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ABSTRACT

We present the results of an analysis of field data collected by Donelan who used a miniature drag sphere
to measure velocities beneath wind waves on Lake Ontario. Linear statistical techniques are used to separate
the velocity into wave and turbulent parts. While we mostly aim at demonstrating the effects of surface wind
waves on the statistical characteristics of the turbulent field in the upper mixed layer, we also interpret several
features of the data on the basis of recent theoretical results.

One of the most intriguing features of the turbulent velocity spectra so obtained is a large peak near the
dominant wave frequency. We review various possible explanations for this behavior although we prefer a
mode! in which the turbulence is assumed frozen on the timescale of the waves. This model requires no new
dynamics and gives explicit formulae relating the dissipation rate to the magnitude of the spectral densities
for high and low frequencies. On this basis we have determined a dissipation length from the data. The
dependence of this quantity on depth is inconsistent with pure shear produced turbulence. Moreover the
observed rms turbulent velocities show a strong dependence on wave energy, which cannot be explained solely
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within the framework of similarity theory for the inner (constant flux) layer.

1. Introduction

In the first paper of this series (Kitaigorodskii and
Lumley, 1983, hereafter referred to as P1) we proposed
that the statistical dynamics of turbulence, in the pres-
ence of surface waves, can be described by assuming
that the potential and rotational components of the
net velocity field are uncorrelated. This hypothesis (an
attempt was made in P1 to justify it theoretically) is
also widely used to process and interpret data in the
surface layer of the sea when simultaneous measure-
ments of velocity fluctuations and sea surface dis-
placements are available (Kitaigorodskii, 1973). In this
case the functional relationship between the wave-in-
duced part of the velocity field and the surface dis-
placement due to wind waves can be considered to be
deterministic, which in turn permits the use of linear
filtration techniques as an acceptable approximation
for the separation of wave and turbulent motions
(Benilov and Filushkin, 1970). We use this procedure
to analyze the field data collected by Donelan (1978)
using a miniature drag sphere velocimeter. While we
mostly aim at demonstrating the effects of surface wind
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waves on the statistical characteristics of the turbulent
field in the upper surface layer of the sea, we will also
attempt to interpret several features of oceanic tur-
bulence in the presence of random wind waves on the
basis of the theoretical results reported in P1.

" 2. Method of linear filtration in the analysis of fluc-

tuations of random fields in the upper ocean in
the presence of wind waves

Following the discussion in P1 we define the tur-
bulent and wave velocities as, respectively, the rota-
tional and potential parts of the fluctuating velocity.
Similarly we write the net pressure as

P = P(2) + p, + p,, 1

where P(z) is the mean pressure and p, + p, is the
fluctuating component. We define p, via the linearized
Bernoulli equation

V[a@ +gz+ i (P(2) + p»] -0, @
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where ¢ is the velocity potential, u” = V¢. Using (2),
the Navier-Stokes equation reduces to

@, — v + (u' - V' — (- V')
+@-VYU+@U-Vu'+Q

=gl 21 > 1 w2
V[p + 3 @~ 2w >] )
where U is the mean vefocity, and

Q=" V" - ((u V") + w* V)

— (@ V) + (U-Vyu* + (0" V)U. (4)

Note contributions to p, will include the effects of
nonlinearity in the wave motion and therefore the tur-
bulent field w’ in Eq. (3) must, in principle, be corrected
by excluding the forced nonlinear potential wave com-
ponents. However the role of the latter in the energy
balance of the fluctuating motions in the upper ocean
is probably not very important (see P1), so that Eq.
(3), with a given random velocity field u”, can be con-
sidered to govern the turbulent velocity and pressure
fluctuations. The potential motions satisfy Laplace’s
equation with the /inearized kinematic boundary con-
dition

w_ 4

uy ——=ujo;¢ at z=0,

dt (3

where j = 1, 2, d/dt = 8, + UV, and { is the surface

displacement. The other boundary condition, appro-

priate to the deep ocean, takes form
uy —0 for z— oo.

(6)

Because typically u’/u* < 1 the boundary conditions
on ¢ are approximately independent of the turbulence
(at least for turbulence with scales comparable to the
scale of the waves). Consequently the wave velocity
can, for our purposes, be considered as a deterministic
functional of the surface displacement. For simplicity
we further presume the relation to be linear. Then

u’(x, z, ) = L[{]. )

Here x = (x;, x,) is in the horizontal plane, and L is
a vectorial, linear, space-time operator depending on
the vertical coordinate z. Denoting its spectral char-
acteristic by G(x, w, z), we have

w70 = [ Gl v, DT VaZ( W), )

where dZ(k, w) is the Fourier-Stieltjes coefficient of
{ and the integration is performed over the whole do-
main (k, w). If the wave and turbulent fluctuations are
uncorrelated, i.e.,

uilx, z, Huf(x', 2, 1)) = 0. )

Then an unbiased estimate of the spectral components,
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Gi(x, w, z), of the operator L in (8) is given by the
formulae

