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Abstract

The characteristics of highly nonlinear solitary internal waves (solitons) are calculated
within the fully nonlinear numerical model of the Massachusetts Institute of Technol-
ogy. The verification and adaptation of the model is based on the data from laboratory
experiments. The present paper also compares the results of our calculations with the
calculations performed in the framework of the fully nonlinear Bergen Ocean Model.
The comparison of the computed soliton parameters with the predictions of the weakly
nonlinear theory based on the Gardner equation is given. The occurrence of reverse
flow in the bottom layer directly behind the soliton is confirmed in the numerical simula-
tions. The trajectories of Lagrangian particles in the internal soliton on the surface, on
the pycnocline and near the bottom are computed.

1 Introduction

Solitons of internal waves are widely observed in the World Ocean (Ostrovsky and
Stepanyants, 1989; Jackson, 2004; Vlasenko et al., 2005; Helfrich and Melville, 20086;
Apel et al., 2007) and have been the object of study for a number of decades. Nonlinear
internal waves affect underwater biological community (Shapiro et al., 2000; Donald-
son et al., 2008), cause sediment transport (Bogucki and Redekopp, 1999; Stastna
and Lamb, 2008), force the platforms and pipelines (Fraser, 1999; Cai et al., 2003,
2006; Song et al., 2011), affect the propagation of acoustic signals (Apel et al., 2007;
Warn-Varnas, 2009; Chin-Bing, 2009). A lot of numerical models have been developed
to simulate solitary internal wave generation, propagation and transformation, and we
cannot cite all the important papers now. Laboratory experiments allow studying the
soliton characteristics in controlled conditions and validating the numerical models (Os-
trovsky and Stepanyants, 2005; Carr and Davies, 2006; Carr et al., 2008; Cheng et al.,
2008).
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The simplest and most obvious option of solitary internal wave modeling is usually
performed within a two-layer model of density stratification. This is a quite convenient
approach, since there is only one mode of internal waves. Such stratification is easily
created in a laboratory tank (Carr and Davies, 2006; Carr et al., 2008) and in a nu-
merical tank (Thiem et al., 2011; Maderich et al., 2009, 2010; Talipova et al., 2013).
Specially we would like to point out the experiments by Carr and Davies (2006) and
Carr et al. (2008) which have been modelled by Thiem et al. (2011) in the framework of
Bergen Ocean Model (Berntsen, 2004). The qualitative agreement between the results
of laboratory and numerical experiments is excellent, but the quantatitive difference be-
tween the results in soliton amplitude and length approaches 14 %. The main goal of
our paper is to reproduce the same laboratory experiment numerically using the MIT-
gcm model by Massachusetts Institute of Technology (Marshall et al., 1997a, b). This
numerical model solves fully nonlinear Navier—Stokes equations taking into account
anisotropic viscosity and diffusion, and also bottom friction.

The paper is structured as follows. The description of the conditions of the laboratory
experiment conducted in Carr and Davies (2006) is given in Sect. 2. Section 3 presents
the parameters used in the numerical model. The analysis of results is given in Sect. 4.
The comparison of the soliton shape in fully nonlinear Navier—Stokes equations and in
the weakly nonlinear Gardner equation is given in Sect. 5. The motion of Lagrangian
particles in the solitary wave is studied in Sect. 6. The results obtained are summarized
in Sect. 7.

2 Description of the laboratory experiment

The description of the laboratory experiments on the generation of a solitary wave
on the interface using the gravitational collapse method can repeatedly be found in
literature Carr and Davies (2006) and Carr et al. (2008). The geometry of the conducted
experiment is schematically shown in Fig. 1. In the basin with the depth of H = h; +
h,, a two-layer stratification is created: the upper layer of the thickness h, and the
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density p,, and the lower layer of the thickness h; and its density p; > p, (Fig. 1a). The
thickness of the transition layer (pycnocline) Ap is considerably less than the thickness
of the layers; that is why we speak about a two-layer stratification. An impermeable thin
gate G (Ag is its thickness), which does not touch the bottom of the tank, is placed
at a distance L, from the left wall of the tank (Fig. 1b). The fluid, with the density p,
and volume V, is filled inside the tank to the left of G. Under the pressure of the added
fluid the pycnocline on the left of the gate is shifted down to the depth h,, = V/(Lg ‘W),
where W is the width of the laboratory tank. The thus displaced fluid with the density
p4 falls into the tank to the right of the gate G, as a result of which the total depth of
the fluid is increased by 6h45. Thus, the full depth of the water in the tank on the left of
the gate is H, = h, + h,, + 6hy;, and on the right is H, = h, + hy + hyp, while H > H,,
and the depth of the pycnocline to the left of the gate is z, = h, + h,, and on right is
Zy = hy.

