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Abstract. Results of an experimental and theoretical studyby tidal flow over topography (continental slopes, oceanic
of the interaction of a first mode internal solitary wave with banks, sills, and ridges). For a detailed review of these inves-
a localised bottom topography (sill) are presented. Laboratigations one can refer to Ostrovsky and Stepanynts (1989).
tory experiments have been performed in a 10m long andn lakes, first-mode internal wave packets can be excited in
0.33m wide channel filled with a stratified fluid. The inter- response to strong wind events (Farmer, 1978; Stevens et al.,
face between the two layers (fresh and salt water) is diffusel996). Probably such waves are an important part of en-
and has a finite thickness. Soliton-type disturbances of the inergy transfer from large scales down to small ones (Wun-
terface having characteristics of the first baroclinic mode aresch and Munk, 1998); they contribute to the vertical mixing,
generated at one channel end. They move along the channelhile propagating at the interface where a shear layer devel-
and encounter an underwater obstacle (sill) in the middle ofops. The shoreward propagating waves eventually break in
the channel, where they break into reflected and transmittead coastal zone where they are thought to be responsible for
waves. Two types of internal waves are produced by the innutrient mixing (Sandstrom and Elliott, 1984).
teraction: a fast first mode internal soliton and a slower (by a Solitary waves may emerge if the propagation distance
factor of approximately 3) second mode soliton-like wave. of a disturbance is sufficiently large. Once generated by a
A numerical model, based on the two-dimensional Navier-tidal flux over the shelf-edges, ridges or sills, they generally
Stokes equations in the Boussinesq approximation, is used tpropagate for a large distance before encountering any fur-
reproduce the laboratory experiment. The detailed analysisher significant variation in bottom topography. Of course,
of the horizontal and vertical structures of transmitted andthe effects of dissipation and topography are important in
reflected waves showed that the fast reflected and transmidetermining the evolution of the wave. While the mecha-
ted waves observed in the experiment can be interpreted asism of generation of solitary internal waves is well recog-
a first mode internal solitary wave whose characteristics araised (Maxworthy, 1979; Lamb K.G., 1994; Gerkema and
very close to those of the K-dV solitons. It is also demon- Zimmerman, 1994), their ultimate fate when solitary waves
strated that the slow speed waves, generated during the intepropagate towards the shore into shoaling regions remains
action behind the first fast wave have vertical and horizontalcomparatively poorly understood. At the same time there are
structures very close to the second mode internal K-dV soli-a lot of experimental examples where the shoaling effects
tons. and local change of the bottom topography can influence the
evolution and dynamics of solitary internal waves. We men-
tion the observations of internal waves in the Andaman Sea
(Osborne and Burch, 1980) and the Sulu Sea (Apel et al.,
1985), in the Massachusetts Bay (Halpern, 1971) and on the
L . : Australian North West shelf (Holloway et al., 1997). Simi-
Numerous in-situ and remote-sensing observations demor]é1r phenomena, when internal wave groups move towards the
strate the evidence of packets of long first-mode internal wa- - ’ .
: . o coastline, have been measured in lakes (Thorpe, 1971).
ves in marginal seas, straits, fjords and coastal waters (Os-

borne and Burch, 1980; Apel et al., 1985, 1995; Sandstromth The dissip:\tion. oglintdern?rI] solitary Wav?ﬁ pro%a%atin% in
and Elliot, 1984; Haury et al., 1979; Holloway, 1987; Liu, € ocean of variable depth may occur through boundary

1988). Such waves may evolve from disturbances cause yer viscosity, scattering by bottom topography and wave
reaking. Most nonlinear internal waves observed in seas,

Correspondence tK. Hutter straits and lakes were the first baroclinic mode depression
(hutter@mechanik.tu-darmstadt.de) waves. Nevertheless such waves reverse their polarity on
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passing through a “turning point” where the pycnocline is may be generated due to the interaction of the first mode in-
located approximately midway between the surface and théernal soliton with a sill. This result was obtained on the basis
bottom and where the coefficient of nonlinearity changes itsof the analysis of the phase speed of the reflected waves from
sign (Kaup and Newell, 1978). Such experimental data werahe sill and those transmitted. The possibility of the gener-
obtained in the Rio-Ontario Strait (western Greece). In thisation of second mode solitary waves, due to the interaction
place, two moving internal wave packets, consisting of ele-of the first mode solitons with the bottom topography, was
vation and depression waves separated by a 12-hour tidal p@lso previously indicated in experimental work (Helfrich and
riod, were observed (Salusti et al., 1989). The idea of changMelville, 1986; Helfrich, 1992); furthermore, there are also
ing the polarity of solitary waves after they pass through asome in-situ measurements of such waves (Mortimer, 1952;
“turning point” was used in a paper by Liu et al. (1998) for Salvade et al.,1987; Sabinin, 1992).
the interpretation of SAR images south of Taiwan in the East So, the goal of the present paper is (i) to build the math-
China Sea and east of Huinan in the South China Sea. So thismatical model of the interaction of solitary internal waves
is a common situation in coastal regions, where a solitarywith a sill in the frame of the Navier-Stokes equations for
wave of depression may encounter a “turning point” some-a continuously stratified fluid, and (ii) to study in detail the
where on the slope; first it will disintegrate into a dispersive dynamics of the interaction of solitary waves with a sill in or-
wave train and then evolve to a packet of elevation waves irder to answer the question of the possibility of generation of
the shallow water area. second mode solitons during such interactions: this was for-
Several studies (theoretical, experimental) have been camulated as a hypothesis in the paper @fttdmann and Hut-
ried out on the propagation of solitary waves over a bottomter (2001) on the basis of laboratory experiments. The paper
topography. In Helfrich et al. (1984) the scattering of solitary is organised as follows. A short description of experimental
waves in a two-layer system by a gradually varying changedata, obtained by tittemann and Hutter (2001) is presented
in the depth was theoretically investigated. It was found thatin Sect. 2. Here we describe the experimental setup of the
more than one wave of reversed polarity may emerge as thevave channel employed and measuring technique (Sect. 2.1).
incident wave passes through a “turning point”. In a further Then, Sect. 2.2 presents the experimental finding of possible
paper (Helfrich and Melville, 1986) the evolution of a long generation of second mode solitary waves during interaction
solitary internal wave over the bottom topography was exam-of the first mode solitons with a sill. Section 3 is devoted to a
ined by a combination of laboratory experiment and theoreti-description of the theoretical formulation of the wave process
cal modelling. Weak shearing and strong breaking (overturnin the channel, based on the Navier-Stokes equations. Gov-
ing) instabilities depending on the incident wave amplitude erning equations, boundary conditions and numerical scheme
and stratification were observed in the experiments. In somare presented in Sect. 3.1 and then, in Sect. 3.2, the initializa-
cases the instability of the first baroclinic mode wave led totion of the model (background fluid stratification and initial
the generation of a second mode solitary wave. The breakingonditions) are discussed . In particular, the analytic solution
of an internal solitary wave of large amplitude over the slop- of the Korteveg-de Vries equation (hereafter K-dV) for sta-
ing bottom was recently studied by laboratory experimentstionary solitary waves in case of a smooth pycnocline is pre-
(Helfrich, 1992). It was found that shoaling of a solitary in- sented and its use in finding the initial wave field is discussed.
ternal wave can result in wave breaking and the production ofThe results of the numerical experiments on the interaction of
multiple soliton-like waves of elevation (turbulent surges or the internal solitary wave with a sill are presented in Sect. 4
boluses) which propagate up the slope. This work on the dyin four parts. First, in Sect. 4.1 the basic case run with the
namics (breaking and mixing) of solitary internal waves over governing parameters reproducing the laboratory experiment
an inclined bottom topography, which possessed relativelyof Sect. 2 is described in detail. Next, the influence of the
small amplitudes and small slopes £°), was continued for  blocking parameteB (the dimensionless height of the sill),
a wider range of amplitudes and slopes in a paper by Michalthe Froude numbeFr (the amplitude of the incident wave)
let and Ivey (1999). and the viscosity are discussed in Sects. 4.2—-4. A summary
Laboratory experiments on the interaction of solitary inter- and conclusions are given in Sect. 5.
nal waves with a sill were also performed to study the energy
loss caused by the interaction (Diebels et al., 1994; Maurer et
al., 1996; Wessels and Hutter, 1996). It was found thatthera2 The experimental data
tio of the height of the sill to the thickness of the lower layer
was the parameter controlling the amount of transmitted an®.1 Experimental setup and measuring technique
reflected energy. The theoretical background in that study
was based on the weakly nonlinear theory for a two-layerThe experimental arrangement and measuring techniques ha-
fluid which resolves only the first baroclinic mode. Never- ve been reported earlier in Diebels et al. (1994), Maurer et
theless, in a more recent papefit¢mann and Hutter, 2001) al. (1996), and Wessels and Hutter (1996). For details of the
it was demonstrated that, with the help of laboratory experi-experimental setup and methods of measurements (the con-
ments in a two-layer system (fresh water, salt water) in whichstruction of the wave channel, wave generator, error estima-
the interface is not sharp but slightly diffuse, not only first but tion, performance of the experiments) the reader is referred to
also the second mode solitary waves (reflected, transmittedhese papers. Here we shall describe briefly the experimental