Gi(K, W, Z) = \I,,‘;(K, w, Z)/‘I,f("’ (l)), (10)

where ¥, («, w, 2)(i = 1, 2, 3) is the “cross-spectrum”
of the fluctuating velocity, w = u’ + u”, and the wave
height, { and y(x, w) is the wavenumber frequency
spectrum of {. Therefore equations (8)-(10) completely
determine the wave and turbulent components of the
random velocity field in the upper surface layer. How-
ever, in practical applications of this technique the
fields u’ and ¢ are usually known as random functions
of time at some fixed point in space. In such a case
one can speak only of estimates [u’]z and [u”]z when
separating the realizations of the fluctuating velocity
field into turbulent and wave components.
The optimal estimate of the wave component u”

[u!1e = HI{ (11)
takes the form
W= [ e P 2dzix @), (12)
where
_ F, i;’(w: z)
Pi(w, z) = “Fiw) (13)
and
Fiy(w, z) = f V,(k, w, 2)dk,
Fiw) = f Wik, w)dk. (14)

We denote the magnitude of the rms error of the es-
timate (12), which is also the error of filtration, by the

formula
of =y —~ [u'1p>). (15)
Then (Benilov and Filushkin, 1970, Benilov, 1978)

- dw[ [ G, v, 2P0, )

— |Pi(w, Z)IZF;(w)] . (16)

According to the linear theory of small amplitude
surface gravity waves the spectral characteristic, Gs(x,
w, z), of the operator L in (8) is independent of the
direction of the vector x. Consequently the spectral
characteristic Py(w, z) equals G3[x(w), w, z], where «(w)
= w?/g for deep water, and thus

o3 =0. a7

But for the horizontal velocity components, according
to linear wave theory,

Kw
Gilk, 0, 2) = == €™,

|«]

and therefore ¢, and ¢, differ from zero and depend
on the angular energy distribution in the wave spectrum

i=1,2, z=0,

(18)
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Vir(x, w). Because of this the low coherence level
vk = (Fy)*/FF;; between ¢ and the measured fluc-
tuating velocity field u} does not necessarily imply the
absence of a wave-like contribution; it can be related
to the angular distribution in the spatial wave spectrum
and to the direction of wave propagation_relative to
the coordinate system associated with the velocimeter.
It was shown (Benilov, 1978) that the relative error of
filtration ¢?/(u})? is minimized when the general di-
rection of wave propagation coincides with the x,; axis
of the coordinate system associated with the velo-
cimeter. Consequently the most reliable estimates of
u}” and hence u}, using the linear filtration technique,
will be for the vertical velocity components. With this
in mind we present in the next sections the results of
the determination of the statistical characteristics of
the wave and turbulent components of the velocity
field on the basis of in situ field measurements of ve-
locity fluctuations beneath wind-generated waves.

3. General description'of measurements

Measurements of velocity components beneath nat-
ural, wind-generated waves have been obtained from
a fixed tower on Lake Ontario. The field site, described
fully by Birch et al. (1976), is a bottom-mounted tower
installed in 12.5 meters of water and 1.1 km from the
western end of the lake. Designed specifically for wave
research, the tower is free of cross bracing from 4 m
above still water level to 6 m below. In this region the
only disturbances to the flow are the four cylindrical
legs of 40 cm diameter on the corners of a 10.7 m
X 10.7 m square at the surface, and angled towards
the center at 10 deg to the vertical. The velocity com-
ponents were sensed by a drag sphere velocimeter,
specially developed for the measurement of three di-
mensional turbulence embedded in a highly oscillatory
flow, (Donelan and Motycka, 1978, Donelan 1978).
It was mounted on a vertical track mid-way between
the two offshore legs. The vertical track is of ellipsoidal
section (30 cm X 19 ¢m) and was rotated so that its
major axis was aligned with the expected wave direction
during data-gathering. The drag sphere was attached
to the track on a horizontal arm 90 cm long and could
be positioned at depths to 6 m. Two capacitance wave
staffs were attached to the track at 61 cm on either
side of the center of the track along its minor axis.
The wave staff nearer the drag sphere provided surface
elevation information simultaneous with the velocity
data. The pair of wave staffs, since they were rotated
with the track and drag sphere, yielded some rudi-
mentary information on the approach direction of the
- waves. Temperature fluctuations were sensed by a small
thermistor mounted on the velocimeter support arm.
The position changes of the arm and data collection
operations were controlled from the recording station
on shore, where the returning digital data were stored
on magnetic tape for later processing. Wind speed and
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direction were measured at a height of 11.6 m. The
velocimeter and thermistor signals were sampled 20
times per second, while the other channels were sam-
pled 5 times per second. Among 14 runs which have
been analyzed, 4 were isolated and chosen for analysis.
These were the only ones which satisfied the following
criteria: 1) single peaked wave (surface displacement)
spectrum Ey(w); and 2) the peak wave direction and
the orientation of the drag sphere did not differ by
more than 30°. During those runs velocity measure-
ments were made in the region below the wave troughs
down to 5 m (the closest level to the surface was 29
cm). Simultaneous measurements of surface wind
waves covered a range of variation in significant wave
height H,; from 0.26 to 0.58 m, whereas mean wind
varied from 6 to 11 m s™'. As a rule the situations
examined correspond to active wind-wave generation
conditions for short fetches. The wind stress 7, was
estimated using the experimental value of the drag
coefficient Cyo ~ 1.5 X 1073 appropriate for these
conditions (Donelan, 1982) so that the characteristic
velocity scale u, for turbulent motions in water can
be calculated as

P 1/2
Uy = UIO[CIO “a‘] ,
Pw.

where U, is the wind speed measured on the tower.

