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Universal Similarity and the Thickness of the Viscous Sublayer 
at the Ocean Floor 

T. M. ellRISS ! AND D. R. CALDWELL 

School of Oceanography, Oregon State University 

Experiments conducted on the Oregon continental shelf in June 1979 indicate that the boundary layer 
flow at the seafloor was hydrodynamically smooth. Fine-resolution velocity profiles are used to test the 
assumption that the flow behaved like a universally similar, neutrally buoyant flow over a smooth wall. 
The non-dimensional thickness of the viscous sublayer is far more variable than has been observed in 
laboratory studies over perfectly smooth walls. This variability may conceivably be related to upstream 
changes of surface roughness or to the presence of distributed roughness elements. Laboratory results 
indicate that the near-bed flow adjusts extremely slowly to upstream roughness changes and suggests 
that flow near the sublayer in the ocean may be influenced by roughness changes as far as tens of meters 
upstream. 

INTRODUCTION 

The simplest model that might describe the flow near the 
seabed is provided by laboratory studies of neutrally stratified 
turbulent boundary layers [Monin and Yaglorn, 1971; Town- 
send, 1976; Yaglorn, 1979]. This model is especially appealing 
because universal similarity applies to these flows; experi- 
mental results, when expressed in the appropriate nondimen- 
sional forms, are independent of flow conditions and fluid 
properties. In particular, profiles of mean velocity become 
"universal" when velocities and distances from the boundary 
are appropriately nondimensionalized. 

In an earlier paper [Caldwell and Chriss, 1979], we demon- 
strated the existence of a viscous sublayer in the near-bed flow 
on the Oregon shelf. A more detailed examination of ad- 
ditional data from that experiment revealed a "kink" in the 
velocity profiles 11-15 cm above the bed. We concluded that 
the flow above the kink was significantly influenced by form 
drag due to topographic irregularities [Chriss and Caldwell, 
1982]. Although the flow was "hydrodynamically smooth" in 
the sense that a viscous sublayer was always present, the true 
bed stress (computed from the velocity profile in the viscous 
sublayer) was several times smaller than the stress computed 
from the portion of the velocity profile influenced by form 
drag. A subsequent experiment (June 1979) again confirmed 
the existence of a viscous sublayer. Although the profiling 
sensors sampled only the lowermost few centimeters of the 
boundary layer, independently measured currents 59 cm 
above the bed agree very well with those predicted from the 
sublayer data and a constant stress assumption, suggesting 
that form drag effects were insignificant during this later ex- 
periment. We might, then, picture the near-bed flow as closely 
resembling laboratory flow over a smooth wall, but perturbed 
in some locations by the effects of small-scale topography. 

Because the data from June 1979 show no measurable influ- 

ence of topographic irregularities, we use them here to exam- 
ine the hypothesis that, in the absence of such influence, the 
flow can be appropriately described as a universally similar, 
neutrally buoyant boundary layer flow on a smooth wall. 
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Data gathered during that experiment will be used to test the 
applicability of the assumptions that lead to the conventional 
equations for such flows. This question is far from academic. 
Papers dealing with sediment transport and boundary layer 
processes [e.g., Bowden, 1978; Wirnbush and Munk, 1971; 
Komar, 1976] often cite equations which imply that, if a vis- 
cous sublayer exists, the flow behaves like a universally simi- 
lar, neutrally buoyant flow over a smooth wall. 

THEORETICAL BACKGROUND 

The development of Monin and Yaglorn [1971, chapter 3] is 
recast slightly here to emphasize the significance of the viscous 
sublayer. Given a sublayer in which the molecular viscosity, v, 
dominates the vertical transport of momentum, the stress at 
the wall, Zo, is given by 

% = •v (•U/•z) (1) 

where p is the density of the fluid and • is the mean velocity 
at a distance z from the wall. Defining the friction velocity by 

u, = Co/p) '/2 (2) 

integrating (1) yields, for the profile in the sublayer, 

U(z) = u,2z/v (3) 

In the overlying turbulent logarithmic layer, the shear is given 
by 

c3(ln z) 
- u,/k (4) 

which defines von Karman's constant, k. Integrating (4), we 
obtain 

U(z) = (u,/k)In (z) + C (5) 

where C is a constant of integration. Defining the sublayer 
thickness, rS, by the intersection of the extrapolated sublayer 
profile (3) and the logarithmic velocity profile (5), we obtain 

U,2(•/¾--(u,/k) In (rS) + C (6) 

Therefore C is explicitly a function of rS' 

C -- u,2(•/¾ - (u,/k) In r5 (7) 

Thus for the logarithmic portion of the turbulent boundary 
layer, 

U(z) = (u,/k) In (z/•5) + u,2•5/v (8) 
6403 
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Fig. 1. Theoretical mean velocity profile for a logarithmic layer 
overlying a viscous sublayer. A logarithmic scale has been used for 
the distance from the boundary. 