V. . Vlasenko and K. Hutter: Generation of second mode solitary waves 225

Pl P2 P7 P3 P4 P5 P6
) | ;
 — |
Fresh water hy
35cm
u, =
H Salt water h,
| < 145cm >< 1a5em < 14Becm > < 145em > < 145cm > < 120cm”

Fig. 1. Sketch of the experimental arrangement (frontal view). On the left are two pistons, separated by a thin plate at the interface level,
which simultaneously move in opposite directions with velocitigsu, and displace the same volume of water. Six electrical resistivity
gauges P1-P6 record the interface elevation. A seventh gauge P7 records the free surface motion. The triangular sill withAhexhdight

width L, is placed in the middle of the tank.

setup and typical experimental data obtained lijgtémann Surface
and Hutter (2001). Experiments were conducted in a glass-  0.00
walled wave tank 10 m long, 33 cm wide and 35 cm high.

The schematic sketch of the experimental arrangement with

. . . A -0.02
the explanations of all basic parameters is presented in Fig. 1. A Measured data
A salt-stratified system was constructed by filling the tank )
with fresh water (of density fokg m3) in the upper layer -0.04 - —— Model pycnocline (7)
and then cautiously pouring salt water below (approximately
1022.5 kgnT3). The result is a two-layered configuration 0.06

with a steep density transition through a diffuse interface
(Fig. 2). _
Internal water waves, excited by a wave generator at theg -0.08 -
left, travel down the channel to the right. The wave generator'\'
consists of two pistons at the heights of the two water layers

A
and covering the whole width of the channel; they are moved 010 & M Ay
in opposite directions in such a way that the transported wa- - A Y

ter volume is the same in both layetg k1 = —u2h2). The 0.12- %

main idea in generating solitary waves is to produce a pos- ‘—n%

itive definite elevation of a soliton-like shape that will then
develop to a solitary wave during propagation. To achieve  -0.14-

o . Bottom
pure baroclinic waves, free surface elevations should be kept :

as small as possible. 1.000 1.005 1.010  1.015 1.020 1.025

The internal wave propagation and its interaction with R, (kgm)
built-in sills are measured by six gauges (P1-P6) along the
channel. An additional surface gauge (P7) is installed to enfig. 2. Typical density profile in the channel. The measured data
sure that there is no significant surface elevation. The gaugegoints (A) were fitted with the smooth model pycnocline (7).
consist of two parallel wires subjected to an alternating volt-
age and held in a vertical position in the middle of the chan-
nel width. The gauge signal is amplified and digitised for it. Depending on the dearee of blockiBia= H. /1. de-
computational analysis. The gauges are attached to averticgfa1 - ep g g G= H,/ha,

movable fixture, which is adjustable with a 0.1 mm resolu- ined as the ratio of the sill height, to the he_lght of the .
tion lower layerhy, the forward and backward moving waves ei-

ther keep the solitary character or are changed into oscillating
wave trains; see Diebels et al. (1994), Maurer et al. (1996).
As a special case, the excitation of a second transmitted soli-
The experiments investigated the interaction of solitaryf@ry wave following the first at lower speed was observed.
waves with a sill, built on the ground of the channel (Fig. 1). ThiS phenomenon is the main subject of the following de-
When partially blocking the lower layer by a sill an incoming scription of the experiments and theoretical modeling.
solitary wave will be split into a reflected and a transmitted There are two main parameters characterising the system,

2.2 The experiments
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first the soliton amplitude and second the degree of block-

ing. The soliton amplitude is connected to the Froude num- T ¢ § 5 g
ber Fr = umax/ Viin, which is defined as the maximum piston —||| g 2
velocity of the wave generatoryax normalised to the lin- B 2 5-%
ear phase speddi,. The range off, was changed between 2 0 §
F, = 0.1to F, = 0.8. The best results for soliton excitation
were found withF,, = 0.2. This value generated an elevation
amplitude of approximately 5 mm. Higher Froude numbers
produce more oscillating wave trains in the back of the soli-
tary wave, especially when interacting with the sill. The de- =
gree of blockingB was varied from 0.5 to 1. Lower values of = s
B do not have an observable effect on the transmitted wave I
whilst higher values will break down the transmitted soliton ‘g
to a simple oscillating wave train. The best results splitting £
the incoming soliton in two parts while keeping the solitary S
character, were achieved fof/0< B < 0.9.
An additional variable, the steepness of the sill (orits width & |5
L,), typifying the geometry of the sill is important but does é g
not concern the higher mode structure. As a result of the & |&
experiments, it seems to have only a small influence on the 10