Direct measurements of the Reynolds stresses by
the drag sphere have confirmed the approximate
agreement between the momentum flux in the water,
7 = p{UiUt3) = p,u% to wind stress, 7, = p,CioU%
(Donelan, 1978).

In order to use the linear filtration technique, de-
scribed in Section 2, the spectral densities F(w), F3¢(w)
and F(w) were computed by partitioning the data
into several pieces, fast fourier transforming each seg-
ment and then averaging the resulting spectral estimates
to obtain the spectra of the separated velocity com-
ponents u” and w'. The spectral estimates are indicated
by crosses in which the vertical bar is twice the standard
error of the estimates among the separately transformed
segments within a run. The averaged characteristics of
the runs selected are presented in Table 1. We have
retained only those data satisfying the requirement
that the external conditions changed by less than 15%
during the course of the run. Table 2 summarizes the
depth dependence of various rms quantities.

(19)

4. The statistical characteristics of the wave induced
velocity field

Typical frequency spectra for vertical #% and hor-
izontal u}’ wave velocities are shown in Figs. 1b and
c. The corresponding wave height spectrum is shown
in Fig. la. All the spectra in Fig. 1 are normalized to
unit area and are plotted as functions of f/f,, where f,
corresponds to the peak of the wave-height spectrum.
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TABLE 1. Average characteristics of the data.
Number Max/Min Duration ro= 2x A, = 2 G, = @ Un
depths depth of run Uy Uy $rms W k, e, Pk, k, G Kpbems
Run sampled (m) (min) (ms') {ems") (em) ) @M (s) (m) (m/s)
1 4 0.52/1.70 65 6.1 0.83 81 262 0.70 2.4 9.0 3.75 1.61  0.056
2 S 0.82/4.88 27 5.8 0.80 145 193 038 33 16.6 5.09 1.00  0.055
3 4 0.29/0.89 56 10.7 1.47 6.6 3.55 1.28 1.8 4.9 2,77 3.86 0.085
4 5 0.41/1.17 81 11.2 1.54 6.4 3.61 1.33 1.7 4.7 2.72 4.11 0.085

The peak frequency is the same in these three spectra,
and the much more rapid decrease of velocity fluc-
tuations compared with the wave height for frequencies
greater than the peak is pronounced. The simplest way
to verify the predictions of linear wave theory for such
spectra is to estimate the wave-induced rms velocities
{u?))'? = oy and {(u¥)*)”> = ¢4. If most of the
wave energy propagates in the peak wave direction
(along x;) then according to linear theory we can es-
timate o} as

oV~ L dww’e 27 EF (w). (20)

Introducing the concept of an “equivalent dominant.

wave” with frequency w,, i.e. assuming

Fe(w) = $Znsd(w — wp), 21
where
$oms = f dwF(w), (22)
0
we can estimate o} as
o} = ope 23)

We have fit the observed ratio o{/¢, with the simple
exponential depth dependence

w
g1,3

op

Ay 3707, (24)

Both horizontal and vertical rms wave velocities,
scaled by ¢, are displayed in Fig. 2. Plots showing the
greatest amount of scatter are associated with the
greatest variation of the velocity scale g,.

There also appears to be some systematic departure
from a simple exponential form at the extremes in z.

Table 3 summarizes the least square fit to the pa-
rameters A}3 and a}’; appearing in Eq. (24). These
coefficients are approximately equal to unity which
indicates that the rms wave velocities are reasonably
accounted for by an “equivalent dominant wave”, al-
though such a simplified parameterization consistently
gives a slight overestimate to the data. Because our
primary goal here is not to compare the statistical
characteristics of u* with the predictions of linear wave
theory, we did not try to fit the observed wave-induced
velocity spectra, Fj(w), using the data on the wave
spectra Fy(w) [one example of this was presented by

where k, = wi/g and g, = WpSrms. Donelan (1978)]. Instead we prefer to place more at-
TABLE 2. Detailed characteristics of the data.
Length of .
z record kyz W, Sems Up o} ¥ Uy 4 4
Run (m) (sec) () (cm)  (cms™') (cm s™h) (cm s7") (cm s™") (cm s7")
0.52 985 0.36 2.62 7.66 7.74 12.20 14.44 0.85 5.92 5.39
1 0.92 966 0.65 2.64 7.68 8.19 8.82 10.62 0.77 4.54 3.81
1.32 966 0.92 2.62 8.08 8.25 6.73 8.53 0.88 3.98 3.21
1.70 966 1.16 2.59 8.87 6.03 6.55 7.83 0.86 39 3.07
0.82 338 0.31 1.93 15.72 -2.92 20.02 20.00 0.71 7.68 10.06
1.82 310 0.68 1.91 14.66 —5.80 13.10 14.50 0.76 4.30 3.71
2 2.83 291 1.06 1.92 14.66 -6.33 8.20 9.03 0.81 3.70 3.32
3.84 323 1.49 1.95 14.25 -3.79 4.96 5.91 0.85 3.38 3.43
4.88 347 1.85 1.93 13.30 —4.85 3.38 3.95 0.90 2.51 3.67
0.29 944 0.38 3.58 6.50 —-8.76 14.97 16.41 1.48 8.73 8.75
3 0.44 734 0.56 3.53 6.85 —10.98 12.79 14.19 1.49 7.01 6.56
0.62 910 0.77 3.50 6.60 —10.52 9.40 10.21 1.58 6.01 5.29
0.89 771 1.16 3.57 6.47 -12.49 5.68 6.65 1.38 4.33 3.88
0.41 970 0.54 3.58 6.36 -4.00 13.81 13.32 1.58 7.29 6.65
0.63 966 0.89 3.73 6.32 —4.44 10.00 9.83 1.52 5.47 5.46
4 0.67 1026 0.92 3.67 6.16 -9.03 7.68 8.52 1.45 5.84 4.77
0.87 949 1.14 3.58 6.40 —4.92 6.99 7.40 1.57 5.17 4.44
1.17 966 1.47 3.51 6.60 —8.01 5.53. 5.63 1.65 4.80 3.7
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FiG. 1. Wave height, longitudinal and vertical wave velocity spectra taken from Run 2,
z = 0.82 m, normalized to unit area versus frequency. The f, is the peak wave frequency.

