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Turbulence spectra from the viscous sublayer and
buffer layer at the ocean floor
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An experiment conducted on the Oregon continental shelf has provided measurements
of velocity fluctuations in the viscous sublayer and buffer layer of the boundary-layer
flow. Spectra from the viscous sublayer collapse considerably when scaled as
suggested by Bakewell & Lumley (1967), and buffer-layer spectra collapse reasonably
well with laboratory spectra when the scaling customarily used in the logarithmic
layer is applied. However, in spite of the usefulness of the spectral scaling, the scaled
sublayer and buffer-layer spectra from the ocean floor fall below the scaled laboratory
spectra in the energy-containing portion of the spectrum, perhaps because the sea
floor is not perfectly planar.

1. Introduction

One assumption often made in the study of boundary-layer turbulence is that
measurements of mean and fluctuating quantities can be reduced to ‘universal forms’
when non-dimensionalized by characteristic length and velocity scales (Monin &
Yaglom 1971, chap. 3). In earlier studies (Caldwell & Chriss 1979 ; Chriss & Caldwell
1983) we examined the hypothesis that the mean flow near the viscous sublayer of
the bottom boundary layer on the Oregon continental shelf can be described as a
universally similar, neutrally buoyant boundary-layer flow on a smooth wall. We
concluded that, although the thickness of the viscous sublayer scales with v/u, as
required by the coneept of universal similarity, the scaling was not exact and the flow
very near the bed is not quite as simple as smooth-walled flows in the laboratory.
(Here u, is the friction velocity and v is the kinematic viscosity.) Nevertheless, in
view of the many possible differences in circumstances (such as upstream conditions,
freestream conditions, surface roughness or undulations, and temporal variability),
the degree of agreement with laboratory studies is rather remarkable.

In this paper, we examine velocity spectra from a similar experiment in order to
evaluate the hypothesis that spectra from the viscous sublayer and buffer layer of
smooth-walled laboratory and geophysical flows can be reduced to universal forms
by suitable non-dintensionalization. In addition, we examine the hypothesis that the
gradient of non-dimensional velocity fluctuations in the viscous sublayer at the ocean
floor is the same as in the laboratory.

t Present address: Department of Oceanography, Dalhousie University, Halifax, Nova Scotia,
Canada B3H 4J1.
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2. The experiment

The experiment was carried out on 9-10 June 1979 in 185 m water depth at
45° 20" N on the Oregon continental shelf. The surface sediment is a silty sand (Runge
1966). The data were obtained from profiling heated-thermistor velocity sensors
mounted on a 2 m high tripod placed on the sea floor. A digital data-acquisition
system on the tripod sampled each thermistor once every 2 s. Additional instru-
mentation on the platform included temperature sensors, a Savonius rotor and a
time-lapse cirie camera which monitored the condition of the sensors.

Current was supplied to each thermistor to heat it approximately 20 °C above the
water temperature. The temperature of a heated-thermistor sensor depends on the
power dissipated in it and on the heat transferred away from the probe by the
surrounding fluid. Because the calibration is a function of the water temperature and
the orientation of the flow with respect to the thermistor, each thermistor was
post-calibrated at the temperatures and flow directions observed during the experi-
ment, by towing it in a 1 m radius annular channel. The power dissipated in the
thermistor per unit change in temperature was related to the flow velocity by

P/AT = a+bUV, )

where P is the power dissipated in the thermistor, AT is its temperature rise, U is the
flow velocity, and @,b and N are experimentally determined. Inversion of this
relationship allows the determination of current speed from values of P/AT computed
from the output of the circuit (Caldwell & Dillon 1981). With this procedure, current
speed can be determined with better than 0.1 em s accuracy in the laboratory. The
water temperature varied only a few millidegrees while the data for a spectrum were
being taken, so temperature contamination was not significant. The frequency
response of these thermistors as velocity sensors has not been determined, but the
same thermistors (Thermometrics Inc. Series FP14) have a —3 db point of 7 Hz when
used as temperature sensors (Dillon & Caldwell 1980). Thus the frequency response
of the velocity sensors was at least 7 Hz, far higher than necessary to resolve the
Nyquist frequency, 0.25 Hz. The heated thermistors were used to determine the
current speed only. Current direction was indicated by a small stationary vane.