interaction with the waves. The transmitted waves are very 100 T 200 300
similar to those transmitted by a short sill with the same ime (s)

except for their smaller amplitude. . Fig. 3. Typical experimental data. Time series of the interface de-
Other parameters, such as the water densities and tempeyz tion at the six gauge positiorsl — P6 (at gauges4, P5 and

ature, were kept approximately constant and are not considpg 1y repeating the experiment under identical conditions, three

ered any further here. different positions are shown). On the left, the wave channel is
_ ) shown with the exact location of the sill. Dotted lines with arrows
2.3 Typical experimental data mark the propagation of the first mode, solid lines that of the second

higher mode. Parameters are=0.19,B=0.92.
Figure 3 shows a typical data sheet obtained from the ex-
periments. The elevation curves measured by the gauges are
plotted versus the channel length. For each curve the sameell discussed in (Diebels et al., 1994; Maurer et al., 1996;
elevation scale, indicated in the upper right corner, is used\Wessel and Hutter, 1996) and so this paper will concentrate
while the vertical position of the curve corresponds with the on the second mode peak.
gauge position. The initial peak was approximately 5 mm The most significant difference between the two observed
high, decaying to about 1 mm height while propagating all wave modes is their travelling speed. Theoretical estimations
the way down to the end of the channel. The sketch of theshow that the values of the wave speed of the first two baro-
channel on the left of the picture explains the position of theclinic modes are¥;=7.1 cms?! andV,=2.1 cms?. So,V»
sill and the gauges along the channel length. The dotted linesan be estimated to be about a thirdgf The values of
with arrows mark the path of the first mode soliton, its gradi- the wave speed from the experiment a¥g=7.0 cms?* and
ent determines the velocity which is approximately 7 cths ~ V,=2.0 cms!. The agreement between experimental and
One sees easily the splitting of the wave at the sill in the mid-theoretical results is quite good.
dle of the channel and the multiple reflections at both chan- Thus, the main conclusion from the experiments described
nel ends. The solid lines and arrows show the propagatiorabove is that the single first baroclinic mode solitary wave,
of the second mode wave generated by the sill. Here theiding on the interface and interacting with a sill, was split
speed is only 2 cnts, even though the amplitude is almost by the obstacle into pairs of reflected and transmitted soliton-
equal to the transmitted first mode peak. One can indicate inype waves representing the first mode wave of the layered
Fig. 3 also a reflected second mode wave; however, owing taystem with diffusive interface plus the second mode waves
the smallness of the signal its existence in the experiment islue to the finite thickness of the interface. Good agreement
guestionable. of the horizontal profiles of the reflected and transmitted soli-
Comparison of the elevation profiles of the measured firstton-like waves and their phase speeds of propagation with the
and second mode peaks with the shape of the typical KdVtheoretical ones permits us to make such a conclusion.
soliton which is given by the seélprofile showed that the Unfortunately, however, not all the characteristics of the
theoretical profiles match the experimental ones very wellgenerated waves could be measured in the laboratory experi-
except in the tails where disturbances occuitfeimann and  ment. For instance, because of the use of electrical gauges in-
Hutter, 2001). stead of optical ones, the vertical and horizontal structures of
The properties of the first mode solitary wave were alsothe reflected and transmitted waves (velocity, density) could
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not be identified. In fact, only the analysis of the spatial diffusivity were assumed to be 0 in Sects. 4.1-4.3, where the

structure of the solitary waves and comparison with exactideal fluid is considered. In Sect. 4.4 (viscous case) the coef-

analytical solutions (horizontal profiles with the sécfunc- ficientsv andk were taken to be I and 1.410~" m2s~1,

tion, vertical structure with profiles of the standard boundaryrespectively.

value problem) together with the data on the phase speed can For the simulation of the interaction of internal solitary

give us the answer to the question of whether or not the obwaves with a sill, which will be presented in the following

served solitary waves in the experiment are internal solitonssections, and to reproduce the conditions of the laboratory

of first or second mode. experiments presented above, the equations are numerically
The more successful laboratory experiments, with the genintegrated in a domaipx| < L (L=10m),—-H <z <0

eration of secondary reflected and transmitted waves of sed-H = 0.15m,H = hj1 + hp).

ond mode, were also carried out for incident solitary waves of For the wave motion of the ideal fluid in Sects. 4.1-3 the

relatively small amplitudesAr ~0.2). Higher Froude num- following boundary conditions are imposed at the free sur-

bers, as mentioned above, produce more oscillating wavéace ¢=0) and at the bottony(= — H):

trains in the back of the solitary waves, especially when inter-

acting with the sill. Thus, the basic question which remains¥ =0 ©=0p=0. ®)

as a consequence of laboratory modeling, and which can bgnese indicates that boundary lines are streamlines, that there
important for the interpretation of oceanic in-situ measure-zre no shear stresses and that the density anomaly vanishes
ments, is as follows: what is the range of applicability of 4t the pottom. On the other hand, the influence of the bot-
the conclusion (derived as a hypothesis) about the possibilitygm, boundary layer, internal friction and diffusivity on the

of generation of second mode solitons during the interactionyaye motions in Sect. 4.4 is accounted for by the following
of the first mode solitons with the bottom obstacles? Thepgundary conditions at the bottom:

theoretical model described below allows us to obtain more
reliable and more substantiate conclusions in a wide range o = ¥, =¥, =0, p, =0, (4)

the controlling parameters. wheren is the normal to the bottom. Thus, the boundary line

is a streamline with vanishing velocity and no buoyancy flux.

3  The theoretical model The flux boundary condition for the density implies the ab-
sence of heat and salt fluxes through the bottom surface. The
3.1 Model theory boundary value of the vorticitf2 at the bottom is obtained

. . . o from its defining equation2 = AW, where in numerical
The numerical model used in the present investigation is baimplementations the functiow is taken from the previous
sed on the incompressible two-dimensional Navier-Stokeqempora| step.
(NS) equations in the frame of the Boussinesq approxima- On the vertical boundaries at the channel ends; +L,
tion. The model is capable of describing the dynamics of|ocated sufficiently far from the origin=0 (which coincides

a continuously stratified fluid in a vertical plane. We refer ith the position of the sill) the wave motion is assumed to
the model equations to a Cartesiasr coordinate system  satisfy the homogeneous conditions

in which thex-axis lies within the undisturbed free surface;
the z-axis is vertical against the direction of gravity. In this ¥ =0, ©=0, p=0. (5)

frame, the vorticity and buoyancy equations take the forms Except for undisturbed conditions, these do not correspond to

