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Abstract. This paper presents the results of modeling the in-Zaborskikh (1996) in application to the typical oceanic con-
teraction between internal waves (IWs) and turbulence usditions (vertical profiles of the mean density, turbulent kinetic
ing direct numerical simulation (DNS). Turbulence is ex- energy and mean current velocity).
cited and supported by a random forcing localized in a verti- The phenomena of damping of IWs by turbulence was
cal layer separated from the pycnocline. The main attentiorobserved in laboratory experiments by Phillips (1977),
is paid to the internal wave damping due to turbulence andKantha (1980), and Barenblatt (1978). A similar phenom-
comparison of the results with those obtained theoreticallyena of the damping of surface waves by turbulence gener-
by using the semi-empirical approach. It is shown that theated by a submerged oscillating grid was also experimentally
IW damping rate predicted by the theory agrees well with observed by Olmez and Milgram (1992). Quantitative mea-
the DNS results when turbulence is sufficiently strong to besurements of the IW damping by turbulence were first per-
only weakly perturbed by the internal wave; however, theformed in a laboratory experiment by Ostrovsky et al. (1996).
theory overestimates the damping rate of IWs for a weakelln this experiment, IWs were generated in the pycnocline by
turbulence. The DNS parameters are matched to the parame-wavemaker, and small-scale turbulence was induced by an
ters of the laboratory experiment, and an extrapolation to theoscillating grid at some level above the pycnocline. Measure-
oceanic scales is also provided. ments and comparison of the IW amplitudes with and with-
out turbulence showed an effective enhancement of the decay
rate of IW under the effect of turbulence which was found
to be in good agreement with the theoretical prediction by
1 Introduction Ostrovsky and Zaborskikh (1996).
However, the known theoretical results have significant

The interaction between internal gravity waves (IWs) andjimitations. In the theory developed by Ostrovsky and
small-scale turbulence is a significant factor governing thezaporskikh (1996) it was assumed that the IW is sufficiently
dynamics of the upper ocean. One of the important aspectgeak to allow linearization of the semi-empirical equations,
of this interaction is the phenomenon of IW damping by tur- 3nd the experiment by Ostrovsky et al. (1996) was de-
bulence (Phillips, 1977). signed correspondingly. A stronger IW can affect the aver-

Early theoretical studies of this phenomenon used Seyge turbulent energy; moreover, as experimentally observed
emi-empirical approach (LeBlond, 1966; Ostrovsky andpy Ostrovsky et al. (1989), a strong internal wave can in-
Soustova, 1979; Ivanov et al., 1983). An explicit expres-crease the average turbulent energy, which can be a source of

sion for the IW damping rate by turbulence based onthe ubiquitous presence of turbulent spots in the ocean. Also,
the semi-empirical closure was derived by Ostrovsky and
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the applicability of semi-empirical, Reynolds-type equations 0
with a simple closure hypothesis can be limited as well. 0 \|/

In this paper we present the results of direct numerical g
simulation (DNS) to study of the effect of small-scale tur-
bulence on internal gravity waves propagation in a density- forced turbulence
stratified fluid with a pycnocline. As far as we are aware this Zf = -3 - . .
is the first such study. The DNS results are compared with
the semi-empirical model prediction, and explore the appli-
cability limits of the semi-empirical approach concerning 7 _____;r """"""""""" N
the IW damping by turbulence. Thus, for comparison with p— = 71 m
the theoretical results of Ostrovsky and Zaborskikh (1996), T
the parameters of the laboratory experiment by Ostrovsky etZ
al. (1996) are employed. Further the geophysical estimates y

X

for oceanic scales are also provided.

2 Basic equations and numerical method

We consider a stably stratified fluid with a pycnocline

(Fig. 1). Stationary turbulence is maintained by a forcing Fig. 1. Schematic of the numerical experimenty, z are the Carte-

located at some distance above the pycnocline. The firsgian coordinatesyg is the density above the pycnoclingpg the

mode of the internal wave propagating in the pycnoclinedensity jump across the pycnoclinethe gravity accelerationyy,

from left to right is prescribed as an initial condition. Peri- (€ buoyancy frequency in the pycnocline cenigythe pycnocline

odic boundary conditions in theandy directions and Neu- thicknessyzp andzs the locations of the_pycnocllne center and the
- e - forced turbulence layer center, respectively.