The heated thermistors were mounted on a profiling arm carried up and down by
a crank-and-piston mechanism driven by an underwater motor. The profiler
mechanism was mounted 0.5 m outside one of the tripod legs, assuring unobstructed
flow through an arc of 300°. Only periods of unobstructed flow were chosen for
analysis. The profiling period was 213 min. The total vertical travel of the sensors
was 6 cm. To ensure that the thermistors penetrated the viscous sublayer (at most
a few cm thick), we allowed the thermistors to penetrate the sediment at the bottom
of each profile. Their vertical position was determined within 0.03 em by a
potentiometer connected to the profiler motor. The position of the sediment—water
interface was taken to be the zero-velocity intercept of the (linear) velocity profile
within the viscous sublayer.

Although temperature microstructuredata wasnotobtained during thisexperiment,
profiles from a freely falling microstructure profiler at other times during the same
cruise (Newberger & Caldwell 1981) indicate that the bottom few metres were within
a few millidegrees of isothermal. The salinity gradient was not measured, but Caldwell
(1978) found that, when the bottom layer was nearly isothermal, salinity variations
were less than 0.002 parts per thousand and thus below the resolutions of the best
instrumentation.
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3. Data analysis

Two heated thermistors were separated horizontally by 11 em and offset approx-
imately 0.5 cm in the vertical. They penetrated the sediment by 4.5 and 5 cm, so we
have current measurements from the lowest 1.5 cm of the water column. Based on
the friction velocities uy = (7,/p)}, which ranged from 0.15 to 0.36 cm s™1, the sensor
positions at the top of the profile corresponded to non-dimensional distances
(y* = yuy/v, where y is the height above the boundary) from y* = 9 to y* = 29. Each
traverse from the top of the profile to the boundary took 2200 s. Because of the
crank-and-piston mechanism, traverse speeds were slowest in the top millimetre of
the profile (2.1 x 107* cm s™!) and most rapid near the sediment (1.2 x 107 em s71). At
these speeds it required 400-700 s for the sensors to traverse from y* = 0 to y* = 6.
Figure 1 shows typical time series in the viscous sublayer and in the buffer layer.

For each upward or downward traverse, a mean profile for the viscous sublayer
was constructed by averaging the velocity measurements over 0.05 cm thick vertical
intervals (figure 2). The shear in the sublayer was then used to compute the bed stress
7, by

To=pro—_, @)

where p and v are the density and kinematic viscosity of the fluid.

4. Spectra from the viscous sublayer

Given the magnitude of the mean flow and estimates of the typical magnitude of
vertical and cross-stream velocity fluctuations in the viscous sublayer and buffer layer
of laboratory flows (see e.g. Eckelmann 1974), it can be shown that, because of the
nature of the vector addition process, the sensor responds almost exclusively to
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Fiaure 2. Typical mean-velocity profile. The straight line represents a
linear fit to the data in the viscous sublayer.

streamwise fluctuations. At most a few percent of the energy is due to cross-stream
contributions.

Ideally, spectra for the viscous sublayer would be computed over long periods with
yt fixed. But, because of the self-contained nature of the instrumentation, the sensor
positions could not be adjusted after the tripod left the deck of the ship. Because
of this inability to set the position of the sensors precisely with respect to the
boundary (owing to tripod settling, etc.) and because of the need to determine the
shear in the sublayer (to obtain u,) we allowed the sensors to move slowly through
the sublayer hoping that this slow change of y* would not seriously influence the
spectra. If the scaling suggested by Bakewell & Lumley (1967) is applicable then the
shapes of the sublayer spectra (determined from the slowly moving sensor) should
not differ from those from a fixed sensor.