pA'[ the beginning of the experiment the gate G is sharply extracted, resulting in the
collapse of the fluid in the layer thickness Az,. This non-uniform initial perturbation
(similar to the dam break problem) evolves into a solitary wave of negative polarity (as
the pycnocline is located above the middle of the tank), moving to the right, and into
the dispersive wave train.

The results of a series of laboratory experiments on the generation of internal soli-
tary waves of negative polarity for different fluid and tank parameters by the method
described above are presented in Carr and Davies (2006) and Carr et al. (2008). Here
we consider in detail only one experiment, quoted under number 20538 (Carr and
Davies, 2006). Its main parameters are given in Table 1 (the notation corresponds to
Fig. 1).

3 Numerical model

Our numerical calculations, repeating this laboratory experiment, are carried out in the
framework of the numerical model MITgem (Marshall et al., 1997b), which is based on
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the non-hydrodstatic system of fully nonlinear Navier—Stokes equations in the Boussi-
nesq approximation (Marshall et al., 1997a). Both on the bottom and the left and right
walls (Fig. 1), impermeable and slippage conditions (only the normal velocity to the
boundary equals zero) are applied, while the upper boundary (fluid surface) is free.
Viscosity is assumed turbulent (different horizontally and vertically), and given as an
additional item in the equation for the momentum:
v 2y

Dy =M +ASL, (1)
where v = v (u, w) is the velocity vector, A, and A, are coefficients of horizontal and
vertical viscosity, which are implied as different (Table 2). The model also takes into ac-
count the bottom friction (Adcroft et al., 2011) which is expressed by a greater viscosity
at the computed points located directly above the bottom. The additional term is

Gydise = <r +Cq\/2K E) ZZLZ’ 2)

where r, and Cy are coefficients of linear and quadratic bottom friction, KE is the av-
erage kinetic energy at the computed bottom points. The item G\ ¥ (v-diss — vertical
dissipation) is present only in the equation of the momentum conservation for the hori-
zontal component of the velocity u(x, z, t) above the bottom.

It should be noted that the value of the coefficient of eddy viscosity (A, and A,,
respectively) and bottom friction (r, and Cy) has a great influence on the magnitude of

the velocity field in the solitary wave. That is why the values of these parameters were
chosen for a good consistency of laboratory and numerical results.
An additional diffusion item in the advection equation for the density in the numerical
model MITgcm is taken into account:
K, O
D, =V (KVp), where K = ( 0 K ) (3)
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where K is the diffusion tensor, which consists of the coefficients of the horizontal (K},)
and vertical (K,) diffusion (Table 2) taken from (Thiem et al., 2011).

Numerically the solitons are generated by the so-called gravitational collapse (Grue,
2005; Chen et al., 2007). Deviation from the average density in the model area is set
as follows:

(4)

p.(x.7) = Azp {tanh ([z —-Zp - %th (X_née)] /Ap) , Vx,z ¢ (-h,+20p,—h, - 2Ap);

2 Vx,z & (~h +2Ap, —hy — 2Ap),

where the first line sets the vertical profile of the density on the left and right of the gate,

and the second — the horizontal profile on the site of the extracted gate; m = 10mis

a small value, A, = hy, + hy. In this, the jump on the free surface at the initial time is

given in the form of a step function:

() = {H' s ©)
0, X > Lg.

The results of laboratory measurements and numerical simulations are shown below
in a dimensionless form: X = x/L,, Z = z/h, are horizontal and vertical coordinates,
f=tcy/h, is time, ¢ = ¢/h, is a free surface displacement, 7j = n/h, is the vertical
displacement of the pycnocline, u =u/c, and w = w/c, are horizontal and vertical
components of velocity correspondingly, ¢, = 0.0974 ms~' is a characteristic speed of
the internal wave propagation (this value is calculated from the linear theory of long
waves for the given stratification), ® = @ /L , is the soliton width at half of the maximum
value, p = p/p,et — the density normalized to its average value o, = (0, + 04)/2. The
size of the spatial grid and the time step are as follows: Ax = 0.0064 m, Az = 0.0013m,
At =0.0125s.
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4 Analysis of the results