This form of the logarithmic profile equation demonstrates 
that the mean velocity in the logarithmic layer above a 
smooth wall depends not only on u, but also on 6 (Figure 1). 

Defining the nondimensional distance from the wall, z +, the 
nondimensional sublayer thickness, 6 +, and a nondimensional 
mean velocity, U +, by z/(v/u,), 6/(v/u,), and U/u,, respectively, 
equation (8) becomes 

U + = (l/k) In (z +/g +) + g + (9) 

If k and • + are "universal constants," this equation defines the 
logarithmic portion of all neutrally buoyant turbulent 
boundary-layer flows over a smooth wall. 

It is important to clarify the relationship between (9) and 
the commonly cited nondimensional equation [Monin and 
Yaglom, 1971, pp. 276--277], 

U + =Alnz + +B (10) 

Comparison of (9) and (10) demonstrates that B is related to 
/i + by 

B = -A In (rS +) + r5 + (11) 

In laboratory studies of flows over smooth walls without 
roughness changes, A and B do not vary significantly with 
fluid properties or flow conditions, thus lending support to 
universal similarity [Monin and Yaglom, 1971, p. 277]. The 
most reliable data [Monin and Yaglom, 1971' Yaglom, 1979] 
indicate that A is close to 2.5 (corresponding to avon 
Karman's constant of 0.4) and that B is between 5 and 5.5. 
(Although various investigators cite slightly different values 
for A and B, the differences are small and are usually at- 
tributed to measurement errors or to differences in the ob- 

served z + ranges.) It should be clear from (11) that universal 
similarity requires that the nondimensional sublayer thickness 
•+ is constant and that its value lie• between 11 and 11.6 

(corresponding to B = 5-5.5). Because the difference between 
•5 + = 11•1 and •5 + = 11.6 corresponds to a change of at most 
2% in U(z), the difference between these two values is not 
significant, so we will refer to the laboratory •+ as 11.1. We 
emphasize that this value, like equation (11), is based on oper- 
ationally defining the sublayer thickness by the intersection of 
the extrapolated linear and logarithmic profiles. Thus •+ in- 

cludes not only the "true" viscous sublayer (the linear velocity 
profile region) but also a portion of the "buffer" region, in 
which molecular viscosity and turbulence both contribute to 
the vertical momentum transport. Although some authors 
define the sublayer thickness by the linear region alone, our 
definition has the advantage that it can be directly related to 
the constant B in the logarithmic layer equation. Furthermore, 
because determination of the highest linear point is strongly 
influenced by the vertical sampling interval and measurement 
error, estimated nondimensional thicknesses in laboratory ex- 
periments show more variability when defined by the linear 
profiles. For universal similarity to hold, the nondimensional 
thickness of the viscous sublayer, defined in either way, must 
be constant [Monin and Yaglom, 1971]. Data presented later 
in this paper demonstrate that our conclusions regarding 
variability of • + are independent of our choice of definition. 

Not all flows over smooth walls obey universal similarity. 
For example, the "constant" B in (10) may be larger than 25 in 
some smooth-walled boundary layer flows of polymer solu- 
tions [Huang, 1974]. In wind tunnel studies by Antonia and 
Luxton [1972], Mulhearn [1978], and Andreopoulos and Wood 
[1982], boundary layer flows adjusted very slowly to changes 
from rough to smooth surfaces. The "constant" B in equation 
(10) may be as large as 15 near the change of roughness, and 
tens of boundary layer thicknesses downstream it may still be 
as large as 7. 