Spectra were computed for seventeen 128-point series from the linear portion of
the velocity profile. During the 256 s over which the spectra were computed, the
sensor moved 0.2-0.3 em, a y* change of 2—4. Prior to spectral analysis, the series
were detrended to remove the effect of the velocity gradient. Power spectral densities
SD (f) defined by

u’zzroSD(f)df (3)
0

were computed using a fast-Fourier-transform algorithm. In (3), «’ is the r.m.s. value
of the streamwise velocity fluctuation. After computation, the raw estimates were
band-averaged, with more estimates being included in the bands at higher
frequencies.

Typical sublayer spectra are shown in figure 3. Bakewell & Lumley (1967) and Ueda
& Hinze (1975) present spectra from the viscous sublayer of laboratory flows in which
the fluids and the flow conditions were significantly different from those in the ocean.
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Ficure 3. Typical spectra from the viscous sublayer: X, u, =0.28 cms™, y* =4.6; @,
uy = 0.28 em s7L, yt = 3.6. Confidence intervals are the same as those shown in figure 4.

Bakewell & Lumley’s are from turublent pipe flow of glycerol (v = 2.18 cm?® ™),
whereas the Ueda & Hinze data come from a wind tunnel (v = 0.151 em? s™). The
friction velocities were 50 and 39.1 cm s™! respectively. The unscaled spectra from
these studies are quite different from ours (figure 4). (Computational errors apparently
crept into the spectral plots presented in both laboratory studies. Bakewell &
Lumley’s spectra integrate to 2n times the variance determined from other figures
in their paper, while those of Ueda & Hinze integrate to 76 times the variance. We
have adjusted the spectral densities of the two laboratory studies by dividing by 2n
and 76 respectively.)

Bakewell & Lumley propose that sublayer spectra can be reduced to a single curve
if frequencies w = 2rf are non-dimensionalized by v/« and spectral densities arc
non-dimensionalized by wy®. Their spectra for three different y* within the sublayer
are collapsed by this scaling to a single curve. Because uy and v were not varied in
Bakewell & Lumley’s experiment, the collapse of their spectra to a single curve does
not imply that the scaling of frequency is correct. A test of the frequency scaling
requires data from flows in which v/«% varies significantly. Based on the viscosity
of seawater (0.015 cm? s7') and the range of u, in our experiment, v/, is up to 470
times larger than in Bakewell & Lumley’s experiment and up to 11000 times larger
than in the Ueda & Hinze experiment. The spectra from the three experiments thus
furnish an excellent opportunity to test the scaling proposed by Bakewell & Lumley.

Before applying the proposed scaling, consider the effect of sensor motion on the
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Fieure 4. Sublayer spectra from our study (at left) plotted with sublayer spectra from the
laboratory studies of Bakewell & Lumley (1967) and Ueda & Hinze (1975). The Bakewell & Lumley
spectra are for y* = 1.25 (x) and y* =5 (O). The Ueda & Hinze spectrum (@) is for y+ = 3.
Confidence limits shown for our spectra are 959, confidence limits assuming a chi-square
distribution (Bath 1974). Symbols and flow conditions for our spectra are given in table 1. Where
several symbols coincide, one or more have occasionally been deleted for clarity.

Uy
Symbol Data interval (em/s) yt
¥ 1 0.36 5.0
X 16 0.27 5.1
+ 2 0.26 6.0
o 4 0.29 5.5
(] 17 0.24 5.7
o 6 0.26 6.6
H 8 0.19 4.8
L ] 15 0.30 6.0
0 12 0.15 5.6
X 3 0.28 4.6
X 10 0.17 5.3
O 7 0.26 2.7
JaN 13 0.17 3.7
O 11 0.15 3.3
< 5 0.19 3.7
X 9 0.17 3.6
o 14 0.17 4.0

TaBLE 1. Flow conditions for ocean floor spectra presented in figure 4. Note that the symbols are
ordered vertically in the same sequence that they appear in the lowest frequency estimate of
figure 4.
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F16URE 5. Scaled sublayer spectra from Bakewell & Lumley (1967) and Ueda & Hinze (1975).
Symbols are the same as in figure 4.