After a short transition period (¢ =~ 30, hereinafter the tilde symbol is omitted) a solitary
wave of negative polarity in the numerical tank is appeared. At the time moment ¢ =
75.6 (the soliton center is located at the point x = 0.66) its shape is already fully formed
(Fig. 2). Obviously, there is good agreement between the laboratory and the computed
waveform. The motion trajectories of an internal solitary wave in the pycnocline () and
the perturbation of the free surface ({) are shown in Fig. 3 in the form of x-t diagrams.
As seen from the Figure, the internal wave moves at a constant speed to the right
boundary of the numerical tank, and then the wave is reflected from it. Weak lines
corresponding to the dispersion packet, which follows the solitary wave and stretches
in time, can be seen in Fig. 3b.

It should be noted that if the polarity of the internal solitary wave in the thermocline
is negative (as it is expected from theory), it manifests as a wave of elevation on the
free surface (its amplitude is about 1 % of the amplitude of the wave in the pycnocline),
as it follows from the linear and weakly nonlinear theory (Phillips, 1977).

On the surface, except the “footprint” of the internal wave (dark thick line in Fig. 3a),
we can also see a rapidly propagating surface wave itself, which during the internal
soliton nucleation time only runs to the right edge of the tank and back (thin line in
Fig. 3a). It should also be noted that the description of the laboratory experiment (Carr
and Davies, 2006) does not mention the surface effects, but they were probably present
in the tank. Since the amplitude of the surface displacement is very small, it has almost
no effect on the internal dynamics of the internal soliton.

Figure 4a depicts the distribution of the fluid density at time ¢ = 75.6, as well as
the vertical density profile before and after the passage of the solitary wave (Fig. 4b).
The change in the vertical profile of the density after the passage of the internal wave
(Fig. 4b) is also worth noting (Fig. 4a, and the dashed lines mark the points where
the corresponding profiles are measured). As it is known from the linear theory, after
the passage of the solitary wave the stratification should return to its initial state, so
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the observed change is due either to a dispersing tail, or to nonlinear effects. It also
shows the horizontal velocity field during the passage of the internal wave (Fig. 4c).
As expected, the velocity below the trough is negative, and above is positive.The black
curve in Fig. 4c, marks the contours of zero velocity. It is particularly necessary to note
the presence of zero velocity contours in the bottom layer of the solitary wave, under
which the horizontal velocity takes a positive sign. In this layer called “the reverse flow”
the fluid particles move in the same direction as the soliton. The detailed analysis of
this effect is given in Sect. 6.

A more accurate comparison of the computed and experimental data is given in
Fig. 5, which shows temporal variation of the pycnocline displacement at the fixed point
x = 0.66. The results of computations in the framework of the Bergen Ocean Model
(BOM) (Thiem et al., 2011) are also presented. In both numerical models the computed
amplitude exceeds the laboratory value by 14-15% and correlates between them.
However, the duration of the soliton-like wave in BOM is larger than in MITgcm, and
this difference is due to different values of viscosity coefficients: AEOM =5x107°m?/c

and AZM = 1 x 107 m?/c; AhM'Tgcm =5x10"*m?/c and A" = 7.5 x 10 m?/c. In
fact, it was pointed in (Thiem et al., 2011) that the variation of viscosity coefficients can
provide a better agreement with the laboratory data.

Both in the laboratory tank and in the numerical models the generated solitary wave
is not symmetric about the centre of the trough. Its trailing edge is slightly swamped in
relation to the undisturbed pycnocline level (Figs. 2, 4 and 5), indicating the formation
of the weak dispersive train behind the head wave due to the slight incompleteness of
the process of soliton formation.

The comparative graphs of bottom vertical and horizontal velocities are shown in
Fig. 6. The field of the horizontal velocity (Fig. 6a) is a bit better described by our
computations, than in Thiem et al. (2011), especially in the soliton rear. The reversed
flow should be particularly highlighted, which has already been discussed above (the
positive direction of the horizontal velocity after the soliton). It is formed at the bottom
layer and immediately follows the main flow field of the velocity of the soliton-like wave
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(Fig. 6a). As is noted in Thiem et al. (2011), this flow may occur at the balance of power
bottom friction and pressure, leading to the separation of the bottom layer.