tention on the variability of the turbulent velocity
field ‘. )

5. The spectra of the turbulent velocity field « in the
presence of wind waves

Typical spectra of the turbulent velocities are given
in Figs. 3a, b. These spectra correspond to the wave
spectra shown in Fig. 1a and are similarly normalized
to unit area. The most prominent feature of the tur-
bulent spectra is the pronounced enhancement about
the peak wave frequency, f,. Analysis of the turbulent
spectra at different depths has shown that this “bump”

appears to be roughly independent of depth, but is
rather sensitive to wave conditions. The other very
interesting feature of the turbulent spectra is that both
above and below f, the frequency dependence tends
to be close to £ 7>/, but there is a consistent shift to
larger values of spectral density for frequencies above
the peak. These two features probably are interrelated
and their explanation presents a very intriguing prob-
lem in the dynamics of upper layer turbulence in the
presence of wind waves. Several explanations can be
suggested and must be analyzed. We list some of them
as follows: .

1) The errors in linear filtration are greatest at fre-
quencies f = f,, and therefore the enhancement about

* Run 1 ‘:'a Run 2 J», may be due to such errors. However such enhance-
e T . ments are also strongly pronounced in the spectra of
Lo cr a vertical turbulent components, in which the errors of
~ af linear filtration associated with the directionality of
,j st ° . the wave spectrum are identically zero. The other pos-
£l o 3r S sible source of errors in the separation of the velocity
al a field into turbulent and wave components can be at-
a ,zL a tributed to the nonlinearity in the dependence of the
Y a wave velocity on the wave height, which is not taken
HE o % into account by the linear filtration procedure. Cor-
) ) ) . of rections of this type can be estimated, and such esti-
45 80 135 180 05 20 35 50 mates show that their contribution is small. It is also
8 P [ e difficult to see how they would contribute to the in-
7 Iy s
]
6 s Sr
2 R ’ TABLE 3. Fit param'etexs to the normalized.l_ongitudinal (1) and
.5 o 8 vertical (3) rms wave velocities.
g ° s 4
'&4 o *— = A3 exp(—alsk,2)
+ ; Somstty
3 . g Run (m) Ay at Ay at
. O 2 . . 0. . .94 0.97 091
S T e e e e L R 0% Tn 0ss o
FIG. 2. Normalized vertical (triangles) and longitudinal i :gg (l)gg (1)%; (1);_1/ (l)ég

(squares) rms wave velocities versus depth for all runs.
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FIG. 3. As in Fig. 1 but for longitudinal and vertical turbulent velocity spectra.

creased spectral densities for frequencies greater
than f,.

2) A cause of the peak in the spectra of the turbulent
velocity components near the wave frequency, even
though there is no coherence with the surface dis-
placement ¢{, may be related to the coupling of the
lateral separation (40 cm or so) of the wave staff and
velocimeter with the observed short-crestedness (lateral
variation) of the waves. However the peak appears to
be just as pronounced for the 16 meter long gentle
waves of run 2 as it is for the 5 meter steep waves of
runs 3 and 4 suggesting that this is not a problem.

3) One convenient explanation of the two main
specific features of the turbulent spectra can be made
by assuming that near the peak wave frequency there
is a region of additional energy supply to the turbulence.
Presumably this is due to the transformation of wave
energy to turbulence as a result of wave turbulence
interactions (or even wave breaking). Actually it was
hypothesized long ago by Ozmidov (1968) that the
spectra of oceanic turbulence would show different
inertial subranges separated by narrow zones (bumps),
where some specific mechanism of direct energy supply
interrupts (or adds energy to) the turbulent cascade
process which is transporting energy from large to small
scales. One such zone can presumably be associated
with surface waves, and therefore the higher level of
energy in the ™5/ region below the peak frequency
(f < f;) compared with the f~* region above it
(f > f), is a consequence of different energy fluxes
through the wavenumber space. This energy flux can
be simultaneously considered as a mean viscous dis-
sipation in the region above the peak only if there is
no additional energy supply between the wave scales
and the Kolmogorov microscale of the turbulence. The
attractiveness of such a hypothesis is evident; however,
not much can be said for its support. If one of the
main mechanisms of the transformation of surface
wave energy into turbulence energy is wave breaking,
it does not necessarily mean that the source of turbulent
energy associated with breaking must be near the wave

