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ABSTRACT
The 3-dimensional field of water motion in a natural estuary has been measured at a depth
of r m below the surface. Resulting Fourier transforms of the 3-component records of water
velocities at r m have been compared with Fourier transforms of the depth-attenuated surface-wave velocity record--obtained from a direct measurement of the surface-wave field.
The energy dissipation, calculated by usi ng the energy spectra obtained at r m, was compared with the energy dissipation in the wave field at depth. Directional properties of the
field of wa ter velocities at r m have been compared with the observed wind direction and
axis-alignment relationships.

Introduction. During the Spring of 1967, records of the vector water veloci ty in the Patuxent estuary (38 ° 24'51"N. 76°35'05") were obtained with
a 3-axes Doppler shift (acoustic) meter that is capable of recording velocity
fluctuations having frequencies greater than I Hz. One 25-minute record
was obtained at a depth of I m below the surface. Simultaneously, a capacitance
wave probe obtained a record of the sea-surface displacement. In addition, surface-to-bottom density profiles (Fig. I) as well as the wind speed and direction
were measured when the current record was being obtained (Fig. 2). The
sensors were mounted on a fixed tower in the estuary and their signals were
recorded on a barge nearby (Fig. 3).
Fourier Transform of the Record of Surface-wave Motion. Wind direction
and speed were measured with a cup-and-vane anemometer mounted 8.o m
above the sea surface. Fig. 2 shows the traces for the 25-minute period. The
wind direction varied between I08°T and 120° T, the wind speed between 3
r. Accepted for publication and submitted to press 4 February 1971.
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and 7 m/sec. The waves generated by this wind at the point of observation
were fetch limited; the distance from the shore to the position of the wave
probe was about 2 km. Fig. 4 shows the Fourier transform of the record of
surface-wave motion generated
by the wind in the range 0.257
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Figure I. Vertical density profiles at 1610 and
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below 0.45 Hz.
Due to the convection of the field of waves past the wave probe as a result of
tidal motion, there is a shift in the observed frequencies that is dependent upon
the magnitude of the tidal velocities. This shift can be calculated with the
following assumption (St. Denis and Pierson 1953):

2:rcf U
t:,f = - - - Cos a,
2

g

where t:,f is the amount of frequency shift, f is the nonconvected frequency,
U is the convection velocity ( 14 cm/sec), and a is the angle between the di rec-
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Figure 3. Vertical cross section of the river channel at Parker's Wharf, Patuxent Estuary.

tion of travel of the wave component and the direction of the tidal velocity
(9 °). At 0.75 Hz, the shift is 0.05 Hz, or about 6.7%; the shift would be
larger at higher frequencies. The transforms presented here are not corrected.
Surface-wave Induced ft'elocities. The complete small-amplitude surfacewave equations were used to calculate the amplitudes of the rectilinear components of the orbital velocities at the surface and at several depths (Kinsman
1965). These are:

u' = (A)(2nf)(Cosh 2nk(z+D))/(Sinh 2nkD),
w' = (A')(2nf)(Sinh 2nk(z +D))/(Sinh 2nkD),
where u' is the amplitude of the horizontal component of the orbital velocity,
w' is the amplitude of the vertical component, k = 1/L, z is the depth, and D
is the depth to the bottom (in this case, I 2.3 m). The main density gradient,
which had an average depth of
, .0 - - - - - - - - - - - - - - - 4.5 m, has only a slight effect
on the surface-wave field and is
not considered here. The Fourier
transforms for the component
wave-induced u' and w' velocity
records at the surface and at
- 1.0
0.5 m, 1.0 m, and 1.5 m are
w
given in Fig. 5. The attenuation of velocities at I m varies
to.,
>
by I o 4 in the range of frequencies shown.
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F igure 4 . Fourier transform of surface-wave record .

Doppler-meter Energy-density
Spectra at One Meter. The velocity data points are averages
over successive intervals of 0.05
seconds, so that a 25-minute
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Figure 5. Attenuation with depth of the Fourier transform of the computed su rface-wave velocity
reco rd.