As for the vertical velocity, we can talk about the good agreement of both numerical
models with laboratory measurements. We would like to note that the vertical velocity
increases with the distance from the bottom, and it is natural in the bottom layer where
the condition of impermeability is applied on the bottom. However, it should be noted
that in Thiem et al. (2011) a pronounced inflection point at the time of changing the
sign of the vertical bottom speed is observed, while in our computations and in the
laboratory experiment it is absent. This difference is explained by the fact that in Thiem
et al. (2011) the soliton turned out to be wider than in our computations and is related
to the difference in the viscosity coefficients.

In general, the time series has four regions of the bottom layer: 1 — unperturbed
state, 2 — the passage of the soliton, 3 — the reverse flow (the fluid particle movement
is directed in the opposite direction of the velocity field of region 2), 4 — relaxation.
These conditions are marked with numbers in Fig. 6a and are characterized directly
by the magnitude and sign of the velocity field over the selected point of the bottom
surface.

It should be noted that both in the laboratory and in the numerical experiment (MIT-
gcm) the reverse flow smooths the horizontal flow of the fluid in the soliton tail, so that
the asymmetry, noticeable at z = 0.6 is almost not visible at the point z = 0.1.

We determined the thickness of the reverse flow in the bottom layer as the distance
from the bottom surface to the bottom contours of zero horizontal velocity (Fig. 4c).
The evolution of the thickness of the reverse flow in the laboratory and numerical tanks
at the fixed point x = 0.66 is shown in Fig. 7. As can be seen, the behavior of the
two curves is about the same, but there is a slight lag in the numerical model. If we
compare the curves of the thickness of the reverse flow, eliminating the time delay, the
maximum difference in the thickness will not exceed 30 %. The differences in the curves
may be connected with the fact that the amplitude of the numerical soliton exceeds the
amplitude of the laboratory solitary wave.
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5 Comparison with the weakly nonlinear model

In the case of weakly nonlinear internal waves Euler equations can be asymptotically
reduced to the extended version of the Korteweg—de Vries equation called the Gardner
equation (Grimshaw et al., 2004, 2007, 2010):

0 0 0°
0—?+<c+aq+a1q2)a—Z+ﬁa—£=O, (6)
where c is the speed of propagation of long internal waves, a and a, are coefficients
of quadratic and cubic nonlinearities, respectively, G is the coefficient of dispersion. To
calculate these coefficients it is necessary to determine the vertical structure of the
mode, depending on the stratification of the fluid and its depth. In the case of the two-
layer flow all the formulas are explicit (Grimshaw et al., 2002). In general, we have to
solve the problem of the Sturm-Liouville eigenvalue with zero boundary conditions on
the fluid surface and bottom, see Holloway et al. (1999) and Grimshaw et al. (2007).
Calculated in the Boussinesq approximation the coefficients are: a = -2.1 s, a; =

-256(ms)”", B=19x10""m3s™".
Since the cubic nonlinearity coefficient is negative, there is only one family of solitons
described by the formula:
A
nix,t) = :
1+ Bcosh(y(x - Vt))
a; a, aa a, 2
a(+aa), a_—+1, vy 6ﬁ(+aza>, BY*, 7)

where a is soliton amplitude, varying from zero to the limiting value
ajm = —a/a, = —0.081. (8)

In this case the soliton amplitude is negative, therefore, the soliton has a negative
polarity (the depression wave). The solitary wave width at 0.5 of the amplitude is easily
1928
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calculated from Eq. (7)

@4 = %arccosh (% +2> : 9
The dependence of the width of the soliton on the relative amplitude a/ay;,, built by the
Eq. (9), is shown in Fig. 8.

In the fully nonlinear model the amplitude and width of the solitary wave varied by
changing the position coordinates of the gate L, and the volume V' of the added fluid,
while the density stratification practically does not change. Figure 8 shows the calcu-
lated soliton width (with symbols) as a function of the amplitude normalized for con-
venience to the same limiting amplitude of the Gardner soliton (Eq. 7). In the fully
nonlinear model the limiting amplitude of the soliton is known only in the two-layer
stratification and is equal to Turner and Vanden-Broeck (1998)