Q4+ J(Q, W) = gp_x +VAQ, (1) the conqlitio_ns necessary to be sat_isfied at solid walls. They
Pa can be justified because of the existence of an upper bound
or + J(p, W) + &Nz% — kAp + kpoa, ) of the velocity of the baroclinic d!sturbances, de_scnbed by
8 the system (1), (2). In our case this upper bound is the phase
whereQ (x, z, 1) represents the vorticit = W, +W,. and  Speed of the incident internal solitary wave. All secondary
W(x, z, 1) is the two-dimensional stream function genere_lted waves _hav_e smaller amplitudes and sm_aller ph_ase
velocities. The trick is to set the model boundaries suffi-
Ve =u, WV =-w, ciently distant from the sill. Then, conditions (5) are valid

in which u(x, z, 1) andw(x, z, r) are the horizontal and ver- SO long as the leading reflected and transmitted waves have

tical velocity components in the andz directions, respec- Nt reached the boundaries. B

tively. The reference density (which in our model is the free ~ Equations (1), (2) with the boundary conditions (3)—(5) are
surface density), the density anomaly and the undisturbegolved numerically. However, before the application of the
density profile are denoted hy,, p(x, z, 1) and po(z), re- numerical schemg, system (1), (2) is transformed by means
spectively, N(z) = (—g(po):/pa)Y/? is the Brunt-\aisala ~ Of the transformation

frequ_e_ncy of the_ und_isturbed stra_tifica_tion@ndk are the xi=x, z1=z/HX). (6)
coefficients of viscosity and density diffusion addis the

Jacobian operator/ (A, B) = A,B, — A;B,. For the cal- This substitution transforms the irregular model region into
culations in this paper, the values of the eddy viscosity anda rectangular computational domain.



228 V. I. Vlasenko and K. Hutter: Generation of second mode solitary waves

The splitting-up method was used for the finite-difference Here, W,,(z) is defined by (9) and: represents the wave
approximation of the equations. At each time step, the im-amplitude (i.e., the maximum isopycnal displacement of the
plicit tri-diagonal matrix system is solved using standard solitary wave),V,, is its phase speed ang, its horizontal
techniques. The stream function at each time step is comlength scale
puted by solving the vorticity equatidd = V., + ¥,,. The

splitting-up method used is discussed in detail in Marchuk,, _ Nmax <1_ ay ) . _6H3 (12)
(1974). "I, BHw,) ay
The temporal spacings must satisfy the Courant-Fried- Heres andy are the coefficients of the Korteveg-de Vries

richs-Levy condition:At/Ax < 1/V,,. Here,Ax is the step
along thex-axis andv,, is an upper bound of the phase veloc-
ity for internal waves. The majority of the calculations were 0 0
carried out on a 5006 100 grid with spatial stepaAx = 4  § = / W2N2dz/ / W2dz,
—H —H
0

equation,

cmandAz = 0.15 cm.

3.2 Model setup 0

Y = —in f W3(N?).dz / / W2dz.
The density distribution in the numerical runs was set by “n H
choosing the following three-parameter family of curves for

the Brunt-\&isala frequency: For the stratification (7), these coefficients are expressed

by the simple trigonometric expressions
-1

20z + H,,)]2 96H2(n7)3[SINN — Sin(M + N + nr)]
N@) =N, [— +1) . 7 _
S max( AH, Dy AHZM[M? — (3n7)2] ’

H, represents the depth where the Brurtighla fre- & = M/(2/c1), N = arctar/cy,
quency has its maximumiNmax and A H), is a vertical length  pf = arctan/ci(c, — 1) — N.
scale characterising the variation of the Brur#idla fre- ) , ) . .
quency. This law of fluid stratification describes the exper- _ NSerting (11) in the Poisson equation for the vorticity,

imental density profile very well (Fig. 2) with parameters ¢ = Wrx + Wz, the vorticity associated with the analyti-
Nmax=3.95s, H, = 0.112 m andA H, = 0.02 m cal internal solitary wave is obtained. For the internal waves
. H, =0. »=0. .

of permanent form, moving in an ideal fluid with phase ve-

The advantage of this law of fluid stratification, in compar- =" " i h )
ison to piecewise linear or sigmoidal density profiles which [0ty Va. the density equation (2) can be written as=
are often used in theory and in practice for the description®(¥ — Va2) (Long, 1953). Imposing such a condition of
of pycnocline spreading (Kraus, 1966), is that it allows us 'SOPYCNIC motlon,_the de_n5|ty anpr_n_aly_ls calculate_d from the
to find a simple analytical solution of the standard boundaryund'St“rbed density profile. The initial fields described above

value problem for the linearized vertical baroclinic modes: '€Presentastationary solitary wave solution in a weakly non-
linear, weakly non-hydrostatic medium. That is why they do

(Wa)zz + uaN?W, =0, W, (0) = W,(—H) = 0. (8)  not satisfy the system (1), (2) in the case of large amplitude
solitary waves. Once inserted in system (1), (2), they will
evolve in a basin of constant depth. During the evolutional
process, the initial large amplitude K-dV soliton is modified
and a new stationary solitary wave is formed at the frontal
side of a wave field. The leading wave, having the larger

The parameterg,, and W,,(z) are the eigenvalues and the
eigenfunctions of the boundary value problenis the mode
number. For the stratification (7) the solution of (8) has the
simple square root trigonometric form (Vlasenko, 1994)

W,(z) = H 2.1 si ’ 9 phase speed in comparison with that of the wave tail, sepa-
(2) \/ c1(z/H + c2)* + N(nmz2) ©) rates from the latter at a definite stage of evolution (at the dis-
fn = (nm/h)% = c1, (10)  tance of 2@-30 wavelengths from its incept) and propagates

further independently as a solitary wave. Thus, the model is
run until a leading wave separates from a wave tail and until
72 = [arctan/c1(z/H + c2) — arctar/c1]A/c1h, a new stationary solution is reached at the frontal side of the
wave field. This wave is then used as initial condition for the
andh = [arcta/c(c2 — 1) — arctaq/cal/es. problem of the interaction of solitary waves with a sill.
We ought to dwell briefly upon the properties of such ini-
tial solitary waves of finite amplitude and their differences

. - . ... from K-dV solitons described by (11). Detailed theoretical
wave solution of the stratified KdV equation. For the stratifi- y (1)

ion (7 he basis of th ks ab + has th and experimental analyses of specific features of large am-
cgtlon (7), on the basis of the remarks above, it has the Ver)f)litude solitary internal waves for a two-layered fluid were
simple form (see, e.g., Vlasenko 1994):

presented, for instance, in papers Miyata (1985, 1988) and
Michallet and Barthelemy (1998), respectively. Their ex-
tensions to a continuously stratified fluid are contained in

wherecy = (2H/AH,)?, ¢ = H,/H,

Let us discuss the initial conditions. The model was ini-
tialized by using the first-mode: (= 1) analytical solitary