EXPERIMENT 

The experiment was carried out June 5-13, 1979, on the 
90-m and 185-m isobaths along 45ø20'N on the Oregon shelf. 
The surface sediment at the 90 m station is a fine sand, 
whereas at 185 m it is silty sand [Runge, 1966]. A roughness 
Reynolds number, u,d/v, based on the maximum particle di- 
ameter (d = 0.007 cm), the largest u, (0.48 cm/s), and the kin- 
ematic viscosity (0.015 cme/s), is 0.22, well below 5, the upper 
limit for hydrodynamically smooth flow [Schlichting, 1968]. A 
time-lapse motion picture camera, mounted on the instrumen- 
ted tripod to monitor the condition of the sensors, showed no 
bedforms likely to influence the near-bed flow. However, be- 
cause of the relatively poor quality and restricted field of view 
(•1 m e) of the photographs, the absence of such features in 
the photos is inconclusive. The velocity data were obtained 
from profiling heated-thermistor sensors mounted on the 2-m- 
high tripod. Most data (24 mean velocity profiles) come from 
two deployments at the 185-m station. Four additional pro- 
files were obtained during one deployment at the 90-m station. 
A data acquisition system on the tripod sampled each thermis- 
tor at an interval set between 2 s and 4 s, depending on the 
deployment duration, 1-3 days. Additional instrumentation 
included profiling and stationary temperature sensors, a Sa- 
vonius rotor, a 25-cm path-length beam transmissometer, and 
a high-resolution pressure transducer. 

Each thermistor (Thermometrics Inc. series FP14) consisted 
of a 0.02-cm-diameter thermistor bead sealed in the tip of a 
0.2-cm-diameter, 1.2-cm-long glass rod. This rod was epoxied 
to the end of a 0.4-cm-diameter, 9-cm-long piece of hypoder- 
mic tubing attached to the profiling mechanism. Current was 
supplied to each heated thermistor to heat it approximately 
20øC above the water temperature. The temperature difference 
between the thermistor and the water depends on the power 
dissipated and on the rate of removal of heat by the water 
flow. Because the calibration is a function of both the water 

temperature and the orientation of the flow with respect to the 
thermistor, each thermistor was postcalibrated at the temper- 
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atures and flow directions observed during the experiment. 
Calibrations were performed by towing in a 1-m radius annu- 
lar channel. The power dissipated in the thermistor per unit 
change in temperature was related to the flow velocity by 

P/AT = a + bU N (12) 

where P is the power dissipated in the thermistor, AT is its 
temperature rise, U is the speed, and a, b, and N are experi- 
mentally determined. Inversion of this formula allows the cal- 
culation of speed from measurements of P/A T computed from 
the output of a bridge circuit [Caldwell and Dillon, 1981]. By 
using (12) with empirically determined a, b, and N, speed can 
be determined within 0.1 cm/s in the laboratory. No changes 
in calibration were observed for sensors calibrated both before 

and after field deployments. The heated thermistors measure 
speed only, flow direction being determined (to within 5 ø) by a 
small vane. 

The heated thermistors were 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 
tripod leg, assuring unobstructed flow through an arc of 300 ø . 
Only cases of unobstructed flow were chosen for analysis. The 
profiling period was set at either 57 or 566 s. The vertical 
travel was 6 cm. To ensure that the thermistors penetrated the 
viscous sublayer, we allowed the thermistors to penetrate the 
sediment (in some cases as much as 4 cm). Because the lighting 
and resolution of the Super-8 camera system were inadequate 
to define details in the area where the thermistors penetrated 
the sediment, there is no direct information on the extend to 
which the penetration disturbed the interface. However, be- 
cause the sensor diameter was very small, we believe that the 
resulting disturbance did not affect the measurements. The 
agreement of the heated thermistor profile with Savonius 
rotor measurements supports this assumption and suggests 
that the effects of sensor fouling were insignificant (see Dis- 
cussion section). 

The vertical position of the thermistors was determined (to 
within 0.03 cm) from the output of a potentiometer connected 
to the profiler motor. The position of the sediment-water 
interface (for each mean velocity profile) was taken to be the 
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Fig. 2. Typical mean velocity profile for the June 1979 experi- 
ment. The lowermost straight line represents a linear fit to the points 
in the viscous sublayer, whereas the uppermost line represents a fit to 
the points in the lower portion of the logarithmic layer. 
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Fig. 3. Same data as in Figure 2 but with a logarithmic scale for the 
distance above the sediment. 

zero-velocity intercept of the linear velocity profile in the vis- 
cous sublayer. The calculated current velocity does not de- 
crease exactly to zero within the sediment, but instead be- 
comes constant at 0.1-0.4 cm/s, depending on the particular 
sensor. This happens because the velocity calibrations for 
water are not valid in the sediment, which has different ther- 
mal properties. The variance of the signal drops nearly to zero 
at the intercept, confirming it as the position of the sediment- 
water interface. 