mann (zero normal gradient) boundary condition in gfu-

rection are considered. The thickness of the pycnocline,

and the buoyancy frequency in the middle of the pycnocline,and §;; is the Kronecker's symbol. The Prandtl number

q Pr=v/k, wherev is the fluid kinematic viscosity and the

molecular diffusivity. The coordinates, time and velocity in

Egs. ()—(3) are normalized by the length, time and velocity

scalesLo, Tp andUg = Lo/ To. Note that since the timescale

is defined agy = 1/Ng and the velocity scal&yg = Lo/ To =

po dz
po(z) is the fluid density), are chosen to define the charac

teristic length and timescalesg andTp = 1/Ng, which are
used further to write the governing equations in the dimen-

sionless form. LoNo, the Froude number in DNS equals (is identical to)

The Navier-Stokes equations for the fluid velocity are unity, Fr = 1. The density deviatiop is normalized by the
written under the Boussinesq approximation in the dimen'dens,ityjump across the pycnoclingpo (Fig. 1)
sionless form as (Phillips, 1977) e

1/2 . . .
No= (—idﬂ) (whereg is the gravity acceleration an

The dimensionless reference profile of the buoyancy fre-

aU; LU aU; _ P + 1 32U,' 8iz L 1) quehnC%/ere.f(Z), in the left-hand side of Eq3] is prescribed
Jat J ox; o dx; Re 3)6/2 Frzp i In the form: .
/ N S — 5
Bﬂ =0. (2) ref(2) cosh2z — Zp) ( )
3)(]'

wherezp, defines the pycnocline location. The corresponding
The equation for the fluid density is written as dlmensmnless reference density profigs(z), is then ob-
tained from Eq.%) as
1 9%
RePr asz. ’

a0 ap
LU, L _UNZG) =

ot Bx.,- (3)

Pref(z) = pref(—00) — / NZ24(2)dz

—00

In Egs. 0)—@), U;(i = x,Yy,z) is the instantaneous fluid
velocity, andp and P are the instantaneous deviations of = pref(—00) — 0.5tanh 2z — zp), (6)
the fluid density and pressure from the respective hydrostatigyhere constanprei(—occ) can be arbitrary since its value

profiles, x; = x, y,z are the Cartesian coordinaté®; and  goes not influence the integration of Eqt)(3). Thus, for
Fr as the Reynolds and Froude numbers are defined as convenienceprer(—oo) is set equal to 1.5, and that the refer-

UoLo Uo ence density profile is rewritten in the following form:
Re = , Fr= 4)
pref(z) = 14+ 0.5[1—tanh2z — zp)]. (7)

1% h LoNo
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The dimensionless instantaneous density is obtained as
a sum of pref(z) and the instantaneous density deviation, e — =5
p. Note that a corresponding dimensional density can be 2 ——_____. A=8 W
obtained as a surfiop + Apo (0.5[1 —tanh 2z — zp)] + )]
wherepg is the dimensional reference (undisturbed) density ¢
above the pycnocline.

In DNS we prescribe the Reynolds number to Re= 12
2000. This is sufficiently large to allow one to consider the
viscous damping of IWs as sufficiently weak as compared
to the damping caused by turbulence. We also neglect the 4
diffusion effect onNet(z) and pref(z) profiles, i.e. the pro-
file Nref(z) in Eg. ) does not evolve with time. The Prandtl 0 002 004 006 O ‘1 é
number Pr is set equal to unity. W K

Equations 1)—(3) are discretized in a cubic domain with
sizes O<x <40,-10< y <10 and 0< z < 20 by employ-  Fig. 2a. Distribution of the vertical velocity¥ (z) for wavelengths
ing a finite difference method of the second-order accu-4, 5, 8 and 10 (left) and the dispersion relatioik) (right) for
racy on a uniform rectangular staggered grid consisting ofthe first IW mode. The wavenumbers corresponding to the selected
400x 200x 200 nodes in the, y andz directions, respec- wavelengths. =4, 5, 8 and 10 are shown by symbols.
tively. The integration is advanced in time using the Adams—

Bashforth method with time stept = 0.01. The Poisson
. . 3 Internal waves
equation for the pressure is solved by FFT transform over

x and_y coordinates, and Qauss (_ali_mination method Qver rpe initial condition for the velocity and density fields is pre-
coordinate (Fletcher, 1991; Druzhinin, 2003). The Neumanngine a5 a first mode of internal wave field with wavelength,
(zero normal gradient) boundary condition is prescribed fork (and wavenumbek = 2x/2.), and frequencyy. The solu-

all fields in the vertical4) direction in the horizontaly, y) tion of the linearized Eqs1}—(3) for the progressive internal

planes at = 0 andz = 20, and periodic boundary conditions ,,2e nropagating from left to right in thedirection can be
are prescribed in the horizontal)(and spanwisey() direc- defined as (Phillips, 1977)

tions.