peak. A more serious objection to wave breaking as a
reason for the observed bumps in turbulent spectra
comes from the observation, mentioned above, that
such bumps are roughly depth-independent and exist
at levels relatively far from the mean water level, where
the direct effect of breaking on turbulence is probably
very small. More to the point, as was discussed in P1,
the shear produced three-dimensional turbulence in
the surface layer of the sea must appear at frequencies
below the wave peak, and the interactions between
waves and shear turbulence can be pronounced only
in the range of frequencies lower (or much lower) than
the peak wave frequency. Therefore we do not com-
pletely disregard the idea that the waves can supply
energy directly to the turbulence at frequencies
f ~ f,, but at present we cannot find direct proof of
such a hypothesis.

Although we cannot categorically disprove any of
the mechanisms listed above we believe there exists a
simpler and more direct explanation, which we review
in the next section, for the structure of the observed
turbulent spectra.

6. The influence of surface waves on the shape of the
turbulence spectra

This model has been discussed elsewhere (Lumley
and Terray, 1983) and so our discussion here will be
brief. The mechanism envisioned is a generalization
of the usual Taylor frozen turbulence hypothesis to
the case where the convecting velocity has periodic
components. It is important to note that the model
does not introduce any new dynamics—the back-
ground turbulence is presumed to be homogeneous
and isotropic with an inertial range spectral density
E(x) given by

E(x) = ¢, 25)

Roughly speaking a typical turbulent fluctuation
with characteristic size x~' will appear frozen if its
dynamical time scale, 7, =~ ¢ >3, is long compared
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with the time, 7, = (kU,)™', required to convect it past
the probe. Here U, is the convecting velocity (orbital
or drift), and e is the rate of energy transfer to the
turbulence. Then the condition 7, > 7. can be written

3
u
> (U) ’
where u is the rms turbulent velocity and we use the
estimate ¢ ~ u>/l. Since for our data the rhs is typically
much smaller than 1 we expect the whole of the inertial
subrange will be frozen. If the convecting velocity is
periodic in time with frequency f, it is immediately
clear that the frequency spectrum will consist of lines
at multiples of f,. Two mechanisms for broadening
these lines are apparent: the first is to suppose that the
orbital velocities are themselves random functions of
time while the second is to superimpose a constant
longitudinat drift with velocity Up. In the latter case,
the degree of broadening each line experiences will
depend on the ratio of orbital to drift velocities, wp$ms/
Up. For large values of this ratio the spectrum will
show considerable structure about nwp, (w, = 2xfy),
tending ultimately to the line spectrum found earlier.
We can also distinguish two frequency regimes. For
w — 0 we expect that we can neglect the orbital velocity
with respect to the drift. Then we recover the well-
known case of uniform translation, and the spectra
S\ 3(w) are given by

) 2 w
S13(w) = (A F1,3(7D) ,

(26)

@7

where F, ; are the one-dimensional l(zmgitudinag and
transverse spectra (normalized to {(uj ) and {u%) re-
spectively). In the inertial subrange

18 -
§i =5 CEPUP™?, w<w,  (29)
and S; = 45,.
102 T T T
o'+ ‘
~ ."‘
_:'_ IOO n —._+<H+‘. . -
5 -
T S - b
102k ~. -
v3 i 1 1
© 102 w0 100 10 102
’ 1
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In the other limit, w — oo, the orbital motions dom-
inate, and the situation is more complex. Such motions
“sample” the turbulence periodically in two directions,
and so modulate between the longitudinal and trans-
verse spectra, producing an average.

Asymptotically the spectra are proportional to

Sy13 &~ CePa B3y, 29)-

where o, is the rms wave orbital velocity, and the
constant of proportionality depends on details of the
wave spectrum. Combining the estimates in Eq. (28)
and (29) we find .

NEEXS ( 51)2/3 o
:;(‘0 < ‘vp) - Up )

w, K w,

(30)

Consequently the model outlined above shows that
the shape of the observed turbulent spectra (strong
enhancements at f, and increased spectral densities for
f> f,) does not necessarily imply a direct wave-tur-
bulence interaction in the range of observed frequen-
cies. It also allows estimates of the dissipation rate e
to be made from the observed spectra and measured
values of the drift current.

The effects described here also apply to passively
convected scalars. Consequently, the spectra of tem-
perature fluctuations provide an independent test of
the model. In Fig. 4 we show the turbulent temperature
spectrum from run 1 z = 0.52 m, obtained via linear
filtration, along with the corresponding spectrum of
the longitudinal turbulent velocity, #}. For this case
the temperature gradient (0.03°C m™) is very small
so that the temperature can be regarded as an essentially
passive scalar. In addition the mean temperature
(4.7°C) is near the point of maximum density. As in

 the turbulent velocity spectra there is evidence of a

peak at the wave frequency, although it is much less
pronounced. However, this is to be expected since
temperature fluctuations are simply being advected

10 T T T
o' - -
AT S <+ 4
(1 )
s +"fjﬁﬂf+++
v
< w0t +++ b
A +
1621 + B
+ t
v3 1 i 1
© 02 107 10° 10' 102
1p

FIG. 4. Longitudinal turbulent velocity and turbulent temperature spectra taken from Run 1,
z = (.52 m, normalized to unit area versus frequency. o% = 2.9 m °C is the rms turbulent

temperature and f, is the peak wave frequency.
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past the probe by the wave orbital motion; whereas in
the case of the velocity field there is an additional
orientational modulation between longitudinal and
vertical velocity components.