computed spectrum. If u, is constant and the scaling proposed by Bakewell & Lumley
holds, then for fixed v and u, the non-dimensional spectral density SD = SD (w)/y%w
depends only on the non-dimensional frequency &= wv/v%. Thus, with fixed v and
1y, the dimensional spectral density SD (w) at dimensional frequency w should equal
¢(w) y*, where c(w) is a proportionality constant depending only on w. A sensor moving
at a constant velocity from y = y, to y = y, observes a spectral density at frequency
w given by

Ye
SD (w) = (yz—yl)‘lf c(w)y* dy, (4)
41
which is equivalent to c{w) y2, where y, is given by
o _ Y2 W 5
STl @

So, if the scaling proposed by Bakewell & Lumley is valid, the sp.:ctrum calculated
from a time series obtained from a sensor that moves from y, to y, should be identical
with the spectrum that would have been obtained from a fixed sensor at y, (providing
that the time series had first been detrended to remove the variance resulting from
moving through a mean velocity gradient). We have used the lowest and highest
positions of the thermistor during the series to calculate y, for non-dimensionalizing
our spectra.

In figures 5 and 6 we present scaled versions of the spectra of figure 4. Although
the result is not perfect, the scaling does collapse the spectra considerably. Much of
the scatter at the low-frequency end of our data may reflect the fact that each point
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Ficure 6. Scaled spectra from our study together with those of the two laboratory studies. In
this figure all laboratory points are shown by solid circles.
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Fiaure 7. Ensemble-averaged spectrum from our study (M) plotted with the laboratory spectra (Q).
The spectral estimate for the lowest frequency is based on only one data point in the averaging
band and therefore is not as well determined as the other estimates. The horizontal arrows delimit
the energy-containing range of the laboratory spectra.
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represents only a single spectral estimate. Ensemble-averaged spectra (figure 7)
compare very well with the laboratory spectra except within the non-dimensional
frequency range 0.01-0.08 where our spectra show slightly less energy.

We tried a Kolmogoroff scaling in which the timescale is v/4% and the lengthscale
is v/uy. Under this scaling the dimensionless frequency is wv/u%, as in the Bakewell-
Lumley scaling, but the dimensionless spectral density is SD/v. The points from the
various studies collapsed pretty well in frequency, of course, but not nearly as well
in the SD-axis. Therefore y appears to be the significant lengthscale for y+ < 7.

The agreement of the non-dimensional spectra from the three experiments (figure
7) is strong support for the validity of the scaling proposed by Bakewell & Lumley.
Despite the potentially greater complexity of the geophysical boundary-layer flow,
the viscous sublayer at the ocean floor behaves substantially like its laboratory
counterpart in this respect.

5. The vertical structure of the streamwise velocity fluctuations in the
viscous sublayer

A number of laboratory studies have examined the dependence of the r.m.s.
streamwise velocity fluctuation «’ on y* (Eckelmann 1974 ; Mitchell & Hanratty 1966
Hanratty 1967; Ueda & Hinze 1975; Kreplin & Eckelmann 1979). The laboratory
data suggest that w’/u, is roughly proportional to y* between y* = 1 and y* = 5, but
the value of the proportionality constant varies from study to study. Mitchell &
Hanratty (1966) summarize early determinations (Laufer 1951, 1954; Klebanoff
1954), which show a large variability (from 0.21 to 0.44), but more recent determin-
ations (Comte-Bellot 1965; Mitchell & Hanratty 1966; Bakewell & Lumley 1967;
Hanratty, Chorn & Hatziarramidis 1977; Ueda & Hinze 1975; Eckelmann 1974 ;
Kreplin & Eckelmann 1979) typically yield values between 0.30 and 0.38. Kreplin
& Eckelmann suggest that the value of the ‘constant’ varies with y* and decreases
from 0.38 at y* = 4.5 to 0.32 at y* = 1.5. In contrast with the above results, which
suggest no obvious influence of Reynolds number, Coantic (1967) indicates that
uw /ugy’ decreased from 0.31 to 0.21 as the Reynolds number in his experiments was
increased from 50000 to 450000. Using flush-mounted hot-film wall sensors,
Eckelmann (1974), Kreplin & Eckelmann (1979), and Sreenivasan & Antonia (1977)
obtained estimates of 0.24-0.25 for the limiting value of the constant at the wall,
although Py (1973) and Fortuna & Hanratty (1971), using electrochemical wall-stress
sensors, obtained 0.3 at the wall. Because the limiting value of the constant is
approximately equal to the ratio of the r.m.s. fluctuating wall stress to the mean wall
stress {Eckelmann 1974), its value may be relevant to sediment-transport studies.