In ord_er to induce turbulencg in DNS there shpuld be _aU,fW(x,z,t) _ 1dW() sintex — o) (10)
mechanism to compensate for its decay by the viscous dis- dz
sipation. In the presence of a mean shear, the nature of the'!V (x, z, 1) = W (z) cogkx — wr) (11)
evolving flow may depend critically on the representation W (2) dpref

and location of turbulence (cf. e.g., Pham et al., 2009). In o!" (x,z,1) = sin(kx — wt). (12)
the present study, there is no mean shear flow, and a ran- o N )
dom, divergence-free forcing;, is employed in the r.h.s. of The initial conditions for IWs field are taken from

Eq. (1) to support turbulence. This forcing is considered with EAs. €0—(12) at 7= 0. FunctionW(z) in Egs. (0-(12)
the following form: is obtained as an eigenfunction of the well-known boundary

problem (Phillips, 1977):
fite v 2.0 = FoUf (v, y,2)exp[ 05 — 20 |sinwrn),  (8) g2y (Nz

Z

2
= E—l)k W=0 (13)

wherei = x, y, z, andz; defines the location of the turbu-
lence IayerUl.f(x, v, z) is a homogeneous isotropic field with - with conditionsW (z) — Woexp[k(z — zp)] for z « zp and

a given power spectrum as follows: W(z) —> Wo exp[—k(z - zp)] for z > zp, where Wy is the
IW velocity amplitude. The problem in EqL®) was solved
E(k) = Eok exp<—£> 7 (9) by the shooting method _vvith mgtching at Fhe pycnocline cen-
ter (Hazel, 1972). The distribution of the first mode IW verti-

) . cal velocity and the dispersion relatian(k), for wavenum-
where wavenumbe; defines the spectral location of the en- bers in the range 0.3 k < 6 obtained numerically for four

ergy peak. Factoky is chosen so that the amplitude (i.e. cases of wavelength = 4, 5, 8, and 10 are presented in
an absolute maximum value) of the f'd“f(x_v y.z)ineach  Fig 2a. The figure shows that, as expected, the energy of
direction equals unity. Then parametéy defines the turbu-  {he first mode is concentrated around the pycnocline.
lence intensity and hereafter is called the forcing amplitude, pNs was performed with initial conditions in Eq4.0j—
anday is the forcing frequency. (12) att = 0 corresponding to the IW fields with wavelengths
A =4 (frequencyw = 0.663, periodT ~9.5), » =5 (fre-
quencyw = 0.621, periodT ~ 10), A = 8 (frequencyw =

www.nonlin-processes-geophys.net/20/977/2013/ Nonlin. Processes Geophys., 2098872013
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Fig. 2b. The instantaneous contours of the density deviation ob-
tained in the centraly, z) plane at different time moments in DNS
with initial condition (3.2) prescribed for IW, propagating from left R RN AR
to right with wavelength. = 10 (frequencyw = 0.489, phase ve- : 1 K 10 100
locity ¢ = 0.78). The turbulence forcing is off. Density contours are

1.3, 1.5, 1.7. Contour 1.5 marks the position of the pycnocline cen-_. . . .
ter P 4 Fig. 3a. Turbulence power spectrum obtained in DNS with the forc-

ing on and no initially excited IWs at= 300 at different z-levels.
0.531, period” ~ 12), andx = 10 (frequency» = 0.489, pe- Dashed Iine §hows the Kolmogoro%§/5 spegtrum gsymptotics.
riod T ~ 13). The IW amplitude was prescribed 8% = Here and in Figs. 4-7 below, the forcing amplitudés= 3.
0.05. Figure 2c shows isopycnal displacements obtained in
DNS at different times with initial conditions prescribed for
IW with wavelengthh = 10. In this case, the amplitude of the

isopycnal displacement is abaut 0.1, and the wave slope different z levels at = 300. Each spectrum is obtained by

Is aboutka =2ma/)~0.06 Wh'Ch may be r(_egarded small FFT transform over the coordinate and averaged over the
enough to ensure that non-linear effects during the IW prop-