Since ¢ appears as a free parameter, this model
sidesteps the more fundamental question of the dy-
namical influence of the wave motions on the tur-
bulence. Consequently we consider in the next section
the dependence of both the rms turbulent velocities
and the energy dissipation rate ¢ on wave conditions.

7. The variability of rms turbulent velocities and energy
dissipation in the surface layer of the sea beneath
wind waves

As was mentioned in Section 3, one of the natural
characteristic velocity scales for turbulent motions in
water u, can be estimated from the wind speed since
the drag coefficient is known. In general this estimate
of u, is reasonably well correlated with the measured
values of the Reynolds stress (u}u4)"/? although it con-
sistently underestimates the magnitude. However, s
varies relatively slowly and so we will use it to normalize
the rms turbulent velocities.

The measured values of both horizontal and vertical
rms turbulent velocities, o 3 = (u{’;)'/%, appear in Fig.
5. These data show that the turbulent intensities fall
off roughly exponentially with depth in the first 1.5
meters, while below this the rate of decrease is sub-
stantially smaller. A reasonable fit to the behavior of
ai3 for Z < 1.5 meters is given by

22 = genelob,
U
where k, is the peak wavenumber, k, = w5/g.

The result of a least square fit for the values of the
parameters af 3 and Aj; is summarized in Table 4.
The values of aj ; fluctuate about a mean of ~3 and
are consistently smaller than their counterparts for the
wave motion, a}; =~ 1. We have further investigated
the dependence of A} 3 on various dimensionless ratios
characterizing the sea state. According to the simple
model of the energy balance of turbulence beneath
waves, proposed in P1, we can expect a variation of

i,3 with the nondimensional ratio w,{ms/us, Where
$rms» wp and u, here represent averages over a given
run (see Table 1). The relationship is shown in Fig. 6.
There is no significant difference in the behavior of
A% and A5 within the ranges shown. Taking all of the
points together, a least-square fit is given by:

€3]

Ay = 0.3(%) 127 15<9m o5 (32
u* u*
According to the theory proposed in Pl
‘7’1,3 = u*Al,3(kpzs 0w/ Usx). 33

In the empirical relationship (31) ai; = 1 and thus
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FIG. 5. As in Fig. 2 but for turbulent velocities.

for k,z — 0 (k, — O because z > zp) formulae (33)
yields (see P1)

o3 — u*Aa,s(ﬂ) : (34)
Use

The asymptotic behavior of the function A4, predicted
in P1, is

Ay > for 22—, (35)
Ux

Ay —Biatw g e (36)
Ux Ux

where a; ; and B3, ; are numbers, and can be considered
known from the well documented relationships in the
constant flux surface shear layer. The collection of
such data shows that «; ~ 2.3 and a3 =~ 0.9 (Monin
and Yaglom, 1971 Part 1). Although we do not observe
any difference between 4 and 45 in the range studied,
our data is not inconsistent with the asymptotic values
a3 appropriate to the shear layer.

To find an estimate for the dissipation we have iso-
lated (in the spirit of the model presented in the last
section) seven spectra which show a well-developed
“inertial range”. Since the Reynolds numbers for these
cases are only a few thousand it is not too surprising
that we have only been able to find a small number
of spectra exhibiting an f =% behavior for f < f;. Using
the measured value of the drift velocity Up and the
low frequency form of the spectrum given by equation
(28) (we use C =~ 1.5), we can determine e and sub-
sequently / via the definition ¢ = g¢3/], where g
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TABLE 4. Fit parameters to the normalized longitudinal (1) and
vertical (3) rms turbulent velocities.
% = A} ; exp(—ai :k,z)

*

wpfms
Run g A a A4 a
1 256 9.4 0.82 9.2 1.08
3 15.9 7.6 0.66 7.9 0.82
4 15.0 5.7 0.50 5.9 0.73

= %(a’lz + o%). Fig. 7 shows six normalized low fre-
quency spectra for the horizontal turbulent velocity,
UpS,/lq®, plotted against [f/Up. The reference line
shown has slope —%.

The values of € and / within the topmost meter are
given in Table 5. We find a dissipation rate of order
1 cm? 573 which is two orders of magnitude larger than
the expected value for a constant stress layer. For the
latter case we can estimate
Ui _ -
==~ 102 cm?s73, 37

€
constant KZ
stress

where « = 0.4 is the von Karman constant. Although
such large dissipation is, at first sight, unsettling, the

c0 10 20 30
w;C ue

FI1G. 6. Dependence of the magnitude of the longitudinal (4}) and
vertical (43) rms turbulent velocities, extrapolated to the surface (z
= (), on wave conditions using the exponential parameterization
discussed in Section 7.
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FIG. 7. Six low frequency spectra of the longitudinal turbulent
velocity non-dimensionalized on the drift velocity Up, and dissipation
length scale / versus non-dimensionalized frequency. The closed
symbols denote (symbol, run, depth): (¢, 2, 82), (m, 3, 44), (V, 3,
62), (+, 3, 69), (@, 4, 67), (A, 4, 117). A line with slope —%; has
been drawn for reference.

