
ice thickness throughout the lake (Figure 3).
We interpret this phenomenon as follows. When

water flows into the lake along the non-freezing
channel, the water temperature drops almost to the
freezing point, and ice crystals and larger slash for-
mations appear at the surface of the stream. This
near-freezing water flows under the ice and ice crys-
tals and slash join the ice sheet in the lake.
Strongly varying ice thickness near the strip was

revealed by drilling measurements [Morozov et al.,
2019]. Ice thickness near the ice-free strip sharply
increased from 25 cm at the ice edge to 40–50 cm
at about 1 m from the ice edge. At a distance of
5–8 m from the ice edge, the ice was as thick as
60 cm. In the continuation of the narrow strip,
the ice thickness was almost 120 cm and then the
thickness gradually decreased to about 70 cm in the
entire lake. We explain the growth of ice thickness
by the transport of small ice pieces and freezing
water under the ice cover by the strong current
and their accumulation under ice where the current
speed decreases [Morozov et al., 2019].

3. Model

A system of regularized shallow water equations
(RSWE) described in [Bulatov and Elizarova, 2011]

has been used for numerical simulation of hydrody-
namic processes in Lake Vallunden:

𝜕ℎ

𝜕𝑡
+ div 𝑗⃗𝑚 = 0, (1)

𝜕ℎ𝑢⃗

𝜕𝑡
+ div

(︁
𝑗𝑚 ⊗ 𝑢⃗

)︁
+ ∇⃗ 𝑔ℎ2

2
=

ℎ*
(︁
𝑓 − 𝑔∇⃗𝑏

)︁
+ divΠ, (2)

ℎ* = ℎ− 𝜏div (ℎ𝑢⃗) , (3)

𝑗⃗𝑚 = ℎ (𝑢⃗− 𝑤⃗) , (4)

𝑤⃗ =
𝜏

ℎ

[︁
div (ℎ𝑢⃗⊗ 𝑢⃗) + 𝑔ℎ∇⃗ (𝑏+ ℎ)− ℎ𝑓

]︁
, (5)

Π = ΠNS + 𝜏 𝑢⃗⊗
[︁
ℎ
(︁
𝑢⃗ · ∇⃗

)︁
𝑢⃗ +

𝑔ℎ∇⃗ (𝑏+ ℎ)− ℎ𝑓
]︁
+ 𝜏𝐼 [𝑔ℎdiv (ℎ𝑢⃗)] , (6)

where, ℎ(𝑥, 𝑦, 𝑡) is the thickness of the water layer
measured from the bottom, 𝑏(𝑥, 𝑦) is the bathyme-
try function; therefore, 𝜉(𝑥, 𝑦, 𝑡) = ℎ(𝑥, 𝑦, 𝑡) +
𝑏(𝑥, 𝑦) is the level of water surface (Figure 4),
𝑢⃗ = {𝑢𝑥, 𝑢𝑦} is the vector of horizontal velocity,
𝑔 = 9.81 m/s2 is the acceleration due to grav-

ity, 𝑓(𝑥, 𝑦, 𝑡) is the vector of external volume force;
𝜏 > 0 is regularization parameter, whose dimension
is time. Besides, ΠNS is the Navier–Stokes viscous
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Figure 3. Map of ice thickness in the lake. Black dots show the locations of ice thickness
measurements. Gray color shows land. White color denotes ice free water in the channel.

stress tensor, which, in a number of problems is
considered as an additional regularizer and can be
included or dropped, see, for example, [Bulatov and
Elizarova, 2011; Sheretov, 2016].
The coefficient of kinematic viscosity of fluid 𝜇

is considered artificial; it is calculated from param-
eter 𝜏 :

Π𝑁𝑆 = 𝜇ℎ

[︂(︁
∇⃗ ⊗ 𝑢⃗

)︁
+
(︁
∇⃗ ⊗ 𝑢⃗

)︁𝑇
]︂
,

𝜇 = 𝜏𝑔ℎ. (7)

Besides, a simplified model of the passive scalar
transport is used to calculate the distribution of
the inflowing cold water over the lake. Thus, the
inflowing cold water is considered as an “impurity”,
where its concentration 𝐶(𝑥, 𝑦, 𝑡) could be propor-
tional to the ice thickness. Concentration 𝐶(𝑥, 𝑦, 𝑡)
is specified in dimensionless units. This model is
based on the solution of the regularized transport
equation:

𝜕𝐶ℎ

𝜕𝑡
+ div

(︁
𝑗𝑚𝐶

)︁
=

div
(︁
𝐷ℎ∇⃗𝐶 + 𝜏 𝑢⃗ℎ

(︁
𝑢⃗ · ∇⃗𝐶

)︁)︁
, (8)

Figure 4. Schematic view of the RSWE model
designations.
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Figure 5. Model of lake bathymetry. Entire lake (a); location of the flow from the
channel into the lake (b).

together with the RSWE system. The methods of
deriving and solving the system of equations (1)–
(8) are described in [Elizarova and Ivanov, 2020].
External volume force is represented by the Cori-

olis force

𝑓 = {𝑓𝑥, 𝑓𝑦} , 𝑓𝑥 = 𝑓 𝑐𝑢𝑦, 𝑓𝑦 = −𝑓 𝑐𝑢𝑥.

The Coriolis force may be important because cir-
cular currents are formed in the lake and the Cori-
olis force can influence their formation. The Corio-
lis parameter is 𝑓 𝑐 = 2Ω sin𝜙, where Ω = 7.2921×
10−5 s−1 is the angular velocity of the Earth’s ro-
tation, which was assumed constant in the entire
domain of simulations at latitude 𝜙 = 77.87∘.
Before considering the model of bathymetry, let

us describe the following designations: 𝜂(𝑥, 𝑦, 𝑡) =
𝜉(𝑥, 𝑦, 𝑡)− 𝜉0 is the deviation of water level, where
𝜉0 is the mean water level; 𝐵(𝑥, 𝑦) = 𝑏(𝑥, 𝑦) − 𝜉0
is the depth of the lake measured from the mean
level 𝜉0.
Since the exact bathymetry data of Lake Val-

lunden has not been measured, an approximate
bathymetry model, which is consistent with obser-
vations, has been developed, Figure 5. The shape
of the lake was reproduced by transforming a satel-
lite image, and the bathymetry was built on the
assumption that the bottom 10-m deep is approx-
imately flat, and the slopes at the coasts are very
steep. In the northern part, there is an inlet chan-
nel, whose depth is 1.5 m, but there is a stone bar
at the end of the channel where the depth reaches
1 m, Figure 5b. The width of the channel is ap-

proximately 10–15 m, the length is approximately
100 m. The height of the shores above the lake is
3–5 m.
Since the 𝑦-axis coincides with the direction of

the normal to the boundary of the computational
domain, the following boundary conditions were set
to simulate the flow of cold water into the lake, at
the boundary of the channel flowing into the lake
(𝑥 = 1250 m, Figure 5b)

𝜕ℎ

𝜕𝑦
= 0, 𝑢𝑦 = − sin

(︂
𝜋𝑡

6

)︂
(1− 𝑒−𝑡/6) m/s,

𝑢𝑥 = 0 m/s, 𝐶 = 1,

where 𝑡 is given in hours. The profile of the nor-
mal velocity component at the channel boundary
is shown in Figure 6.
The “dry bottom” condition was used at the

other boundaries, as the boundary condition. The
cutoff parameter 𝜀 represents the minimum water
level. Below this level, i.e., in the regions of the dry
bottom, the liquid is at rest; therefore, a constraint
is imposed on 𝜏 and 𝑢⃗ in the form

𝜏 =

⎧⎪⎪⎨⎪⎪⎩
𝛼
√
Δ𝑥Δ𝑦√
𝑔ℎ

, ℎ > 𝜀;

0, ℎ ≤ 𝜀,

if ℎ < 𝜀, then ℎ = 𝜀 and 𝑢⃗ = 0⃗,

where Δ𝑥,Δ𝑦 are spatial grid steps. A similar
problem without taking into account the propaga-
tion of impurities was considered using the system
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Figure 6. Variation of velocity 𝑢𝑛 = −𝑢𝑦 at the
inflow into the lake.

of regularized shallow water equations; its solution,
as well as a description of the method for calculat-
ing the zones of flooding/drying are given in [Bu-
latov and Elizarova, 2016].
Since we consider cold water transport, it can be

assumed that function 𝐶 is the temperature, and
𝐷 is the coefficient of thermal diffusivity of wa-
ter. This coefficient is very small (at 0∘C, 𝐷 ≈
13.2 × 10−8 m2/s); therefore, it can be neglected.
The currents in the lake are low (about 10 cm/s);
therefore, the regularizer on the right-hand side of
(8), represented by the dissipative term of the order
of ∼ 𝜏ℎ𝑢2, is insufficient to ensure the stability of
the numerical solution. That is why, in addition to
the Navier–Stokes regularizer (7) in equation (6),
an artificial term 𝛿𝜇 was introduced to coefficient𝐷
in the transport equation (8) of the model, where 𝛿
is a dimensionless coefficient chosen from the con-
ditions of stability and calculation accuracy, and 𝜇
is the viscosity coefficient taken from (7):

𝐷 → 𝐷 + 𝛿𝜇, 𝜇 = 𝜏𝑔ℎ.