S . . i L y coordinate. The figure shows that the spectra of the veloc-
agation in the pycnocline remain negligible. Similar results; : ) ;
were obtained for IW with wavelengths— 4, 5 and 8. ity fluctuation obtained qt d|ﬁergm levels are qf the same
shape and are reduced in amplitude as the distaneez)
increases. The spectra are characterized by local maximum
4 Forced turbulence and its effect on the pycnocline at aboutk = 1 (in accordance with the forcing spectri@
a short inertial interval at = 7/15 and viscous dissipation
In order to investigate how turbulence affects the internalregion at largek’s.
wave DNS was performed with only the forcing on and no  Using the spectra, the characteristic (integral) turbulence
IW fields imposed initially. The mid-pycnocline level was spatial scale was evaluated as
prescribed at, = 8 and the forcing level was set gt= 10.
The values of;, andzs were chosen to ensure that the effect , _ [ E(kktdk (14)
of turbulent mixing on the pycnocline remained sufficiently ' [ E(k)dk
small for the considered forcing amplitudes in the range of
1 < Fy < 4. On the other hand, the effect of turbulence on and found to be almost independentzof; ~ 0.4 in the re-
the IW propagation should be sufficiently large to be de-9ion8<z <12.
tected in DNS. The frequency of the forcing was prescribed The mean vertical profiles of the velocity and density
aswr = 10, which is about 20 times larger than the typical Iw fields< Ui > (z) and< p > (), were obtained by averaging
frequency, and; was set equal to unity. This choice is made Over the horizontaly; y) plane performed for each Fluc-
to ensure that the forced turbulence does not generate effeduations (dispersions) of the velocity and density were then
tively internal waves in the pycnocline. At that frequency, the obtained as
maximum amplitude of density fluctuations induced by tur- 12 12
bulence in the pycnocline at forcing amplituig= 3 is less Ui = << Uf= < Ui >2>) P = (< pP=<p >2>) - (15)
than 0.01 and negligible as compared to the amplitude of the
density oscillations in IWs. On the other hand, the forcing
frequency must be much smaller than the inverse time step
1/Ar =100 to ensure sufficient resolution.

H

®

)

S

S
|

o
=

Figure 3a shows the power spectrufik), of the veloc-
ity field obtained in DNS for forcing amplitudép = 3 at
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Fig. 3b. Vertical profiles of the velocity fluctuation and mean den-
sity obtained in DNS with turbulence forcing on and IW with wave-
lengthi = 4. Blue, green, magenta and black lines are for velocity
fluctuation at times =1, 6, 9 and 300. Red line is for density at
t = 300. The reference (initial) density profilges(z), is shown in
dashed line for comparison.

Fig. 4a. Instantaneous distribution of the vorticitycomponent2
(in grey scale) and density contours obtained in DN$ &t100
(top) andr = 300 (bottom) with turbulence forcing on and initially

. . . excited IW with wavelength. = 4. Density contours are 1.3, 1.5,
Figure 3b shows the vertical mean profiles of the fluctua-; ;. g y

tion velocity,
1/2
W = (% Z Ul_/z) (16) 5 Damping of internal waves by turbulence
i=x,y,2

Consider now the effect of the turbulent layer on the inter-
and the mean density obtained in DNS at different times. Af-nal waves propagating in the pycnocline. In this case, DNS
ter a short (as compared to the IW period) transient time in-was performed with both the turbulent forcing and the initial
terval, the flow becomes statistically stationary. This transi-conditions (0)—(12) at¢ = 0 with IW amplitudeWy = 0.05
tion is of no importance for the further process. Once tur-and different wavelengths. Figures 4 and 5 present the results
bulence becomes stationary, the transient effects can be nebtained in DNS forx = 4. The results obtained for wave-
glected. The figure shows also that the turbulence fluctuationengthsx = 5, 8 and 10 are qualitatively similar to those in
profile is asymmetric about the levgl= 10. This asymme-  Figs. 4 and 5.
try of the fluctuation velocity profile is related to the effect of  Figure 4a shows instantaneous distributions ofytttem-
the pycnocline on turbulence diffusion. Downward turbulent ponent of vorticity, @ = 3.U, — d,U., and density £ +
diffusion is not effective since turbulent velocity fluctuations p..(z)) obtained in DNS for IW wavelength = 4 at times
can not penetrate the pycnocline at the considered, relatively = 100 andr = 300. The figure shows that the amplitude of
low, Froude numberKr = 1), whereas turbulence is free to the isopycnal displacement in IW is reduced under the ef-
diffuse upwards. fect of turbulence and becomes quite substantial at late times.