net dissipation in the layer is still less than the net
energy input from the wind:

f edz < TCon =~ 650 cm? s [runs 3 and 4], (38)

where 7, is the wind stress (see Eq. 19) and ¢, is the
phase speed of waves in the peak of the narrow wave
spectrum. Another concern is that the large values of
e might be a consequence of our use of linear filtration.
However, ¢ has been determined from the low fre-
quency behavior of the turbulent spectra. In this fre-

TABLE 5. Dissipation rates and length scales as determined from
the low frequency portion of the longitudinal turbulent velocity
spectra. )

g* = + )2, Q= ul + w2

z UD q Q g‘ms € 1
Run (cm) (cms™') (cms™') (cms™') (cm) (cm?s73) (cm)
2 82 29 9.0 200 157 4.8 150
© 44 11.0 6.8 13.5 6.8 3.7 83
3 62 10.5 5.7 9.8 6.6 1.7 110
89 12.5 4.1 6.2 6.5 0.7 101
67 9.0 5.3 8.1 62 23 7 66
4 117 8.0 4.3 5.6 6.6 1.2 66
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quency range the wave velocity spectra are an order
of magnitude smaller than the turbulent intensities.
We expect, therefore, that our values of e are not very
sensitive to the filtration procedure.

It is interesting to compare our estimates of the
dissipation rate with those of Dillon (1981). The latter
were obtained from high frequency temperature mea-
surements under comparable wind-wave conditions,
and are for the region 1.5 < z < 6 m. Both the mag-
nitude and depth dependence of the dissipation in this
region are not inconsistent with a constant-stress layer
[Eq. (37)]. Our measurements in the upper 1 m (just
above Dillon’s layer) show a much higher dissipation,
suggesting that in this layer there are sources of tur-
bulence in addition to shear, We consider (in the pres-
ence of stable stratification) that this source of turbulent
energy can come only from the wave motion—either
through breaking or wave-turbulence interaction, such
as we have proposed in P1. The picture that emerges
from these considerations is one of a two layer struc-
ture; the upper layer, with thickness of order 10{;ys,
is a region of intense turbulence generation by waves,
while below this region the more classical notion of a
constant-stress layer is appropriate. Further indication
of a two layer structure can be seen in the plots of rms
turbulent intensity (Fig. 4), in which noticeable flat-
tening is observed below 1.5 m. Finally, we note that
if the turbulent layer of wave influence does not scale
with the rms wave height, then in the presence of ener-
getic wind waves in the open ocean this layer can
extend some tens of meters.

The question then arises, at what scales and due to
what mechanisms is the surface wave energy trans-
formed to turbulent energy beneath wind waves. Ac-
cording to the variability of e determined at frequencies
lower than f, the additional source of energy is at fre-
quencies lower than wave peak frequency. The theory
suggested in P1 shows that the energy flux to turbulence
additional to the mean shear production can be de-
termined by measuring the divergence of the third
mixed moments of the fluctuating velocity field, or
more exactly the divergence of the vertical wave energy
flux due to turbulence, {a2u}). It was also speculated
in P1 that the main contribution to such third moments
must come from frequencies comparable (or even
lower) than the peak wave frequency. Therefore an
attempt was made to estimate the values of <(a§u’3>
and their vertical distribution from this data. However,
a preliminary analysis of the drag sphere measurements
indicated we did not obtain reliable data for the third
moments of the fluctuating velocity field. According
to the theory in P1, part of the contribution to
{o3ub) can be due to the correlation between {? and
u5. Estimates of the values ({?u}) have shown that
in most of the cases the direction of wave energy flux
is downwards, which is consistent with the theory. Es-
timates of the divergence of this flux were too unreliable
to make with the present data. In order to obtain re-
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liable values of {a%u%), or even ({?u}), the observa-
tions must cover a large enough range of frequencies
both above and below the wave peak frequency. This
will require more elaborate experiments in the future.
That is why we decided to limit ourselves here to an
analysis aimed only at demonstrating the presence of
wave-turbulence interactions in the surface layer of
the sea. However it is interesting to note that in run
3, which spans 0.44 < z < 0.89 m, the depth depen-
dence of e is approximated very well by an exponential
in z with a decay constant ~ 3k,. Since the turbulence
varies with depth on length scales comparable to that
of the waves the decay of ¢ with z is consistent with
the simple parameterization of the triple correlation
presented in P1.

8. Comparison with the results of previous measure-
ments of random velocity fluctuations beneath
wind waves

We consider it instructive in this concluding section
of the paper to discuss briefly the results of other mea-
surements and their relation to our results.