Because the profiling mechanism had its own referencing 
"foot," its vertical position was relatively constant in spite of 
potential tripod settling. Nevertheless, the calculated position 
of the zero-velocity intercept sometimes increases slightly 
(typically by less than 0.1 cm) from one data interval to the 
next, suggesting that some minor settling of the profiler "foot" 
may have occurred. Because the mean velocity data for each 
of the studied intervals is referenced to the position of the 
zero-velocity intercept for the same interval, the effect of set- 
tling on the sublayer data is negligible. 

The Savonius rotor was calibrated in the tow facility at the 
Bonneville Dam laboratory of the U.S. Army Corps of En- 
gineers. The standard error of the calibration equation is 0.3 
cm/s, and the rotor threshold is approximately 2.0 cm/s. 

ANALYSIS 

Mean velocity profiles were constructed by averaging over 
periods 9-132 min long, each period containing multiple trav- 
erses. With the exception of a few short (10-21 min) intervals 
in which the flow was accelerating or decelerating 
(0.002 < IOU/Otl < 0.012 cm s-e), the studied intervals were 
chosen for steadiness of speed and direction. The lower por- 
tion of each traverse was divided into segments 0.1 cm thick 
for averaging, and the mean for each segment was determined 
by averaging all measurements within it during the repeated 
traverses. In a typical averaged profile (Figure 2), the linear 
profile just above the sediment demonstrates the existence of a 
viscous sublayer. A semilogarithmic plot (Figure 3) shows that 
the upper section of the profile looks like a logarithmic layer. 
(In the logarithmic layer, velocities were averaged over 0.3 
cm.) The shear in the sublayer was determined by linear re- 
gression, and the bed stress and the friction velocity were 
computed by using (1) and (2). 
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Fig. 4. The thickness of the viscous sublayer plotted versus the 
ratio of the kinematic viscosity to the friction velocity. The solid line 
represents the expected relationship for a nondimensional sublayer 
thickness equal to 11.1. Broken lines represent nondimensional sub- 
layer thicknesses equal to 8.3, 9.3, 12.9, and 14.0, respectively. 

Sensors sometimes malfunctioned (due to seawater leakage) 
or were broken during recovery. We allowed for these contin- 
gencies by using several sensors and always recovered at least 
one functioning sensor for postcalibration. Comparison of 
profiles from two thermistors separated horizontally by 11 cm 
during one of the 185-m deployments shows close agreement 
in six of ten intervals, the average difference between u, values 
being only 3%. The four remaining intervals show an average 
difference of 25%. Although these four profiles do not agree in 
the sublayer, they agree very well above, suggesting that the 
differences may reflect real differences in the near-bed flow 
rather than sensor malfunction. If the differences were caused 

by sensor malfunction, the malfunctions must have been epi- 
sodic, for these intervals are bounded by others in which the 
two sensors agree closely. The differences in the flow could 
have been the result of tiny topographic irregularities, their 
influence being limited to flow from certain directions. Be- 
cause our photography is inadequate to show such features 
and because the only arguments favoring sensor malfunction 
are that the two sensors do not agree, the data from both 
sensors were used when they differed. Inclusion of data from 
both sensors does not significantly affect the conclusions of 
this paper. 