Figure 3b also compares the mean density profile obtainegtigure 4b shows vertical profiles of the velocity fluctuation
in DNS at timer = 300 to the initial (reference) density pro- and mean density obtained in the same run. The figure also
file pref(z) in Eq. (7). The figure shows that the effect of tur- shows the profile of the velocity fluctuation induced by IW in
bulent mixing on the pycnocline remains negligible. On the the absence of turbulence (in blue color). As compared to the
other hand, as it will be shown below in Sect. 5, the turbu-case with no initially excited IW (cf. Fig. 3b), we observe the
lence (with maximum’ ~ 0.06 at; = zr = 10 andu’ ~ 0.06  effect of the IW on the/’ profiles, especially in the vicinity
in the vicinity of the pycnocline at = zp = 8) is sufficiently  of the pycnocline level. Figure 4b shows that fox 7 the
intensive to affect the IWs propagation. velocity fluctuation is entirely due to IW.

As it was stated above, we neglect the diffusion effect
on Nietf(z) and pref(z) profiles (i.e. the profileNes(z) in

Eqg. (3) does not evolve with time). The mean density profile,

www.nonlin-processes-geophys.net/20/977/2013/ Nonlin. Processes Geophys., 2098872013
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0 Fig. 5. Temporal development of the density deviation in center of
T \ \

the pycnocline, at a point with coordinates= 20, y =0, z =8,
0 0.02 u' 0.04 0.06 obtained in DNS for IW wavelength = 4, with and without turbu-
lence forcing,of andp (in black and grey line, left) and the differ-

Fig. 4b. Vertical profiles of the velocity fluctuation and mean den- encep — pf (right).

sity (in red line) obtained in DNS with turbulence forcing on and
off (in black and blue line, respectively) and IW with wavelength
A =4 atr = 300. The reference (initial) density profile,ef(z), is
shown as a dashed line for comparison.

The results shown in Fig. 5 can be used to estimate the IW
damping rate caused by turbulence. Since the perturbations
of the reference state are small, it can be assumed that the
decrease of the IW amplitude under the effect of turbulence

< p > +pref(z), is allowed to vary due to both viscous and in terms of the density deviation is described by
turbulent diffusion effects. However, this change is found to _
be negligible in the present study (cf. Fig. 4b), obviously duept(t) = Prult) EXR=y D), (17)
to comparatively low Froude number (unity) (i.e. the tur- wherep(z) is the amplitude of the instantaneous density de-
bulence is considered to be sufficiently weak). Of course viation in the IW affected by turbulence apg(¢) is the am-
the turbulent mixing effect would be of greater importance plitude of the instantaneous density deviation in the IW in
if a stronger turbulence is considered. However, we chosghe absence of turbulence, apds the damping rate due to
the flow parameters so as to minimize the effect of turbulentturbulence. Then, the variation of the IW amplitude is
mixing and molecular diffusion on the pycnocline and, at the
same time, retain the effect of turbulence on IW propagation. 22 (f) = on: ()[1 —exp(—y1)]. (18)
Figure 5 compares temporal development of the dimen-
sionless density in the central pointt =20,y =0,z=28
(i.e. in the center of the pycnocline) obtained in DNS with the Ap(f) ~ ypnt(?)t. (19)
turbulent forcing on, and the results of DNS with the same
initial conditions for IW but without turbulence forcing. The
figure also shows the instantaneous density differexneen
the same point obtained in DNS with and without turbulenc
forcing. The figure shows that turbulence causes a conside
able damping of IWs. Note that since in the pycnocline cen-
terdprei(z)/dz = —1 (cf. EqQ.7), and the density disturbance
is small as compared to the reference dengity pref(z),
the displacement of the isopycnal surface at the pycnoclin
center (with densityref(z) + p = 1.5) from the undisturbed
position is equal to{p). -1
Figure 5 also shows that the damping effect due to turbu-yr» = [2/ NZWZdZ] {kazf v N2W2dz + Kpc?
lenceis _much stronger than thg damping caused by viscosity. 2 2w 4 aw
By the timer = 300, the amphtgde of IW affected by tur- W[ T kAW — 2k2—v,—i|dz}, (20)
bulence becomes almost four times less as compared to th

Foryt < 1 Eq. 18) can be approximately rewritten as

Thus, the density difference grows linearly at earlier times,
whereyt < 1, and saturates at sufficiently large times, for
oV > 1. The damping rate can be evaluated from the data for
It_he density differencé\p in Fig. 5 by deducing the depen-
dence of the IW amplitude on time, both without and with
the forcing, and using functiori9) as the best fit.