There have been, of course, numerous attempts to
make direct measurements of wave-induced (orbital)
velocities in the ocean. Most of them, as for example
the earliest measurements by Shonting (1964, 1968)
and the more recent studies by Thornton and Krapohl
(1974), Cavaleri, Ewing and Smith (1979), dealt only
with a comparison of the observed velocity fluctuations
with the predictions of the linear theory of surface
gravity waves in the range of frequencies corresponding
to the energy-containing components of the wind
waves. The most interesting and controversial result
of such measurements was an indication of the exis-
tence of a downward momentum flux, which was found
in some cases to be even much greater (!) than the
total atmospheric stress. According to the theory pre-
sented in P1, the conservation of the momentum in
the upper ocean in the presence of waves implies (see
Eqgs. 15 and 16 of P1) that

0 auyu,
d f oUndz = —-(p wwd —pu “)
). < > dz ), .
dUa) ’
—\ pluiw) — + oM, =14,
( < > dz 1m0 ¢

where u, and w' are the horizontal and vertical
components of the fluctuating velocity field, M,
= (u,(0)¢) can be considered as wave momentum
[15(0) =~ u;(0)], and 7, is the wind stress at the surface.
It is clear that in statistically homogeneous situations
[Eq. (39) was derived for this case] and during wind-
wave generation conditions where dM, /3t > 0, the
measured correlation between #/, and w’ in the surface
layer (not only at z = Q) cannot exceed the local surface
stress 7,,. Therefore some of the cited measurements
are irrelevant for active wind—wave generation con-
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ditions. Of course, when measured values of

p{u,w"y were comparable with the surface stress 7,4,

the authors attributed this to the effect of turbulence,
without however separating the wave and turbulent
components in the range of scales (frequencies) cor-
responding to the energy containing motions. So the
question of which spectral components of the fluc-
tuating motions were responsible for the downward
momentum flux was not properly resolved in these
studies.

Serious attempts to describe the turbulent motions
in the presence of waves were made by Yefimov and
Khristoforov (1969, 1971a,b). These authors used a
specially devised orbital velocity sensor for the mea-

surement of velocity fluctuations. However, even with

improved frequency response, their velocimeter did
not permit them to estimate the spectral components
of the velocity fluctuations beyond a frequency of 1.0
Hz. The simultaneous measurements of the surface
displacement {(/) and velocity fluctuations w'(z, f)
showed that the coherence v%(w) between them drops
relatively rapidly past a transitional frequency w = w,,
which they chose as y4(w,) ~ 0.25. Therefore Yefimov
and Khristoforov simply considered the high-frequency
{(w > w,) parts of the observed velocity spectra as due

to small-scale, three-dimensional turbulence. They

found the interesting result that the absolute values
of the spectral densities of velocity fluctuations for
w < w, were not noticeably attenuated with increasing
depth, whereas the intensity of turbulence (e.g., spectral
- components with w > w,) was always much smaller
than the wave-induced motions (w < w,). So the at-
tenuation with depth of the intensity of this “small
scale turbulence” was markedly different than for the
wave motions. They also found that the energy level
of the “high frequency small-scale turbulence” in-
creased with increasing wave energy. Yefimov and
Khristoforov attributed this to the dynamic interaction
between turbulence and orbital shear (Kitaigorodskii
1961a,b). In some cases they even saw a peak in the
frequency spectra of the velocity fluctuations at 1 Hz,
but it was too small to be reliable. As was pointed out
in P1 the extraction of wave energy in this manner is
probably insignificant for the overall turbulent energy
budget. The fortunate circumstance in Yefimov and
Khristoforov’s experiment was that the range of scales
and depths covered in their study permitted them,
without separating the velocity field into turbulent and
wave-induced parts, to attribute the disappearance of
coherence at high frequencies to the natural filtration
of the orbital components by exp(—w?z/g). This was
their justification for using the spectral correlation
v% as a tool to isolate those components (w > w,) that
are not related to surface waves and to identify them
as “high-frequency” turbulence. In addition to the fact
that this is a very subjective method, since it depends
on the choice of the cutoff w,, their measurements also
cover an insufficient range of frequencies (0.5 < f
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< 1 Hz) from which to determine a possible dynamical
source of the surface layer turbulence. For example
shear produced turbulence, usually with frequencies
smaller than the peak wave frequency f,, was not mea-
sured at all and the accuracy of their measurements
did not allow them to see the modulation of the back-
ground turbulence by waves.

Measurements of the low-frequency part of the
spectrum of velocity fluctuations (f < 10" Hz) in the
upper mixed layer were recently analyzed by Jones
and Kenney (1977). They concluded that such data
can be scaled reasonably well with the similarity vari-
ables for the constant flux layer, i.e. on friction velocity
uy and depth z. They interpreted this to indicate the
presence of shear-generated turbulence occupying a
frequency band between inertial oscillations and sur-
face wave-induced motions. But they did not discuss
the possibility of an additional energy input to the
turbulence, even though their observed spectra have
a noticeably different form at frequencies f < 1072 Hz.

We can thus summarize this discussion by stating
that the spectra presented in this paper are the first
reliable information about upper-layer turbulence in
the presence of waves, and their shape can be explained
to first order as ‘“frozen” inertial-range turbulence
modulated by surface waves. Moreover the results of
this study clearly show that the turbulent energy in
the frequency band 1072 Hz < f < 10 Hz, as well as
the turbulent energy dissipation, cannot be explained
solely within the framework of similarity theory for
the inner (constant flux) layer and that the transfor-
mation of wave energy into turbulence must also be
considered. It is for future experimental studies to shed
light on the questions of how, and in what range of
scales, this mechanism works.
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