Estimation of yon Karman's Constant 

Given u, (from the sublayer profile) and the shear in the 
logarithmic layer, (4) can be solved for k. Because the traverse 
was limited to 6 cm to increase resolution in the viscous sub- 

layer, and because the thermistors penetrated the sediment at 
the bottom of the profile, enough of the logarithmic layer was 
not always covered for accurate determination of the shear 
(and hence k) by using heated-thermistor data alone. There- 
fore we determined the log layer shear from the difference 
between the mean velocity at the top of the traverse and the 
mean velocity from the Savonius rotor, the center of which 
was approximately 59 cm above the sediment. For the 23 
profiles in which the rotor was above threshold, k is 
0.43 + 0.05 (95% confidence interval for the mean). This com- 
pares well with other estimates, including 0.419 + 0.013 from a 
turbulent Ekman layer in the laboratory [Caldwell et al., 
1972], 0.41 + 0.025 from a summary of atmospheric estimates 
[Garratt, 1977] and 0.40 + 0.01 from recent marine estimates 
[Soulsby and Dyer, 1981]. Several types of errors may influ- 

ence our estimate of k. Because of potential tripod settling 
and/or irregular microtopography surrounding the tripod, the 
effective location of the rotor may not have been exactly at 59 
cm above the mean position of the sediment. Having no evi- 
dence of either effect, we simply note that, for these data, k 
changes only by 1.5% for each 3-cm error in the effective rotor 
position. Based on the physical nature of the sediment, we feel 
that tripod settling in excess of 2-3 cm was unlikely and thus 
that a "corrected" estimate of k would be no less than 0.42. 

(Even a very large tripod "settling" of 10 cm would reduce our 
estimate only to 0.41). For typical conditions (u, • 0.25 cm/s), 
an error of 0.4 cm/s in the measured rotor velocity results in 
an error of 0.07 in k. Considering the standard error of the 
rotor calibration (0.3 cm/s), the error bounds (+0.05) on our 
estimate are not surprising. Some suggestions in the discussion 
section, if correct, make our estimate of k somewhat uncertain. 

The Thickness of the Viscous Sublayer 

One of the implications of universal similarity is that the 
nondimensional sublayer thickness, 3 +, is constant. We have 
determined the thickness of the viscous sublayer from 28 mean 
velocity profiles. When the thermistor data did not encompass 
enough of the logarithmic layer to determine the log layer 
shear accurately, (4) was used with k -0.4 to extrapolate the 
velocity at the top of the heated thermistor profile downward 
in order to determine the log-linear intercept. We have used 
the accepted value of k = 0.4 for subsequent computations 
because this value is within the error bounds for our estimate. 

Use of the measured value, k = 0.43, in calculations of • + and 
U (59 cm) would change the calculated quantities by only 
+ 1% and -3%, respectively, changes insignificant with re- 
spect to other potential errors. By this procedure, 3 + values 
are determined from heated thermistor data alone, and so are 

independent of the rotor data. A plot of $ against v/u, (Figure 
4) shows that $ does scale with v/u,, but not perfectly. Rather 
than lying between 11 and 12 as in laboratory studies, 3 + 
varies from 8 to 20. 

DISCUSSION 

The variability in 3 + suggests some questions: 
1. Does the scatter (Figure 4) reflect true variation or ex- 

perimental error .9 
2. If the variations are real, are they caused by small-scale, 

local irregularities of the seabed ? 
3. What is the effect of a variable 3 + on the flow above? 

The most significant errors are probably caused by the sam- 
pling scheme. The close agreement of predeployment and 
postdeployment calibrations, as well as the agreement of u, 
values calculated independently from two sensors, makes 
serious calibration drift unlikely, and the use of single profiling 
sensors to determine the profiles (and hence 3+) eliminates 
intercalibration errors. This advantage of using a single profil- 
ing sensor is somewhat offset, however, by the sampling error 
which results from the lack of continuous sampling at each 
elevation. Although each sensor was sampled every few sec- 
onds, the samples at any given elevation occurred far less 
frequently, the exact timing being determined by the profiling 
period and the position within the profile. (Because of the 
crank-and-piston nature of the profiling mechanism, the 
number of samples and the timing of these samples varie s with 
the position in the profile.) If the flow has significant varia- 
bility on time scales shorter than the interval between suc- 
cessive samples at a given height, the calculated mean velocity 
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may differ from the mean which would have been measured 
by sampling continuously at that elevation. 