U, (x,z,1) = —aV,sech (x_/\—w) W, (2). (11)
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Fig. 4. Initial solitary internal wave.
The left column represents the initial
analytical K-dV soliton with amplitude
a = 5 mm (Fr=0.13), the right col-
umn displays the numerical results of
Egs. (1), (2) after an integration in time
from the initial K-dV state of duration
t = 50T (T = Aq/Vy) over a flat bot-
tom. Panelga) and(d) show the den-
sity anomaly relative to the free surface
(kg m—3), panels(b) and (e) show the
fields of horizontal velocity: (cm s1),
3 (c) and(f) those of the vertical velocity
f - w (mm s 1). For comparison the nu-
T = - ‘ merical solitary wave is also presented
1.046 -1.046 0999  -0.999 in Fig. 4a by dashed lines.
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Lamb and Yan (1996) and Vlasenko et al. (2000). One re-4 Results of the numerical experiments
sult of these papers is that the real, observed internal soli-
tary waves of large amplitude have several specific featurelumerical experiments were carried out to reproduce the lab-
in their structure which increase with the growth of soliton oratory experiments described above. The mechanism of in-
amplitude. For instance, they are wider and propagate moréeraction of the internal solitary wave with an obstacle is dis-
slowly than the K-dV solitons. Furthermore, their vertical cussed in detail on the basis of one numerical experiment (ba-
structure does not coincide exactly with the eigenfunctionssic case run). All input parameters of the model (stratifica-
(9) of the linear boundary value problem (8). And, finally, tion, configuration of the sill, amplitude of the incident wave)
the larger the amplitudes, the larger is the difference betweefh this run (Sect. 4.1) are very close to those in the laboratory
the real solitary waves and the K-dV solitons. Neverthelessexperiment. To eliminate the influence of viscosity and dif-
relatively small solitary waves can be successfully describedusivity in the first stage of investigation the coefficients
by the weakly nonlinear theory. andk were taken as small as possible to guarantee numeri-
cal stability of the scheme (2a@imes smaller than those in
the laboratory modelling). The influence of the viscosity and
) i ) o _diffusivity on the results will be discussed in Sect. 4.4. The
Figures 4, 5 display a comparison of the initial K-dV in- gensitivity of the model results to the height of the sill and

ternal soliton ¢=5 cm) with its numerical counterpart of the { the amplitude of the incident wave will be discussed in
same amplitude. The first soliton is the solution of the weaklygacts 4.2 and 4.3.

nonlinear theory, the second is the numerical solution of the

full system (1), (2), defined as a result of the adjustment of4.1 Basic case run

the K-dV soliton to the ambient conditions. In the present

case, i.e., for small Froude numbéi-€0.13), the difference  We will use the background fluid stratification (7), defined
between the two is rather small but can nevertheless be seén Sect. 3.2, throughout. To reproduce the laboratory exper-
in the vertical profiles of isopycnal displacement and the ver-iment, the amplitude of the incident wave was taken to be 5
tical and horizontal velocity components; it increases with mm, corresponding to the laboratory Froude number 0.13. In
increasing amplitude. More on this will be presented belowthe numerical runs, the Froude number was defined as the ra-
and can also be found in the mentioned literature. tio of the maximum horizontal orbital velocity(localized at
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Fig. 5. Vertical profiles of the initial K-dV soliton (solid linesy(= 5 mm, Fr= 0.13) compared with the numerical solitary wave (dashed
lines) of the same amplitude (after a time= 507 from initial onset, see also Fig. 4 caption). Isopycnal displacem@h&nd horizontal
velocities(c) calculated at the wave centre, vertical veloci{igscalculated at the position of maximum vertical velocity.

the bottom) in the incident wave to the linear phase spgaed placements of isopycnals through the entire depth (from the
defined by the boundary value problem (8). In the laboratorysurface to the bottom). At the same time, the more inten-
experiment, the Froude number was defined using the maxsive second transmitted and reflected waves are characterised
imum piston velocity. This value is not exactly equal to the by the counter-phase displacements of the isopycnals below
maximum of the horizontal orbital velocity of fluid particles and above the centre of the pycnocline. This qualitatively
in the generated solitary wave because a non-negligible partoincides with the behaviour of the solution of the standard
of the energy supplied by the piston was spent for the generboundary value problem for internal waves, if we take into
ation of secondary waves. In any case, the conformity of theaccount the “rigid lid” condition (3) at the free surface. In
numerical runs with the laboratory experiments was main-this case the first and second eigenfunctions (9) have at depth
tained by choosing the same amplitude of the incident wavepnly one or two extrema, respectively. Thus, in the numeri-
which in the laboratory experiments was measured very aceal run the incident solitary wave is split over the sill into two
curately. The height of the sil, was equalto 3.2 cm (block- pairs of reflected and transmitted solitons of the first and sec-
ing parameteB equals to 0.92), and its length was 60 cm,  ond mode. This conclusion is drawn from purely qualitative
as in the laboratory experiments described in Sect. 2.3. considerations of Fig. 6, but only careful analysis of the hor-
The vertical and horizontal structures of the incident waveZontal and vertical structure of such waves, their kinematic
characteristics (phase speed, length scale) and comparison

were discussed in Sect. 3.2. Now consider its evolution in*' i ) st
a basin of variable depth. Figure 6 shows the process of inWith the analytical solution (K-dV soliton in the present case)

teraction of the solitary wave with a triangular sill. Snap- ¢&n provide the devinitive answer to the question, whether

shots of isopycnal lines are presented for four consecutivdN€se waves are really internal solitons of the first and sec-

times. The time scal@ is defined as" = A1/V;, where ~ ©nd mode.

V1 is the nonlinear phase velocity of the Korteveg-de Vries To check this hypothesis let us analyse the detailed structu-
soliton having an amplitude of 0.5 cm, ang is its length,  re of the waves and compare them with the K-dV solitons of
see Eq. (12). Only the more representative time slices aréhe same amplitude. This comparison is performed for the
shown. The initial wave motion is from right to left. The timer = 35T.

beginning of interaction occurs at= 5T (Fig. 6a), the pas- Figure 7 shows the structure of the first transmitted wave.
sage of the wave behind the sill at= 67 (Fig. 6b), the  The vertical profiles of andw are presented as well as the
formation of the first and second transmitted and reflectedsopycnal lines, the horizontal and vertical velocities. The
waves att = 97T (Fig. 6¢) and the final stage of evolution former are built at places where the maximumuair w oc-

atr = 17T (Fig. 6d) with fully established transmitted and curs. For comparison, the corresponding profiles of the K-dV
reflected solitary waves. The directions of propagation of allsoliton, having the same amplitude, are presented by dashed
waves are indicated in panel (d) by arrows. lines.