Figure 6 shows the value ¢f obtained from DNS data in
é:ig. 5 within the time interval 10& ¢ < 300, and compares
it with the theoretical estimate (Ostrovsky et al., 1996):

EWW dz * dz

initial amplitude (decreasing from 0.8 at= 0 to about 0.2 where N = Nyef(z) is the buoyancy frequency given by
att = 300). On the other hand, the IW amplitude decrease%_q. ©),

by about 30 % due to viscous damping, when no turbulence

forcing is applied (decreasing to about 0.5 at 300). v = b2, (21)

Nonlin. Processes Geophys., 20, 97986 2013 www.nonlin-processes-geophys.net/20/977/2013/
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Fig. 6. Damping rate of IWy caused by turbulence obtained from 12i ]
the data in Fig. 5 vs. IW wavelength and the analytical esti- g |
mate (20). 4 |
47 —
is the turbulent viscosity wheie= 3u?/2 the turbulence ki- 0 o ‘ 0 ‘02 ‘ o ‘04 ‘ 0 ‘06 ‘ o ‘08 ‘ o ‘ o ‘02 ‘ 0 ‘04 ‘ o ‘06 ‘ o ‘os ‘
netic energy. Here, is evaluated for the turbulent fluctua- ' 'u‘ ' ' ' ' ' ' '

tion profile u” shown in Fig. 3b and the turbulence length
scalel; = 0.4; W(z) is the IW vertical velocity distribution  Fig. 7. vertical profiles of the fluctuation velocity and mean den-
in Fig. 2a, andc = w/k is the IW phase velocity evaluated sity (/rho) (red line) obtained in DNS at= 300 with turbulence
for given wavenumbelk, and frequencyw. The empirical  forcing on and off (in black and blue line, respectively) and ini-
factors in the turbulent exchange coefficients defined by Ostially excited IW with wavelengths = 4 (left coloumn) and. = 8
trovsky et al. (1996) are (right coloumn) for the forcing amplitudegy = 2 (top) andFpy = 4
(bottom). The reference (initial) density profijgef(z), is shown in
kp=0.1,k5 =0.7. (22) dashed line for comparison.
Figure 6 shows a good qualitative and quantitative agree-
ment with the DNS results. The error bars at DNS points in
Fig. 6 are caused by variation of the amplitude\pf(z) from
the linear increase (cf. Fig. 5 for IW wavelength= 4; sim-
ilar variations are observed far= 5, 8 and 10). These vari- o .
ations are due to distortion of the IW by turbulent eddies and!n °rder to evaluate the applicability limits of the theoreti-
increase as the forcing amplitud increases (as discussed ¢&! formula in Eq. £20), we performed DNS with different
later in Sect. 6). forcing amplitudes¥p = 1, 2, 2.5, 3.5 and 4) and IW wave-
As already mentioned in the introduction, in the theory de-€Ngthsh = 4 andx = 8. The results are presented in Figs. 7—
veloped by Ostrovsky and Zaborskikh (1996) it was assumed:
that the IW is sufficiently weak as compared to the turbu- o ) : ¢
lence fluctuation amplitude to allow linearization of the semi- VelOCity #” and mean density o + prei(z) >, obtained in
empirical equations. This assumption can be considered agNS With forcing amplitudes = 2 and 4 and initially ex-
applicable in the case of forcing amplitudig = 3 discussed _c|ted IWs..The .f|gure also shqws the profiles of the veloc-
above. Indeed, the average IW velocity amplitude (which carlly’ fluctuations induced by IW in the absence of turbulence
be evaluated as r.m.s. (or dispersion) of EA€)4(12) by (in blue line). The figure s_hovys that the tur_bulence is af-
averaging ovex with Wo = 0.05) is about 0.03, and can be fected by the IW propagating in the pycnocline, especially

regarded sufficiently small as compared to the turbulent ve\Vhen the forcing in Eq.§) is relatively small,Fo =2. It
locity amplitude ¢’ ~ 0.06, cf. Fig. 4b). As shown below, a S interesting to note that the vertical turbulence profile is

stronger IW (or weaker turbulence) can violate the applica-SPlit dué to the IW action. The absolute maximauflo-
bility of the estimate, as in Eq2). cated at; = 10 are due to the choice of parametein the

forcing function of Eq. 7), and qualitatively analogous to
that in Fig. 4b obtained foFp = 3. However, they differ