A sampling error analysis (appendix) was performed by 
taking data from another experiment during which the sensors 
remained almost stationary within the viscous sublayer and 
buffer layer (and for which continuous time series are avail- 
able) and then subsampling by using the profiler periods and 
sampling scheme used to collect the data reported in this 
paper. This analysis suggests that, if •5 + for the "true" velocity 
profile were 11.1, sampling error would result in approxi- 
mately one •+ measurement in twenty being smaller than 8.3 
or larger than 14.0. The bounds of 8.3 and 14.0 are conserva- 
tive because they are calculated assuming the simultaneous 
occurrence of two types of errors which may be uncorrelated. 
More realistic estimates are 9.3 and 12.9. The number of •+ 

measurements outside even the conservative limits (Figure 4) 
is far greater than would be expected if • + were always 11.1 
and if all deviations from this value were the result of sam- 

pling error. Therefore deviation of the measured •5 + values 
from the laboratory value cannot be attributed to sampling 
error alone. 

The conclusion that the measured variations in • + are real 

is supported by a comparison of the mean velocities deter- 
mined by the Savonius rotor 59 cm above the sediment with 
the velocities at 59 cm expected based on sublayer measure- 
ments alone. We first evaluate the hypothesis that the varia- 
bility in •5 + is due to error in determining •5, the true value of 
•+ being 11.1. By using u, for each time interval and the 
assumption that •5 + - 11.1, we have used (8) to calculate the 
expected mean velocity at 59 cm for each interval, taking 
k -0.4. The calculated and measured velocities do not agree 
very well (Figure 5). The agreement is markedly improved if 
the measured •5 + values are used (Figure 6). The observation 
that a variable •+ yields better agreement than a constant •+ 
again suggests that • + is truly not constant and that the scat- 
ter in Figure 4 is not primarily due to experimental error. 

The fact that the u, and •5 values used in (8)came entirely 
from heated thermistors and yet closely predict the rotor ve- 
locities is evidence for the quality of the heated thermistor 
data. This agreement also suggests that form drag does not 
measurably influence the flow in the lowest 59 cm. The 
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Fig. 5. The velocity at 59 cm determined by the Savonius rotor 
versus that calculated from the friction velocity determined in the 
viscous sublayer with the assumption of a nondimensional sublayer 
thickness of 11.1. The straight line indicates a 1:1 relationship be- 
tween measured and calculated velocities. 
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Fig. 6. The velocity at 59 cm determined by the Savonius rotor 
versus that calculated by using the measured values of the friction 
velocity and the sublayer thickness in equation (8). The straight line 
indicates a 1:1 relationship between the measured and calculated ve- 
locities. 

average difference between the rotor-derived velocities and 
those calculated from the heated thermistors is only 0.5 cm/s, 
not much larger than the standard error of the rotor calibra- 
tion (0.3 cm/s). Since the Savonius rotor was separated hori- 
zontally from the thermistors by 1.3 m, the measured u, and 
•5 + values must represent the average flow conditions over 
several square meters (or more) of the seabed, rather than 
merely reflecting local influences. 

As a further test, we use the u, values from the sublayer to 
calculate the • + required according to (8) to predict the rotor 
velocity. If the deviations of the measured • + values from a 
constant value were caused by experimental error or very 
small scale irregularities, the "required" and measured •5 + 
values should be uncorrelated. On the other hand, if the mea- 
sured thicknesses represent near-bed flow conditions over a 
horizontal scale of several meters, then there should be a sig- 
nificant correlation. A plot of the "required" and measured •5 + 
values shows a definite relationship (Figure 7). Testing the 
hypothesis that these variables are uncorrelated is equivalent 
to testing the hypothesis that a regression line through the 
points in Figure 7 would have a slope of zero. Results of a 
statistical analysis using the t test [Draper and Smith, 1966] 
indicate that this hypothesis can be rejected at the 99.9% 
confidence level. This supports our conclusions that • + is not 
constant at the ocean floor and that most of the variability in 
6 + is not the result of local small-scale irregularities, but 
rather reflects flow variability extending over horizontal scales 
of several meters. 

Are deviations from the "universal velocity profile" (10) sig- 
nificantly greater than the deviations of typical laboratory 
data? Figure 8 is a standard nondimensional plot of our mean 
velocity profiles. The line U + - z + (for the linear profile in the 
viscous sublayer) and the line U + -2.5 In z + + 5.1 (for the 
"universal velocity profile" in the logarithmic layer) have been 
included for reference. The scaling implied by universal simi- 
larity fails to collapse our data on the "universal profile." 
Comparison with Figure 9 (reprinted from Monin and Yaglom 
[1971]) demonstrates that deviations from the "universal pro- 
file" are much larger than the deviations in the eleven labora- 
tory investigations reported by Monin and Yaglom. 