The first transmitted and first reflected waves look quali- It can be seen that the analytical K-dV soliton describes
tatively like the first mode solitary waves with co-phase dis- the first transmitted wave rather well. The reason for the
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nonessential discrepancy of the analytical and numerical prosoliton.
files was discussed in Sect. 3.2; it is connected with the
difference of the real finite amplitude solitary waves and
the analytical soliton defined within the frame of weakly-

Let us now consider the structure of the second transmit-
ted wave which was treated in the laboratory experiment as

nonlinear theories. For the wave with amplitude of 3.86 mma second mode soliton. Its structure is shown in Fig. 9 and
' I€s. wave wi piitu ' compared with the second mode analytical K-dV soliton of

(Fr=0.102) this difference is not very large anyway. More- the same amplitude:(= 1.47 mm) (dashed lines forandw

over, the phase speed of its propagation equals 39350 profiles). Agreement of the numerical and analytical curves

one can conclude that the characteristics of.the first '[ransm|'ti-S fair. The discrepancy can be explained by the fact that the
ted solitary wave are very close to the analytical ones and thi

wave can be considered almost as a K-dV sofiton Zecond transmitted wave does not propagate into an undis-
' turbed medium but into the background of the wave tail re-

The same conclusion can be reached for the first reflected "9 behind the first transmitted first mode soliton.

wave. This has an amplitude of 1.28 mif£0.032) and The second reflected wave (Fig. 10) shows completely dif-
is presented in Fig. 8. A somewhat less convincing coinci-ferent characteristics. In fact, this signal can not be consid-
dence of this wave with the KdV soliton can be explained ered as a single solitary wave but only as a wave train. It
by the relatively short distance of propagation from the sill consists of three consecutive waves arranged in sequence ac-
(approximately 20 units of wavelength). This wave has a 3cording to the magnitude of their amplitudes. In the front
times smaller amplitude than the first transmitted wave andpart of the train the waves possess the structure of the sec-
consequently, it is wider; its wavelength equals 51.6 cm asond baroclinic mode with a counterphase displacement of the
compared to 32.5 cm for the first transmitted wave but itsisopycnals above and below the pycnocline centre but, in the
phase speed differs from the linear speed (speed of propagéail, one can also find manifestations of the third and fourth
tion of a wave tail) only by (5% as compared ta2% forthe  baroclinic mode. Moreover, comparison of such waves with
first transmitted wave. So the first reflected wave must travethe 2nd mode K-dV solitons of the same amplitude shows
an additional distance of several tens of wavelengths for septhat the analytical wave is several times wider and, as a con-
aration from the tail. The latter is clearly seen in Fig. 8. Nev- sequence, its vertical velocity is almost three times smaller.
ertheless, one can conclude that somewhere far from the silThe last feature of the numerical waves is that they “live”
its characteristics will be very close to the theoretical K-dV on the pycnocline. Their horizontal velocity attenuates expo-
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nentially in directions away from the pycnocline to the free B=H,./h,

surface and to the bottom. Thus, our analysis shows that the 0 0.5 1.0
second reflected wave signal can not be treated as a solitary " | |
wave of the second baroclinic mode. ]

0.004;
4.2 Dependence on sill height (blocking parameir ] 1-st transmitted
E o031 =--e-- 1streflected
The results of comparison runs are presented in thi; section-g 2.nd transmitted
The runs were performed in order to evaluate the influences ] o
£ 00024 =-a-=- 2-ndreflected -

of the height of a sill on the characteristics of the reflected&
and transmitted waves. In experimental work (Wessels and ]
Hutter, 1996) the main question under study was to delineate 09017
the portions of an incoming wave that are reflected, transmit- 1
ted or dissipated. It was found there that, for a two-layered 04 : ‘ ‘ |
fluid, the blocking parameteB is the basic parameter con- 0 001 0.02 0.03 0.04
trolling the transfer of the energy across an obstacle. One
would expect that in our case of smoothed pycnocline this_. . .
parameter does not only control the amount of transmitted: lg. 11. Amplitudes of tra.nsm'tted and refle_cted waves plqtted
S L against the degree of blockil®y= H, / h. Notations are shown in
and reflected energy but also the redistribution (splitting) ofthe figure.
the energy between first and higher baroclinic modes. So,
contrary to the paper of Wessels and Hutter (1996), we now

formulate a wider question and try to recognize what mightand second transmitted waves fit the analytical solution (11)
be the influence of the blocking parameter on the quantitativeyuite well over a wide range of the paramebef0 < B < 1).
characteristics (amplitudes) and on the qualitative structure arge discrepancies between numerical and analytical curves
(comparison with K-dV solitons) of the reflected and trans- for the second transmitted waves can be explained by the fact
mitted waves. that these waves do not propagate in the undisturbed fluid but
Figure 11 displays the dependence of the amplitudes of then the background of the weak first mode wave train and thus
reflected and transmitted (first and second) waves on the sillemain in the tail of the first transmitted wave. The existence
height. These are defined as the maximum displacements @ff such a dispersive wave train was also indicated in Wessels
the isopycnals from the state of equilibrium. The figure indi- and Hutter (1996).
cates a decrease of the amplitude of the first transmitted wave The behaviour of the vertical profiles of the first and sec-
(the incoming wave looses part of its energy) and an increasend reflected waves corroborates the conclusion, formulated
of the amplitudes of both reflected and second transmittedn Sect. 4.1, that the first reflected wave can be interpreted
waves with an increase @. This demonstrates a growing as the first mode K-dV soliton type wave but that the second
effective energy transfer with increasing blocking parameterone belongs to a second mode dispersive wave train whose
from the incoming first mode solitary waves to the secondarycharacteristics are very far from a second mode K-dV soliton
scattered waves. As in the experimental work of Wessels andgthey are essentially shorter).
Hutter (1996), the scattering of the energy of the incoming As a rule, the maximum of the vertical velocity of the com-
wave may be ignored, however, whBn< 0.6. puted first reflected wave is somewhat larger than that of the
The next interesting feature is that all secondary generatednalytical solution, probably because the first reflected waves
waves (both reflected and second transmitted) have almosire shorter than those of the analytical solitons. To check this
equal amplitudes in the entire considered rangB @ilues.  idea the integral lengthscale (hereafter called “wavelength”)
This is, probably, connected with the fact that these waveslefined as
are generated by a single wave disturbance which arises over 0o
the sill during its interaction with the incident wave (see, for 1
instance, Fig. 6 at = 67). After some time it splits due Ma) = T(z) / ¢, )dx (13)
to the dispersion into first and second baroclinic wave distur- e
bances. was estimated for every wave. Heréx, z) represents the
The reflected and transmitted waves for the basic case rudisplacement of the isopycnal whose undisturbed depth is
were compared with the analytical solution (11). Let us anal-anda(z) is its value at the wave centre. The defined wave-
yse how the conclusion obtained from that study about thdength, when applied to the K-dV soliton (11), gives the value
soliton character of the first reflected and both transmitteddefined by formula (12).
waves depends on the height of the obstacle. As in Sect. 4.1, Figure 13 shows the wavelengths of all computed reflected
we compare all solitary waves with the K-dV solitons hav- and transmitted first and second solitary waves compared to
ing the same amplitude. Figure 12 summarizes this comparitheoretical values defined by formula (12). Reflected first
son. All curves here are normalised to the maximum value ofmode solitary waves are represented here by triangles. Ev-
the appropriate K-dV soliton. This figure suggests that firstidently weak reflected waves, having amplitudes less than
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Fig. 12. Vertical profiles of horizontafa)—(d) and verticae)—(h) velocities of transmitted and reflected waves plotted for several values of

the blocking parameteB. Profiles were normalized to the maximum values of the appropriate K-dV solitons having the same amplitude.
First reflected and first transmitted waves are compared with the first mode K-dV solitons, second reflected and second transmitted waves
with the second mode KdV solitons. Normalised profiles of the K-dV solitary waves are presented by thick solid lines. All other notations
are shown in the figure.