6 Dependence of the damping rate on turbulence
forcing amplitude

Figure 7 shows vertical mean profiles of the fluctuation
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Fig. 8a. Temporal development of the density deviation in center
of the pycnocline, at a point with coordinates= 20,y =0,z =8,
obtained in DNS for IW wavelength = 4, with and without tur-
bulence forcingos and p (in black and grey line, left column) and
the differencep — ps (right column) for forcing amplitudegy = 2
(top) andFg = 4 (bottom).

Fig. 8b. The same as in Fig. 8a but for IW wavelengthk- 8.

the instantaneous differen@e of the densities obtained in
the same point in runs with and without turbulence forc-
ing. These data are qualitatively analogous to those shown
in Fig. 5. Using these data we evaluated the IW damping
guantitatively ¢’ ~ 0.04 for Fp = 2 andu’ ~ 0.08 for Fp = rate and compared it with the results of calculation accord-
4), so that the increase ify leads to a larger turbulence in- ing to the theoretical solutior2(). Figure 9 compares the
tensity, as expected. The maximawdf 0.02 at the pycno- IW damping rate obtained from DNS with the theoretical es-
cline horizon (at; = 8) in both casedp =2 and 4 are due timate for different forcing amplitudes.
to IWs action. The figure shows also thatzat 7 velocity Figure 9 shows that in the case of a sufficiently weak tur-
fluctuations are entirely due to IW, and in the cdge= 4u’ bulence (low forcing amplituderp < 3) and the IW velocity
is reduced as compared to the case with no turbulent forcingamplitude on the order of the turbulent velocity amplitude,
This reduction is due to the damping of IW by turbulence. the semi-empirical theory overpredicts the damping rate. As
Note that under the conditions shown in Fig. 7 in the Fpincreases from 1to 3, and the turbulent velocity amplitude
caseFp = 2 (a weak forcing), the perturbations in the inter- becomes sufficiently large as compared to the IW velocity
nal wave and the turbulence have comparable intensities andmplitude, the agreement between the DNS results and the
therefore they affect each other. Indeed, the average velocittheoretical estimate in EqRQ) improves.
amplitude in this case is of about 0.03 which is rather close It should be pointed out, however, that as the amplitbéigle
to the turbulence velocity amplitude (about 0.04). Therefore,further increases from 3 to 4, the accuracy of the theoretical

in this case the theoretical estimate in EtP)(is not appli-  estimate is again reduced. This reduction can be attributed
cable since it was derived from the hydrodynamic Reynoldsto the influence of strong turbulent eddies on the pycnocline,
equations linearized with respect to the IW. when the turbulent mixing changes the pycnocline and, con-

Note also that the presence of the second maximuni of sequently, the IW mode structure. On the other hand, the er-
is in qualitative agreement with the results of Ostrovsky etror of the evaluation of the damping rate from DNS data (e.g.,
al. (1989) where amplification of turbulence under the actionfrom data in Fig. 8a and b for IW wavelengths= 4 and
of a stronger internal wave was observed. This provides an. = 8) becomes much larger fét = 4. This error increases
incentive for a future study of the phenomena of the amplifi-due to considerable distortion of the IW by turbulent eddies
cation of small-scale turbulence by IWs. which become strong enough to cause the pycnocline ero-

Figure 8a and b show temporal development of the dension asFyp increases. Figure 10 compares the instantaneous
sity p in the center of the pycnocline for the IW wavelengths density contours in the center of the pycnolcine obtained in
A =4 andA = 8, with and without turbulence forcing, and DNS at: = 300 for forcing amplitudefyp = 3 and Fo = 4.
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Fig. 9. The IW damping rate obtained in DNS and analytical pre-

diction in Eqg. (20) (open symbols) for IW wavelengths- 4 (left) B""’W\MW’

anda = 8 (right) for different forcing amplitudes. W

4 87/X/_,\_/.\f/—\/_\/7
The figure shows that IWs become much less regular under
the action of turbulence in the cagg = 4. This irregular- N N N e
ity is also reflected in the behavior of the density in Fig. 8.
This indicates a direct effect of small-scale turbulent fluctu- - I o 5 % i 2 i -
ations as wave “scatterers”. The figure also shows that the
instantaneous density contours sometimes overturn, leading
to convective turbulent mixing. These overturnings are visi- Fig. 10.Instantaneous density contours obtained in DNS=a800
ble in the more turbulent region, for level= 1.1 at forcing ~ with turbulence forcing onf{p = 3, top andFg = 4, bottom) and

amplitudeFy = 4 (where the isopycnal is locally almost ver- initially excited IW with wavelengthi = 4. Density contours in
tical). each panel are (from bottom to top) 1.1, 1.3, 1.5, 1.7, 1.9.