We have determined u’ for each of the 128-point sublayer time series. For the 17
series u’/u, y* is 0.20+0.03 (standard deviation). To resolve 99 % of the variance in
Bakewell & Lumley’s sublayer spectrum, the spectra must include the non-dimensional
frequency band from 4.6 x 107 to 4.2 x 107*. Although our ensemble average spans
this energy-containing band (figure 7), each individual 128-point spectrum does not.
Depending on the value of u,, each 128-point spectrum missed predominantly cither
the high-frequency or the low-frequency end of the energy-containing range. Given
the largest and smallest non-dimensional frequencies resolved in each spectrum, we
find that the individual spectra would have resolved from 76 % to 90 %, of the energy
in the Bakewell & Lumley spectrum. Thus the ratio " /u, y* calculated from our data
is likely to be too low. After using the Bakewell & Lumley spectrum to correct for
these effects, u'/u .y becomes 0.21 + 0.03. Even after correction, our sublayer spectra
contain less energy than expected from laboratory results.
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Fieure 8. Typical buffer-layer spectra from our study (M, usx =0.19cms™, y*=19; +,
Uy = 0.26 cm s7, y* = 29) plotted with laboratory buffer-layer spectra of Bakewell & Lumley
(y* =20, [J) and Ueda & Hinze (y* = 21, @). Confidence limits not shown are the same as for the
highest frequency estimate of our study.

6. Spectra from the buffer layer

The buffer-layer spectra were computed for five 256-point series, selected so that
the sensor was within the top millimetre of the traverse and y* was greater than 18.
For these intervals y* varied from 18 to 29, depending on u,. With the very slow
traverse speeds at the top of the profile, the sensors moved only 1-1.2 non-dimensional
units during the 512 s over which a spectrum was computed. Laboratory data suggest
little change in the turbulence structure over this distance, so the profiler motion
should not influence the buffer-layer spectra. To remove the effect of any trend in
mean velocity, the series were detrended before analysis.

Figure 8 shows two representative buffer-layer spectra (y* = 19 and y* = 29) from
our study, along with buffer-layer spectra (y* = 20 and y* = 21) from Bakewell &
Lumley (1967) and Ueda & Hinze (1975). To our knowledge no spectral scaling has
been proposed for buffer-layer velocity spectra. Because u’/u, varies by no more than
309% between y* = 18 and y* = 30 (Bakewell & Lumley 1967 ; Kreplin & Eckelmann
1979; Ueda & Hinze 1975), Bakewell & Lumley’s spectral scaling for the viscous
sublayer (which depends strongly on y?) cannot work for buffer layer spectra, so we
sought another scaling. In the logarithmic layer of atmospheric and laboratory flows,
it is common to non-dimensionalize the frequency axis by y/Ul(y) (where U(y) is the
mean velocity) and to non-dimensionalize the spectral densities by u2/w. We have
applied this scaling to the two sets of laboratory data (figure 9). Rather than dividing
the spectral density by u%/w as is commonly done, we have divided by %2, &/w, where
@ is the non-dimensional frequency. This non-dimensionalization is not fundamentally
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Figurke 9. Scaled versions of the laboratory buffer-layer spectra shown in
figure 8. Symbols are the same as in figure 8.

different, but has the advantage that the shape of the scaled and unscaled spectra
remain the same. Except for the lowest frequencies, the proposed scaling does collapse
the laboratory data to a single curve. It should be noted that, because the two sets
of laboratory data have substantially the same y*, we cannot argue that the proposed
scaling is independent of y*. Since the Reynolds numbers of the two laboratory
experiments differed by an order of magnitude, it appears that the scaling does not
depend strongly on Reynolds number in this range.