The first-order Euler scheme for time deriva-
tives and second-order scheme for spatial deriva-
tives were used for the numerical solution of the
system of equations (1)–(8). A uniform rectangu-
lar grid with the following parameters was used:

𝑁𝑥 = 247, Δ𝑥 = 4.1 m;

𝑁𝑦 = 234, Δ𝑦 = 5.4 m;

𝛼 = 0.3, 𝛿 = 0.1, 𝜀 = 0.01 m.

Figure 7. Change in water level at point 𝑥 =
406.5, 𝑦 = 804.7 (the coordinate system is shown
in Figure 5a).

The time step was chosen in accordance with the
Courant-Friedrichs-Lewy condition:

Δ𝑡 = 𝛽
(Δ𝑥+Δ𝑦)

2
√
𝑔ℎmax

, 𝛽 = 0.2.

We start modeling when the water is at rest. The
inflow velocity is set (Figure 6) to gradually estab-
lish the water circulation in the lake. However, the
periodical variations in the inflow velocity cause
sea level fluctuations in the lake, which are estab-
lished only from the 40-th model hour (Figure 7),
and the mean water level increases up to about 20
cm. This can be explained by many factors. First,
it should be noted that there are no drains in the
lake, and its slopes are very steep. The narrow and
shallow channel does not enable the water to com-
pletely flow from the lake during low tide. Part of
the water remains in the lake due to which the to-
tal water level gradually increases during the first
50–60 model hours. Besides, during the numerical
experiments, it was revealed that the shape and
depth of the channel also play an important role.
Various variants of the model approximations of
the channel were considered in the simulations, for
example, if we increased the width of the deep part
of the channel, the water level in the lake changed
with an amplitude of 1 m. The current view of the
channel model agrees well with satellite images and
experimental observations, and provides an ampli-
tude of the water level change in the lake equal
to ±20 cm, which is consistent with experimental
observations.
As a result of several numerical experiments, it

was found that the change in the mean water level

6 of 8



ES2004 marchenko et al.: ice thickening caused ES2004

almost did not have any effect on the circulation
in the lake. The distribution of the concentration
of coldest water is repeated with a periodicity of
12 h, which corresponds to the period of changes
in the boundary conditions. A typical example of
cold water propagation is shown in Figure 8. One
can see a region with a radius of about 100 m and
a larger region with a radius of about 300 m.
Figure 9 shows the pattern of the flow and stream-

lines of the magnitude of velocity |𝑢| =
√︁

𝑢2𝑥 + 𝑢2𝑦

for the inflow (Figure 9a) and outflow (Figure 9b).
The distribution of the velocity (of the order of sev-
eral centimeters per second) far from the channel
is consistent with the field measurements [Morozov
et al., 2019]. A pattern of the formation of a cir-
cular cyclonic eddy with a diameter of 200–300 m
is seen, which is also consistent with observations.
The concentration of the inflowing cold water

determines the formation and distribution of ice
thickness when the lake freezes. An eddy is formed
in the solution. However, the form of the eddy
and its relative location to the channel depends on
small variations in the location of the channel and
bottom topography near the channel. These varia-
tions almost do not influence the size of the eddy.
The numerical experiments have shown that the
presence of the Coriolis force does not affect the
formation of circulation, i.e., circulation is caused
solely due to the shape of the lake and the posi-
tion of the inflow. The low influence of the Cori-
olis force is explained by the small spatial scale
of the phenomenon. The effect of the Earth’s ro-
tation becomes important when the time scales of
the motion are comparable with the inertial period.
The size of the eddy in the lake is of the order of
∼ 100 m and the velocity scale of motion in the
lake is of the order of ∼ 0.1 m/s. Hence, the time
scale is of the order of ∼ 1000 s, which is much
smaller than the inertial period at latitude 78∘N
(∼ 12 h). Cold water is concentrated near the out-
flow from the channel to the lake (Figure 8). This
corresponds to the real pattern of ice thickness dis-
tribution: ice is much thicker in the region of the
eddy near the channel.
Let us compare the map of ice thickness in the

inflow region with the circulation pattern. Figure 9
combines maps of ice thickness and currents in the
lake, calculated using a numerical model. In the
region of the lake, which is located close to the
channel, the ice thickness is thicker, and a cyclonic
eddy is formed by the inflowing tidal flow here.