hu hI

2

Ajim = = -0.083, (10)
where h, = h, and h, = hy + 6h,z are the heights of the upper and lower layers of the
fluid, respectively. This value is somewhat larger (in absolute value) than the limiting
amplitude in the Gardner Eq. (7), but slightly less than in the limiting amplitude in the
fully nonlinear numerical model. In fact, the density stratification is not exactly a two-
layer one (the thickness of the pycnocline is 20 % of the thickness of the upper layer),
so the calculated maximum of the soliton amplitude is larger (dash-dotted vertical line
in Fig. 8) than predicted by theory. The soliton width in the fully nonlinear model is also
larger than in the Gardner model, if the amplitude of the soliton does not exceed the
limiting value. In fact, our computations confirm the conclusion made in Michallet and
Barthelemy (1998) where it was experimentally observed that the limiting amplitude is
bigger than the theoretical predictions based on the Gardner or Miyata (Miyata, 1988)
equations.
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6 The trajectories of Lagrangian particles

The measurements and calculations of the velocity field in the solitary wave are im-
portant for calculating the sediment transport. As the first step to such a study, we
compute the trajectories of Lagrangian particles. The traditional method of calculating
the Lagrangian trajectories demands the solution of ordinary differential equations with
respect to the radius vector of the position of the particle in the velocity field (Lamb,
1997; Toschi and Bodenschatz, 2009):

dr

—=v(r,t), r(t=0)=r,, 11

5 =V, r(t=0)=r (11)
where r(t) = {x(t),z(t)} is vector indicating the position of a particle at a given time,
and ry = {Xq, Yy} is the initial coordinates of the particle.

Figure 9 shows the calculated trajectory of Lagrangian particles located at the initial
moment at the fluid surface, in the pycnocline and near the bottom. The largest particle
displacement in the fluid in the horizontal direction is obtained at the surface and the
direction of the movement coincides with the direction of the movement of the soliton
(this is consistent with the positive sign of the horizontal velocity on the upper layer
above the soliton of the negative polarity, Fig. 4c). According to the calculations, the
distance that the particle can go under the influence of the velocity field can be two
and a half times larger than the width of the moving solitary wave. The direction of
the movement of Lagrangian particles on the pycnocline (at the initial time located on
the line of the unperturbed density) also coincides with the direction of motion of the
soliton, but the trajectories have a loop structure, since the vertical velocity prevails
here, and the displacement does not exceed one-third the width of the wave. In the
bottom layer the fluid particles move in the opposite direction (in line with the direction
of the horizontal velocity) with a lesser amplitude of displacement than at the surface,
which can be connected with a greater thickness of the lower layer and the damping of
the velocity field with the depth. Under the influence of the reverse flow the particle
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trajectories are redirected to the positive side of the x axis. The magnitude of the
movement in the opposite direction does not exceed the half-width of the soliton.

Notably, all the motion paths are not closed, as can be expected from theory for the
wave of one polarity. However, some tendency to closeness is present at the bottom
points where the reverse flow occurs.

The first analysis of the particle motion in an ideal fluid has been done in Lamb (1997)
in the framework of the Euler equations and weakly nonlinear theory. The author con-
sidered the movement of the particle only on the fluid surface, and we confirm his
conclusion for the surface particles.

7 Conclusions

The features of the flow, induced by a strongly nonlinear solitary internal wave in a vis-
cous two-layer fluid, are analyzed in the frame of this work. The soliton-like perturbation
in the numerical model MITgcm is generated by the gravitational collapse method in
a two-dimensional tank. The initial conditions are set on the basis of the laboratory
experiment (Carr and Davies, 2006). The comparison of the computed results with the
laboratory measurements described in Carr and Davies (2006) is given. We also com-
pare our results with the numerical results given in the frame of the Bergen Ocean
Model (Thiem et al., 2011). In our computations we used large (in one order) coeffi-
cients of viscosity than in Thiem et al. (2011). In both numerical models, the amplitudes
obtained are 14—15 % higher than in the laboratory value. The solitary wave duration is
slightly different in both numerical models due to different values of the viscosity coef-
ficients. The increase of these coefficients made in our computations leads to a better
agreement with the observed soliton duration. Both numerical models also predict the
reverse flow observed in the experiments. Our computations show that the moment of
the appearance of the reversibility occurs with a short delay, and its thickness is no
more than 30 % larger than in the laboratory measurements.
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The comparison of the parameters of solitary waves in a viscous fluid with the param-
eters of the soliton in the Gardner equations in the weakly nonlinear theory of internal
waves in an ideal fluid is also carried out. The calculated values of the limiting amplitude
of solitons are larger than the similar values in the frame of the Gardner model. The
width of the solitary waves in the fully nonlinear model is also larger than in the Gardner
model, if the amplitude of the soliton does not exceed the limiting value. We confirm
the conclusion made in Michallet and Barthelemy (1998) about the similar difference in
soliton width and amplitude.