One difficulty in applying the proposed scaling to our spectra is that, because we
cannot measure the shear in the sublayer when the sensors are in the buffer layer,
we lack u, measurements simultaneous with the buffer-layer spectra. A stationary
Savonius rotor on the platform indicates that the ‘mean’ flow was not always
constant between the time the sensors were in the sublayer and the time they were
at the top of the profile. We have therefore estimated u, from the current speeds
determined by the rotor in the logarithmic layer. In doing so, we have assumed the
commonly accepted value of 11.6 for the non-dimensional sublayer thickness §+ even
though an earlier study (Chriss & Caldwell 1983) indicates that 6* may vary from
this value in the marine environment. (Because of the profiling scheme, determinations
of 8% were not possible in the present study.) Chriss & Caldwell (1983) show that u,
determinations based on log layer velocities and the assumption that 6t = 11.6 may
differ by as much as 30 %, from u, values determined from sublayer data. Thus using
the rotor to estimate %, may introduce some error into the non-dimensional spectra.

In figure 10 we present scaled versions of our buffer-layer spectra (18 < y* < 29)
along with those from the two laboratory studies. Comparing with figure 8, one can
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see that the scaling is relatively successful, particularly considering the uncertainties
in the u, estimates for our spectra. The shape of our ensemble-averaged spectrum
(figure 11) is similar to those from the laboratory except that both curs and that of
Ueda & Hinze (1975) show a slightly more extensive —1 power-law range than does
the spectrum of Bakewell & Lumley (1967).

7. Discussion

Although the proposed spectral scaling works reasonably well in both the viscous
sublayer and the buffer layer, the spectra from the ocean floor fall below the
laboratory spectra in the energy-contaning portion of the non-dimensional frequency
band (figures 7 and 11). (The horizontal arrows in these figures delimit the frequency
band that contains 80 °{ of the variance of the streamwise velocity fluctuations in
the laboratory data.) Although the fact that our non-dimensional buffer-layer spectra
fall below the laboratory spectra may be caused by errors in estimating wu,, it is also
possivle that the deviations from the laboratory spectra may reflect real differences
in the flows.

One possible explanation is that the laboratory spectra may be Reynolds-number
dependent, as suggested by Coantic (1967). It is difficult to compute a Reynolds
number for our experiment because our highest measurements were in the logarithmic
layer (within a metre of the seabed) and thus we have no measurement of the
boundary-layer thickness or the freestream velocity. However, if we use the thickness
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Fi6Ure 11. Ensemble-averaged buffer-layer spectrum from our study () plotted with laboratory
buffer-layer spectra (O). The horizontal arrows delimit the energy-containing range of the
laboratory spectra.

(5-10 m) of the bottom mixed layer (Newberger & Caldwell 1981 ; Caldwell 1978) to
estimate the boundary-layer thickness, and take the freestream velocity to be
approximately 30u,, the Reynolds number would be approximately 250000-500000
for typical u, values (0.25 cm/s) in our experiment. Thus, if we accept Coantic’s
finding that »'/u4y* is Reynolds-number dependent, our finding of u’/u,y* = 0.21
is not unreasonable.