record consists of three sets of 28,592 values. The raw data for each
component (set) were first butt-averaged in groups of four, and the full set of
power-spectral lines was computed for the reduced 7 148-point record. Since
the variable is velocity, the power spectrum is, in this case, proportional to
the kinetic energy and may be referred to as an energy spectrum. Since each
estimate in the frequency space can be considered as representing an average
value of kinetic energy over a finite interval in frequ ency space (6 / = 1/6 T,
where 6 Tis the sampling interval in time), then a square root of this estimate can be considered as the average value of velocity over the same finite
interval in frequency space. The spectral estimates were averaged by groups
of 32 in order to smooth the spectra. All of the spectra were scaled to units
of energy per unit band width (cm 2 /sec2 )/ Hz.
The directly observed water-velocity field at a depth of I m is a composite
of wave-induced, turbulent, and mean velocities. So that the portion of the
measured velocity field that is caused by the surface-wave condition can be
compared with the velocity field calculated for a depth of I m (using the Fourier
transform of the surface-wave record), a separation between the various parts
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of the observed energy spectra (Fig. 6) has to be made. Since frequencies greater
than 0.2 Hz are being considered, the energy arising from the mean motion
(mainly tidal at a frequency of 0.2 x 10-5 Hz) is minimal. The primary separation is between the energy attributable to turbulence and that attributable to
the surface-wave motion. This separation can be made if it is assumed that the
turbulent energy spectra follow J- 5 l 3 power laws over the frequency range
0.257 Hz to 1.56 Hz. This power law has been observed often in spectra
obtained below the level of the wave motion.
For a stationary homogeneous isotropic field of turbulence, dimensional reasoning suggests that, at these Reynolds Numbers and over this range of frequencies, the dependence in wave-number space should be x- 5 /3 (x = 2:n/ L);
but in frequency space it should be a-• (a= 2:n/T). Thus observations, which
demonstrate an J- 5 / 3 variation, appear to be in conflict. However, the measurements were made in a turbulent fluid that had a convection velocity relative to
the sensors. If the space structure of the turbulence were independent of time,
then the sensors, which measure in time, would in fact be recording the space
structure as it is swept past them. To the extent that the components of the
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turbulence are changing in time, the probes report a time structure. Thus
records such as these, which are made with a single-point sensor that is fixed
relative to the earth while the field of turbulence is convected past them at some
mean velocity, are hybrids of space and time rather than pure time records.
Very slow convection velocities yield a frequency space while rapid convection velocities yield primarily a wave-number space. A determination of "slow"
and "fast" in this context requires a knowledge of the decay times of the turbulence components. The traditional criterion for such determinations is the
ratio of the rms turbulent fluctuation velocity to the mean convection velocity
(Taylor's criterion). With some reservations, it can be said that this lends plausibility to the notion that we are dealing in the present instance with more of a
wave-number space than of a frequency space, i.e., [/ = 14.1 cm/sec, u' 2 ' 12 =
0.02 cm/sec over a small band of frequencies centered at/ = 0.03383 Hz. Thus
the power law appropriate for wave-number space would seem more likely to
apply than the power law for frequency space. However, a detailed study of the
effects of convective velocities upon the power spectra at high frequencies is
necessary in order to be certain that the J-5/3 dependence, often found experi-
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mentally, is in fact due to large convection velocities (Seitz 1964). The J- 5 / 3
trends, which were removed from the energy spectra, were passed through the
points
f = 0.03 383 Hz,
The energy spectra for the total field of energy (turbulent energy plus waveind uced energy) are given in Figs. 6 and 7; the residual energy spectra (not
shown), with the turbulent-energy background removed, were used to compute
Fo uri er transforms of the records of turbulent velocities at a depth of I m
(assumed to be due to surface-wave motion). See Figs. 8, 9 .
The Fourier transforms of the records of water velocities that were calculated from the surface-wave measu rements for 0.9 m and I .o m are also shown
in Figs. 8 and 9. There is close agreement between the observed Fouri er transforms of velocities recorded at I m and the Fourier transforms of the record of

Seitz: Measurement of Water f'elocities at One Meter

1 47

o.1oo r - - - - -- - - - - - - -- - - -- - ----,

0.05 0

..

0 .010

...

0 . 00 5

·-...
,............--9 0 cm
I

• • •

W

00 cm

( DOPPLER )

0 . 001

0.1

0 .5

I
FREOU ENCY

I Hz)

F igu re 9. Fourier transforms, at a depth of Im, of observed (do ts) and computed (lines) vertical watervelocity records.