Figure 8. Distribution of concentration 𝐶 in the
lake at time moment 𝑡 = 51 h, black arrows indi-
cate the streamlines.

The size of the region of thick ice is the same as
the region of high velocities near the channel as
well as the size of the region of impurity (very cold
water) in Figure 9a, Figure 9c.

4. Conclusions

Ice thickness in the region of the tidal jet flowing
from the Van Mijen Fjord to Lake Vallunden was
investigated in the winter season. The ice in the
continuation of the ice-free strip is much thicker
than in the lake. The ice-free continuation of the
flow in the lake was about 2 m wide and 100 m
long. Strong currents of almost freezing water pen-
etrate under ice transporting ice crystals and slash,
which attach to the ice cover from below, and thus
ice thickness increases in the continuation of the
flow. A numerical simulation allowed us to model
the structure of currents in the lake when the tidal
current flows into the lake. The flow initially forms
an eddy which expands over the basin of the lake
with decreasing velocities.
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Figure 9. Circulation in the lake and streamlines of the absolute value of velocity |𝑢|
during the inflow at 𝑡 = 50 h (a); during the outflow at 𝑡 = 56 h (b); map of ice thickness
on the same scale (c). Color scale of velocity is shown.

References

Bulatov, O. V., T. G. Elizarova (2011), Regular-
ized shallow water equations and an efficient method
for numerical simulation of shallow water flow, Com-
putational Mathematics and Mathematical Physics,
51, No. 1, 160–173, Crossref

Bulatov, O. V., T. G. Elizarova (2016), Regu-
larized shallow water equations for numerical simula-
tion of flows with a moving shoreline, Computational
Mathematics and Mathematical Physics, 56, No. 4,
661–679, Crossref

Elizarova, T. G., A. V. Ivanov (2020), Numerical
modeling of passive scalar transport in shallow water
based on the quasi-gasdynamic approach, Computa-
tional Mathematics and Mathematical Physics, 60,
No. 7, 1208–1227, Crossref

Marchenko, A. V., E. G. Morozov (2013), Asym-
metric tide in Lake Vallunden (Spitsbergen), Nonlin-
ear Processes in Geophysics, 20, 935–944, Crossref

Marchenko, A. V., E. G. Morozov (2016a), Surface
manifestations of the waves in the ocean covered with
ice, Russ. J. Earth Sci., 16, ES1001, Crossref

Marchenko, A. V., E. G. Morozov (2016b), Seiche
oscillations in Lake Vallunden (Spitsbergen), Russ. J.
Earth. Sci., 16, ES2003, Crossref

Marchenko, A. V., E. G. Morozov, S. V. Muzylev
(2013), Measurements of sea ice flexural stiffness
by pressure characteristics of flexural-gravity waves,
Annals of Glaciology, 54, 51–60, Crossref

Morozov, E. G., S. V. Pisarev (2002), Internal
tides at the Arctic latitudes (numerical experiments),
Oceanology, 42, No. 2, 153–161.

Morozov, E. G., A. V. Marchenko, K. V. Filchuk, et
al. (2019), Sea ice evolution and internal wave
generation due to a tidal jet in a frozen sea, Applied
Ocean Research, 87, 179–191, Crossref

Sheretov, Yu. V. (2016), Regularized Hydrodynamic
Equations, 222 pp. Tver State University, Tver,
R.F. (in Russian)

Corresponding author:
E. G. Morozov, Shirshov Institute of Oceanology,

Russian Academy of Sciences, Moscow, Russia. (egmoro-
zov@mail.ru)

8 of 8

https://doi.org/10.1134/S0965542511010052
https://doi.org/10.1134/S0965542516040047
https://doi.org/10.1134/S0965542520070064
https://doi.org/10.5194/npg-20-935-2013
https://doi.org/10.2205/2016ES000561
https://doi.org/10.2205/2016ES000567
https://doi.org/10.3189/2013AoG64A075
https://doi.org/10.1016/j.apor.2019.03.024

	Abstract
	1. Introduction
	2. Experiment
	3. Model
	4. Conclusions
	References