One difficulty with this explanation is that we are aware of only three investigations
in which «’/u, y* has been measured at very high Reynolds number, and these studies
do not agree about the Reynolds-number dependence. Laufer (1954) conducted
turbulent-pipe-flow experiments at Re = 50000 and 500000 and found no Reynolds-
number dependence. Comte-Bellot (1965) measured «’/u, y* in a turbulent channel
flow at three Reynolds numbers from 57000 to 230000 and also found no Reynolds-
number dependence. Thus the systematic decrease from 0.31 to 0.21 found by Coantic
(1967) as the Reynolds number was increased from 50000 to 450000 is somewhat
puzzling. The Reynolds-number dependence found by Coantic may be related to
spatial averaging by his hot-wire anemometers. In a recent study, Blackwelder &
Haritonidis (1983) demonstrate that the non-dimensional wire length (I* = lu,/v)
strongly influences the mean burst frequency detected by hot-wire probes in the
near-wall region. They conclude that when I* is larger than 20 significant spatial
averaging of the spanwise ‘streaky’ structure of the wall layer occurs, such that the
measured burst frequency is reduced as I is increased. Laboratory studies of bursting
in smooth-walled turbulent boundary layers suggest that 65-85 9, of the variance of
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streamwise velocity fluctuations may be contributed during bursting events (Kim,
Kline & Reynolds 1971 ; Zaric 1974), so it is likely that measurements of u’/u, y* in
the viscous sublayer may also depend on I*. Although Blackwelder & Haritonidis
(1983) do not discuss this dependence explicitly, they mention that their u” values
(at y* = 15) were typically smaller when measured with longer wires than with
shorter wires.

The above findings suggest that the apparent Reynolds-number dependence in
Coantic’s data may be caused by the increase in [t with increasing freestream
velocity. His wire length was 0.2 cm (Coantic, personal communication). Inferring
u, from data in Coantic (1966), we estimate that [T increased from 16 to 160 as the
Reynolds number increased from 50000 to 450000. In contrast, the wire length used
for the Re = 500000 measurement of Laufer (1954) was 0.025 cm (I* = 18) (Laufer,
personal communication) while the wire length used for the sublayer ¥’ measurements
of Comte-Bellot (1965) was 0.04 cm, yielding It = 36 at Ee = 230000 (Comte-Bellot,
personal communication). Thus it appears likely that Coantic’s apparent Reynolds-
number dependence of u’/u, y* was caused by the increased spatial averaging of his
sensors as I* increased from 16 to 160, but that I* in the high-Reynolds-number
measurements of Laufer and Comte-Bellot was still sufficiently small that spatial
averaging did not significantly influence their measurements.

Because there is some reason to doubt the Reynolds-number dependence of
Coantic’s 4’ /uy y* data, it is unreasonable to attribute the differences between our
scaled spectra and those of Bakewell & Lumley (1967) and Ueda & Hinze (1975) to
the higher-Reynolds-number range of our field experiment. Furthermore, while the
diameter of our heated thermistor bead (0.02 ¢cm) is similar to the hot-wire lengths
in the above experiments, the non-dimensional bead diameter du,/v was less than
0.5, so it is highly unlikely that spatial averaging influenced our measurements.

If the mean period 7;, of the ‘bursting’ scales with the freestream velocity U, and
the boundary-layer thickness & as suggested by Rao, Narasimha & Badri Narayanan
(1971), the reason for the differences between the scaled laboratory and field spectra
may be that the mean burst period (7}, & 58/U ) corresponds to significantly different
non-dimensional frequencies (& = wv/u.2) in the field and in the laboratory. The recent
study by Blackwelder & Haritonidis (1983), however, demonstrates fairly con-
vineingly that 7}, in fact scales with v/} and that the findings of Rao et al. were due
to the averaging effects of their sensor. If we assume that the scaling of burst period
with v/u? applies as well to our geophysical flow, then we are forced to dismiss this
explanation for the differences between our scaled spectra and those of the laboratory
studies.