depth-attenuated surface- wave velocities. The vertical velocities measured with
the meter have a much lower system noise level than does the horizontalvelocity measurement, due primarily to the orientation of the transmitter and
receivers in the D oppler shift meter. Th is is reflected in a much closer agreement between the vertical transforms (Fig. 9) than in the horizontal transforms
(Fig. 8), particularly at the higher frequencies.
There are several sources of erro r that have a bearing on the results shown
in Figs. 8 and 9. Initially the depth of the D oppler meter was set 1 0 to 15
minutes prior to the actual measurement, for an accuracy of plus or minus
several centimeters. The tidal rise during the interval of time from the beginning to the end of the record was greater than 2 cm, so that a total error in
depth could total as much as 4 cm. In addition , there is a lack of agreement
between the two sets of measu rements at low frequenci es; apparently this is due
to the presence of noise in the surface- wave-probe system.
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Energy Dissipation. Energy dissipation (e) can be found for an isotropic field
of turbulent energy when a minus 5/ 3-power-law relationship holds, if the
following spectral relationship is assumed:

where C = 1.44 and the wave number "= 2nff 0. If the J- 5 / 3 power-law
trends found in the previous section are used, then the level of energy dissipation (e,), which is appropriate for the background field of turbulent energy per
gram of fluid, is 0.001 cm 2 /sec 3•
Since the energy dissipation due to the surface-gravity waves (ew) varies with
depth, it is useful to deal with a vertically integrated quantity (Ew), which
represents the energy dissipation in any vertical column of fluid extending to
a depth z beneath any square centimeter of the wave surface :
0

Ew =

-

Jewdz.
- ,;

This integral, for the surface gravity waves, is:

Ew = - 2(µ/e) [ A 2 xa 2 e- 2 "

" ]:"'

whereµ is the viscosity of the water (o.o 13 g cm-' sec 1 ), e is the water density,
z is the depth, and .A, x, and a are the peak amplitude, wave number, and
frequency, respectively, for the Fourier transform of the surface-wave record.
Ew for an unlimited depth is o. 150 cm3/sec3 ; all but 10% of this entire vertically integrated energy dissipation occurs in the first 50 cm of depth. The
average energy dissipation per gram of fluid (ew) in the depth interval from 50
to 100 cm is 0.0003 cm 2 /sec3 ; this is about 0.33 of the level of the turbulent
energy dissipation that was found at I m. H ow large an effect this surface-wave
energy dissipation has upon the background turbulent-energy spectra at I m
cannot be determined from these Doppler-meter energy spectra because of the
presence of noise at high frequencies. However, an increase in the level of
background turbulent energy is expected at frequencies beyond the range of
wave motion.

Axis Alignments. Cospectral estimates, obtained in the three planes of
motion, were summed over the range of frequencies where the wave moti on
occurs-from 0.35 Hz to 1.1 Hz. Similar sums of the three components of
energy were obtained. Then the three angles of rotation were determined, as
is required to bring about a coincidence between the instrument axes and the
orientation of the principle axes of the motion of the fluid. The angles of rotation are:
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The resulting angles of rotation are:

a
Wave energy range

3°33'·

Angle ix represents the angular deviation between the longitudinal axis of the
Doppler meter and the direction of maximum energy in the horizontal plane;
ix = 2° 29'. The observed deviation of mean wind direction, 114°T, from
the direction of the longitudinal component axis of the instrument, 123°T,
or about -9°. The accuracy of our angular measurements was no better
than ± 1°.
A further calculation, using the same cross products and component energies, yielded an estimate of the degree of long-crestedness of the wave field that
exists in the three planes of motion (Nagata 1964):
•

Yr=
J

+ u2)
- ((u2i - u2j )2 + 4 ;;-;;2)1/2
j
ij
(u2i + u2)
+
((u2
u2)2
+
4
u
u 2)1/2
j
i
j
ij

( u2i

The three values of y* that were calculated are:

This parameter approaches zero for a very long-crested field of waves, and it
approaches I if the wave energy is distributed randomly with respect to direction. Thus any quantity that is direction dependent, such as the orientation
of the principle axes of the energy distribution in space, is easily measured
when long-crestedness exists (y* small) and is meaningless when there is no
long crestedness (y* large). These measurements of y* indicate that there is a
large amount of directionality in the (uv) and (vw) planes.
Conclusions. The direct measurement of the three components of velocity
at I m below the surface in the Patuxent E stuary yielded energy spectra that
could be separated into two parts: Part (i) is due to the background turbulent
energy, and part (ii) is due to a surface-wave induced field of velocities. Comparison of the Fourier transforms of part (ii) (longitudinal and vertical components) with Fourier transforms of a computed record of depth-attenuated
surface-wave velocities shows a very close agreement. From this it seems reasonable to conclude that, in naturally occurring turbulent regimes, the velocity
field at depths that are subject to wave action may be usefully described as a
sum of the turbulent velocity field of motion and the surface-wave induced
field of motion.
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