The calculations of the trajectories of Lagrangian particles in the surface and in the
bottom layers, as well as in the pycnocline are performed. The results demonstrated
completely different trajectories at different depths of the model area. Thus, the largest
displacement of Lagrangian particles is observed in the surface layer, it can be more
than two and a half times larger than the characteristic width of the soliton. Located
at the initial moment along the middle of the pycnocline, fluid particles move along
the vertically elongated loop at a distance of not more than one third of the width of
the solitary wave. In the bottom layer the fluid moves in the opposite direction of the
internal wave propagation, but under the influence of the reverse flow, when the bulk
of the velocity field of the soliton ceases to influence the trajectory, it moves in the
opposite direction. The magnitude of displacement of fluid particles in the bottom layer
is not more than the half-width of the solitary wave. Our results confirm the previous
results given in Lamb (1997) where the author investigated the dynamics of the surface
particles only.

We conclude that the values of viscosity and bottom friction parameters have a criti-
cal impact on the result. To achieve a better agreement of the laboratory and numerical
experiments, it is necessary to vary them accordingly. This process takes a consider-
able amount of time and from a practical point of view is ineffective. Therefore, a direct
method of measuring these values directly in experiments should be employed.

Acknowledgements. The presented results are obtained in the framework of the State Contract
(No 5.30.2014/K) and grants RFBR (13-05-90424, 12-05-00472).
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Table 1. Parameters of the laboratory experiment.

P2s P1s hy,  hy,  Ap, Ag, Ly, Ly V, hy, 6hy, 6hg, H-H,
kgm™ kgm™= m m m m m m / m m m m
1022 1047 0.05 0.2 0.01 0.005 64 06 38 0.1549 0.063 0.0142 0.0037
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Table 2. The coefficients of diffusion, viscosity and the bottom friction.

Diffusion Viscosity Bottom friction
K K, An A, To Cq
5x107°m?s™" 1x107'm?s™" 5x10"m?s™" 75x10°m?s™" 2x10*ms' 3x107°
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Figure 1. The geometry of the laboratory experiment (a) before and (b) after extracting the gate

G and the volume of fluid V.
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Figure 2. The shape of the solitary wave in the laboratory (a) and numerical (b) experiments

(t =75.6).

1939

0.6

Zz

Jladed uoissnosiq | Jadeq uoissnosiq | Jedeq uoissnosiq | Jaded uoissnosiqg

NPGD
1, 1919-1946, 2014

Features of fluid

flows in strongly

nonlinear internal
solitary waves

S. Semin et al.

Title Page
Abstract Introduction
Conclusions References
Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.nonlin-processes-geophys-discuss.net
http://www.nonlin-processes-geophys-discuss.net/1/1919/2014/npgd-1-1919-2014-print.pdf
http://www.nonlin-processes-geophys-discuss.net/1/1919/2014/npgd-1-1919-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

Figure 3. x-f diagram of free surface displacement (a) and the pycnocline (b).
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Figure 5. The comparison of the pycnocline displacement in the laboratory experiment and in

the numerical MITgcm and BOM models: symbol “x

— the data of laboratory measurements,

solid red and blue curves — the results of the numerical simulations in the MITgcm and BOM

models respectively.
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Figure 6. Horizontal (a) and vertical (b) near-bottom velocities at x = 0.66, measured in the
laboratory experiment (symbols) and in numerical MITgcm and BOM models (lines) at a depth

of z = 0.1 (symbol “+” and the solid curve) and z = 0.6 (symbol
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Figure 7. The thickness of the reverse flow at x = 0.66 in the laboratory experiment (symbol

“¥”) and in the numerical model MITgcm (symbol “x
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Figure 8. Solitary wave width vs. the amplitude: the Gardner soliton — solid line — @ (a/a;,,), the
fully nonlinear solitary wave in the numerical model with L, = 0.03 (a), L, = 0.06 (W), L, = 0.09

(4).
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Figure 9. The trajectories of Lagrangian particles at the initial time located near the surface (a),
— the initial position of the particles, the

the pycnocline (b) and the bottom (c¢): the symbol “”
symbol “«” — the final position of the particles.
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