The lack of complete agreement between the scaled laboratory spectra and those
of our study may be related to the fact that, although a viscous sublayer is present
at the ocean floor, the boundary between the fluid and the underlying sediment is
unlikely to be perfectly flat. Data from another experiment at the same location
(Chriss & Caldwell 1983) indicate that the non-dimensional thickness of the viscous
sublayer was far more variable than observed in laboratory flows over perfectly smooth
walls. Analysis of data from laboratory experiments (Antonia & Luxton 1972;
Andreopoulos & Wood 1982; Mulhearn 1978; Chen & Roberson 1974) suggests that
this variability may have been related to upstream changes of surface roughness or
the presence of distributed roughness elements. These laboratory data indicate that
the near-bed flow adjusts very slowly to upstream roughness changes and that profiles
in the field may be influenced by roughness effects several metres to tens of metres
upstream. The time-lapse cifie camera on the tripod did obtain low-quality photographs
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of the seabed, but because the lighting was optimized for monitoring the condition
of the sensors and because the field of view was restricted to approximately 1 m?,
the photographs supply little information about upstream conditions. Bottom
photographs along the 200 m isobath 65 km south of the studied area (Chriss &
Caldwell 1982) indicate the presence of sea urchins and biogenic sediment mounds
from a few ¢m to more than 15 cm high, so roughness effects may have influenced
the near-bed spectra. A recent study of the response of atmospheric boundary-layer
spectra to changes of terrain (Panofsky ef al. 1982) indicates that the low-frequency
portion of spectra from within internal boundary layers adjusts far more slowly to
new boundary conditions than does the high-frequency portion of the spectra; thus
the high-frequency portions of the spectrum may be in equilibrium with local
conditions, while the low-frequency portion may still reflect upstream conditions. If
sublayer and buffer-layer spectra from disturbed smooth-wall boundary layers
behave similarly to the logarithmic-layer spectra studied by Panofsky et al. then the
differences in the shape of our spectra and those of the laboratory may be attributable
to upstream topographic changes. To the best of our knowledge, however, sublayer
spectral data are not available from disturbed smooth-wall boundary layers, so we
cannot evaluate the influence of upstream conditions. It appears that the only
relevant sublayer information is the single laboratory %" profile of Mulhearn (1978),
from which one can calculate u’/u, y* = 0.37 approximately 25000 /u, downstream
of a rough-to-smooth transition. Although this suggests that scaled spectra from
perturbed smooth-wall boundary layers may contain somewhat more, rather than
less, energy than scaled smooth-wall spectra, we cannot conclude from this single
measurement that upstream-roughness effects will always increase the energy in the
scaled sublayer spectra. Sublayer spectra from laboratory boundary layers with
roughness distributions more typical of the sea floor are required for further
exploration of this point.

8. Conclusions

Spectra of velocity fluctuations have been determined for the first time in the
viscous sublayer and buffer layer of a geophysical boundary-layer flow. The spectral
scaling proposed by Bakewell & Lumley (1967) for the viscous sublayer considerably
collapses the sublayer speetra from this flow and several laboratory fiows. Buffer-layer
spectra from y* = 18 to y* = 29 collapse reasonably well with laboratory spectra
(y* ~ 20) when frequencies are scaled by U(y)/y and spectral densities are scaled by
u$ &/w, where @ is the non-dimensional frequency given by wy/U(y).

Although this scaling is moderately effective, the non-dimensional spectral densities
of the geophysical sublayer and buffer-layer spectra fall below the laboratory spectra
in the energy-containing range. This observation could be explained by Reynolds-
number effects observed by Coantic (1967), but interpretation of recent work by
Blackwelder & Haritonidis (1983) suggests that the Reynolds-number dependence of
Coantic’s data may be an artifact caused by the spatial averaging of his sensors, and
that scaled spectra from high-Reynolds-number flows do not necessarily contain less
energy than spectra from lower-Reynolds-number experiments.

Alternatively, the lack of complete agreement of our spectra with the scaled
laboratory spectra may be due to the fact that the ocean floor is not perfectly planar.
Detailed sublayer measurements in disturbed smooth-walled laboratory boundary
layers, as well as detailed information on upstream micro-topography in the field,
may be required for the unambiguous interpretation of near-bed spectra.
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