0.2 cm, are shorter than the analytical K-dV solitons. Thismerically studied by Vlasenko et al. (2000). One conclu-
can probably be explained by a relatively small distance ofsion is that the lengthscale of large-amplitude internal soli-
propagation from the source of generation (compared withtary waves is larger and their propagation speed is lower
its wavelength). than those of the K-dV solitons. In contrast to the results
In summary, the blocking parameter (the height of the sill) of the K-dV model, for large amplitudes the wavelength in-
controls basically the energy loss of the incoming wave andcreases with increasing amplitude. The space structure of
its transfer to reflected and transmitted secondary waves buguch strong waves also has several specific features in com-
it has a weak influence on the modal and spatial structure oparison with weakly nonlinear waves. For instance, the ver-
the wave field. tical profiles of the horizontal and vertical velocities of such
waves only match well with the eigenfunctions of the linear
4.3 Dependence on the amplitude of the incoming waveboundary value problems (8) for relatively weak waves. The
(Froude numbefr) depth of the maximum isopycnal displacement, depth of zero
horizontal velocity and depth of maximum vertical velocity
Next we focus attention on the sensitivity of the results to are functions of the amplitude. The difference increases with
the amplitude of the incoming wave. The analysis of the growing amplitude. This leads, for instance, to a shift of the
structure of the reflected and transmitted waves is also carocus of zero horizontal velocity from the pycnocline with a
ried out with the use of the analytic solution (11). The K-dV simultaneous decrease of the maximum of horizontal veloc-
theory is valid asymptotically for weak nonlinearities of the ity. Because strong solitons are wider, the maximum of the
considered waves, that is solution (12) holdsdpH <« 1. vertical velocityw for such waves is also smaller than that of
An increase of the amplitudes leads to a discrepancy bethe K-dV soliton.
tween real internal solitary waves and the K-dV solitons. The marked peculiarities of the large amplitude solitary
For large-amplitude solitary waves in a two-layered fluid waves can also be found in Fig. 13 on the series of profiles
this discrepancy was previously theoretically established byof the first transmitted waves. Profiles were normalised to
Miyata (1985, 1988) and later confirmed experimentally by the maximum value of the appropriate K-dV soliton with
Michallet and Barthelemy (1998). For a continuously strati- the same amplitude. K-dV profiles are shown in Fig. 13
fied fluid, large-amplitude internal solitary waves, out of the by thick lines. The amplitude of incoming waves is chang-
range of applicability of weakly nonlinear theories, were nu-ing in this series from 0 to 21.7 mm (corresponding to the
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Amplitude of a second mode (m) basic case run (air = 0.13), the second transmitted wave
0 0001 0002 0003 0004 0.005 0006 0.007 0.008 was treated as a second mode K-dV soliton, whereas the sec-
pHo b b b b b b i g ond reflected wave in fact was a dispersive packet of shorter

waves. This situation, being valid at small Froude numbers
(Fr < 0.2), reverse with an increase of the wave amplitude.
The second reflected wave Bt = 0.23 fits the analytical
K-dV profile substantially better than & = 0.069 0.130
(see Fig. 14). With the increase of the amplitude agreement
between K-dV theory and numerical results worsens. These
profiles were built with the use of the resulting wave field
which includes not only the second mode solitary wave but
also the first mode wave tail left behind the first reflected
wave. This fact counteracts a better agreement.

On the other hand, the dependence of the characteristics
of the second transmitted waves on the Froude number is
the opposite. With an increase of the amplitude of the in-
coming waves its energy is transferred behind the sill more
effectively into the dispersive first-mode-wave train accom-
panying the leading solitary wave than into the second mode
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0.1 0.2 0.3 0.4 0.5 solitary wave (see Fig. 14). This result was mentioned in the
L B LA B ma experimental work by Wessels and Hutter (1996). The sec-
0 0005 001 0.015 0.02 0.025 ond reflected wave in this case represents an extensive bulge
Amplitude of a first mode (m) of a pycnocline (wider than that of the K-dV soliton).

Fig. 13. Wavelengths of the solitary waves plotted against wave am-4 4 Influence of viscosity
plitude. Solid and dashed lines denote the theoretical curves for the
first and second mode K-dV solitary waves respectively. The dat

points were calculated with the help of formula (13) for numeri-qn the laboratory experiments performed for the two layered

cal solitary waves (incoming, reflected and transmitted). SymboIﬂL“d (Maurer et al. 1996; Wessels and Hutter 1996), the in-

(o) denotes the incoming wave, symbol (+) - first transmitted wave lluence of the viscosity on the amplitude and potential energy

obtained in Sect. 4.2, symboh] - first reflected wave obtained in Of the propagating internal solitary waves were studied in de-
Sect. 4.2, symbok - first transmitted wave obtained in Sect. 4.3, tail. It was found that the wave characteristics are sensitive

symbol ) - first reflected wave obtained in Sect. 4.3, symbgl-(  to the wall friction and internal friction at the fluid interface.
second transmitted wave obtained in Sect. 4.2, synibpt éecond  One result from these studies was that the wave amplitude
reflected wave obtained in Sect 4.3. decays exponentially with distance during the propagation of
the internal wave. For instance, at a distance of 10m-GD
characteristic wavelengths) the amplitude of the first mode

Froude numbers from O to 0.465). So, this figure shows thesolitary wave is reduced to approximately 40% of its initial
difference between the numerical strong internal solitary and,a|ye.
K-dV waves. Satisfactory agreement exists between numeri- These results on the attenuation of solitary waves due to
cal and K-dV profiles for small amplitudes; deviations occur the viscosity are essentially corroborated by us, because the
with increasing amplitude. For small amplitudé$ (< 0.2),  packground conditions of the numerical runs (characteristic
the Wavelengths of all considered incident and transmitte(%cajes of a basin, parameters of fluid stratification and ex-
first mode SO”tary waves also fit the theoretical K-dV de- cited internal Waves) were the same as in the |aboratory ex-
pendence. = A(a) with good accuracy. Deviations occur periments.
for large amplitude waves (see Fig. 13) in accordance with - Figyre 15 shows two series of vertical profiles of first and
Miyata (1985; 1988), Michallet and Barthelemy (1998) and second reflected and transmitted waves obtained for ideal and
Vlasenko et al. (2000). viscous fluids for the parameteFs = 0.13, B = 0.92. The