7 Discussion Thus, for the internal wave with a wavelengthy = 1m

and buoyancy periodjy ~ 35s, the dimensional quantities
Here we studied the damping of internal gravity waves matching those in the experiment can be obtained by choos-
by small-scale turbulence. IW damping rate was calculatedng the length and timescales 6f) = 0.1 m andZy = 2.5s.
from DNS data and compared with the results of the semi-Then, IW with dimensionless wavelength= 10 and pe-
empirical theory. We also investigated applicability limits of riod 7 =13 in DNS corresponds to the IW with dimen-
the semi-empirical approach in terms of the ratio betweensional wavelength.w = 1 m and periodljy ~ 33 s which
the amplitudes of the IW and of the turbulent pulsations. Ourare quite close to the experimental parameters. In DNS, the
results show that in the case where IW amplitude is of thedimensionless buoyancy frequency at the pycnocline center
order of turbulent pulsation velocity, the semi-empirical for- is Ng = 1 which in this case corresponds to the dimensional
mula obtained for weak IWs overestimates the damping rate/alue Nmax = 0.4 rad §* in the experiment. Then, the damp-
by the order of magnitude. However, the theoretical estimaténg rate in Fig. 6, obtained in DNS, which is ranging from
becomes quite accurate in the case where the IW amplitudg =~ 0.008 forr = 4 toy ~ 0.002 forh = 10, can be recast in
is sufficiently small as compared to the turbulent fluctuationsthe dimensional variables gs~ 3x 10 3s 1 for» =0.4m
amplitude. and toy ~ 8x 10~*s1 for A = 1 m which is also close to

The parameters of the present DNS study can, in particuthe experimentally observed valuesyaf

lar, be matched to the flow parameters in the experiment by As mentioned, the present DNS study considers the evolu-
Ostrovsky et al. (1996). In this experiment, internal wavestion of internal waves in time for a spatially periodic initial
were generated in the pycnocline by a wavemaker, and smalleondition. This is a more convenient setting for DNS since
scale turbulence was induced by an oscillating grid locatedt assumesx periodic boundary conditions which are eas-
0.2m above the pycnocline. The IW period in the exper-ily implemented numerically. Note that the theoretical esti-
iment ranged form about 23s to 45s and IW wavelengthmate @0) for the damping rate Inaf) was obtained by Ostro-
varied from 35cm to 170cm. The thermocline (or pycno- vsky and Zaborskikh (1996) and Ostrovsky et al. (1996) for
cline) thickness (half-width) was abolip ~ 0.1 m and max- the geometry similar to that used in DNS. At the same time,
imum buoyancy frequency was aboMnax~ 0.4rads?t. in the laboratory experiment by Ostrovsky et al. (1996) the
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spatial wave damping was observed. These data were linked In the present study, we prescribed the IW amplitude to
in Ostrovsky et al. (1996) to the theory developed in the samébe sufficiently small (and the wave slope < 0.1) when the

paper by letting Intk) = Im(w)/vg, Wherevg is group veloc- IW nonlinearity can be neglected. Thi_s allows us to compare
ity of the internal wave. This substitution gives a reasonablyth® DNS results with the corresponding theoretical and ex-
good prediction for the measured amplitude attenuation (raPerimental results of Ostrovsky et al. (1996). If the IW mode

tio A1/Ao of IW amplitudes after vs. before the turbulent is nonlinear it still does not significantly perturb turbulence,
1740 ' since it is expected that the higher wave harmonics will at-

region). In the present paper we make the comparison WhiChrenuate faster than the main harmonic. The case when the

as mentioned, refers to the same spatially homogeneous ol yjitudes of motion in IW and turbulence are comparable
figuration, whereas the range of parameters (turbulence ingg planned to be considered in the future.

tensity) in DNS goes beyond those used in the experiment.
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