The above results are valid for incident and first trans-essential difference lies in the vertical profiles of horizontal
mitted waves with amplitudes such that® Fr < 0.5.  and vertical velocity components. The first difference is con-
All other (reflected and second transmitted) secondary wavegected with the behaviour of the horizontal velocity profiles
have substantially smaller amplitudes. This is why they cannear the bottom. In the viscous case the bottom boundary
be compared with the K-dV solitons. For instance, the fil’Stlayer can readily be seen. The energy loss in this layer and
reflected waves can be considered as K-dV solitons of theénside a pycnocline, due to the presence of the vertical shear
first baroclinic mode (see Fig. 14). stresses, leads to a decrease of the wave amplitude. Estima-

One interesting peculiarity of the above generation of section of this decay shows that the amplitude of the horizon-
ond-mode-solitary waves and its dependence on the amplital velocity, in the presence of a bottom boundary layer, de-
tude of the incoming wave should be emphasized. In thecreased by 45% for the first transmitted and by 25% for first
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reflected waves compared to the case with the slip boundargharp interface between the two. The experimental setup
condition. Estimations from the laboratory experiments arewas such that a single solitary wave, riding on the interface
a 35% decay of the wave amplitude at a distance of 8.5 mand corresponding to the baroclinic wave of the perfect two-
The remarkable difference in the rate of attenuation of thelayered system, was split into pairs of reflected and transmit-
reflected and transmitted waves can be explained by the difted soliton-type waves representing the first mode wave of
ferent amplitudes of these waves. The first transmitted wavehe layered system with diffusive interface (and correspond-
is almost twice as large and substantially shorter than the firsing to the wave of the perfect two layered system) plus a sec-
reflected wave (see Fig. 13). ond mode due to the finite thickness of the interface. Because
A further interesting finding is a more remote influence of the interface thicknesses in the experiments were considered
the dissipation on the characteristics of the second transmitsmall, the observability of this second slow wave was not ex-
ted and reflected waves. Comparison of the vertical profilespected.
for ideal and viscous fluids in Fig. 15 illustrates this fact. The A numerical model, based on the two-dimensional Navier-
less pronounced discrepancy between the vertical profiles foStokes equations in the Boussinesg approximation, was used
secondary waves in the ideal and viscous fluids (panels b, do study the interaction of the first mode internal solitary
fand g in Fig. 15) compared to that for the first reflected andwave with a sill. The basic goal of the numerical runs was
transmitted waves (panels a, e, d and h in Fig. 15) can béo reproduce the laboratory experiments and to obtain an an-
explained as follows: First, for a given elapsed time the secswer to the question which remained as a result of the labora-
ond mode solitary waves, being three times slower, propagattory experiment (and posed as a hypothesis) about the possi-
a shorter distance from the source of their generation (frombility of generation of second mode solitary waves during the
the sill) than first mode waves. They passed 2.5 m (transmitinteraction of the first mode internal solitons with a bottom
ted) and 1.6 m (reflected) against 8.7 m and 8.4 m for theobstruction. A unique answer to this question can be ob-
first mode waves. Second, the conditions of wave interactioriained from the comparison analysis of the excited solitary
with the sill in ideal and viscous fluids are somewhat differ- waves with the exact analytical solution of the K-dV equa-
ent. When a bottom boundary layer is present the maximuntion. Such a solution was found for a three-parametric family
of the horizontal velocity is displaced from the bottom to a of curves (7) which describes smooth pycnocline and approx-
position closer to the pycnocline. For this reason its verticalimates the laboratory law of vertical density distribution very
displacements over the sill are more pronounced; this factvell. Thus, the computations attempt to provide a “bridge”
leads to a more effective generation of second mode wavedietween the existing experimental results and the analytical
For example, in the present case, the second transmitted wayeedictions from the weakly nonlinear theory.
has a 20% lager amplitude for the viscous fluid than the in- The structure and properties of the reflected and transmit-
viscid fluid. ted solitary waves are studied for a wide range of amplitudes
These results on the solitary wave’s damping rate are valicddf the incoming wave (0< Fr < 0.5) and height of the
for the conditions of the laboratory experiments. Obviously underwater obstacle (blocking parametet B < 1.1). De-
they can not be in agreement with estimations valid for oceatailed analysis of the horizontal and vertical structures of the
nic conditions, not even qualitatively. This is not surpris- transmitted and reflected waves and comparison with the an-
ing because real oceanic internal solitary waves have essemlytical stationary solution (9) of the K-dV equation, showed
tially different spatial and temporal scales and propagate irthatin the wide range of controlling parametérsands, the
a medium with other coefficients of vertical and horizontal first reflected and transmitted waves of elevation, can be in-
viscosity. For oceanic waves, such estimations of the dampterpreted as a first mode internal solitary wave whose charac-
ing rate obtained from the laboratory experiments constitutderistics are close to the K-dV solitons. Only small discrepan-
overestimations. This problem of attenuation of oceanic soli-cies arise for the first reflected waves in cases where their am-
tary waves was discussed, for instance, in a paper by Boguckilitudes are small. Such situations occur for sills with block-
and Garret (1993) dealing with the question why such wavedng paramete3 < 0.6 when the scattering of the incoming
propagate such long distances (several hundreds of kilomewave over the obstacle is relatively inefficient. Having large
tres from the source of their generation). They do this onlywavelengths (the same order as the wave tank length), weak
because dissipation is small. reflected solitary waves must pass an additional distance of
several tens of wavelengths (that was impossible under the
conditions of our laboratory and numerical experiments) for
5 Summary and conclusions a separation from another wave tail and for the formation of
a K-dV soliton.
In this paper, experiments were described, that were per- An additional discrepancy from K-dV solitons was found
formed in a 10 m long horizontal channel, on baroclinic wavefor first transmitted waves &t > 0.2. This disagreement
propagation in a two-layered fluid system with an upperincreased with the growth of the amplitude of the incoming
fresh-water and a lower salt-water layer. Because of the difwave and was connected with the well known fact of the lim-
fusive nature of the interface, this fluid system gives rise toited range of applicability of the weakly nonlinear theories.
the existence of higher order baroclinic modes not presentarge amplitude solitary internal waves must be considered
in a two-layered system of constant density layers with ain the frame of a fully nonlinear system of equations (1), (2).
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However, for solitary waves of relatively small and interme- waves. Such mechanisms may be very effective for mixing
diate amplitudesKr < 0.2) the coincidence was quite good. nutrient-rich waters from the bottom to the biologically ac-

Computed results have shown that the blocking parametetive upper layers.

B (the height of the sill) basically controls the energy loss of
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