When a different symbol is used to identify each of the 
profiles upon which Figure 8 is based, it becomes obvious 
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Fig. 7. The measured nondimensional sublayer thickness versus 
the sublayer thickness "required" to predict the measured rotor veloc- 
ity (at 59 cm), given the friction velocity from the sublayer measure- 
ments. The error bars indicate the change in the "required" nondi- 
mensional sublayer thickness which would be caused by an error of 
0.3 cm/s in the measured rotor velocity. 

(Figure 10) that the deviations from the "universal profile" are 
not due to measurement error, but rather to variations in 6 + 
The slope of the profiles is consistent, however, with A • 2.5 
(that is, with k • 0.4). Not only does 6 + (as we have oper- 
ationally defined it) vary (Figure 10), but so does a nondimen- 
sional sublayer thickness defined by the linear velocity profile 
alone. Thus it is clear that our conclusion (that 6 + is not 
constant) does not depend upon any particular definition of 
6 + ' 

For completeness, we note that velocity profile data from a 
recent laboratory study of a smooth-walled turbulent bound- 
ary layer [Blackwelder and Haritonidis, 1983, Figure 2] show a 
degree of scatter in the logarithmic layer which is not tremen- 
dously different than that of our Figure 10. Although individ- 
ual mean velocity profiles are not identified in their figure, the 
scatter in the log layer data is not inconsistent with that ex- 
pected from (9) if 6 + is allowed to vary from approximately 13 
to 16 (assuming k = 0.4). Because the above range of 6 + esti- 
mates (together with potential sampling errors) appears ade- 
quate to explain most of the 6 + variability observed in our 
study, we feel that these data deserve further comment. Al- 
though the emphasis of their study was on the "bursting" 
phenomenon and not on the form of the mean velocity profile, 
the authors draw attention to the atypically large U + values 
in the logarithmic region as well as to the large scatter in these 
values. They suggest that the reason for these observations is 
related to the fact that the u, values used to nondimensiona- 
lize the velocity profiles were derived from the velocity gradi- 
ent in the viscous sublayer, rather than from the slope of the 
logarithmic profile. They further note that U,,og (derived from 
the logarithmic profile, apparently assuming k = 0.41) was 
typically 15% larger than U,visc (derived from the sublayer). 
Although generalization of these results might suggest that 
logarithmic velocity profiles nondimensionalized by U,visc will 
deviate significantly from U+= 2.5 In z + + 5.1, data from 
other experiments (see, for example, Bakewell and Lumley 
[1967, Figure 1]; Wallace et al. [1972, Figure 1]) do not show 
this effect. Furthermore, these data seem to be consistent with 

the assumption that U,,o• = U,vi•c. Because it appears that gen- 

eralization of the Blackwelder and Haritonidis velocity profile 
data to other boundary layer experiments may yield erroneous 
results, and because we have no evidence that U,,og is larger 
than U,vi• • in our study, we feel that other explanations for our 
5 + variability should be explored. 

What are the consequences of this variability of 6 +? Com- 
putations of shear stress, based on a single log-layer sensor 
and the assumption that 5 + = 11.1, will overestimate the true 
stress if 5 + is larger (equation (8)). This is also true for calcula- 
tions using (10) with B = 5.1. With our data, differences be- 
tween the true stress and that calculated from the rotor veloci- 

ty assuming B = 5.1 (5 + = 11.1) are as large as 60% of the 
true stress. 

While our experiments are, to our knowledge, the only stud- 
ies in which velocity measurements have been made within the 
viscous sublayer of a geophysical flow, several other experi- 
ments also suggest that 5 + may vary. Csanady [1974] summa- 
rized the results of experiments by Portman [1960] and $hep- 
pard et al. [1972] in which wind velocity profiles over lakes 
indicated that Zo was significantly less than expected for a 
universally similar, neutrally buoyant flow. Equating [Y(z)= 
(u,/k) In (Z/Zo) with (8), it is clear that for smooth flow, the 
so-called roughness length Zo is simply a function of the thick- 
ness of the viscous sublayer: 

Zo = 6 exp (-6u,k/v) (13) 

and that the commonly used expression 

z o = v/9u, (14) 

is appropriate only for the special case in which 6 + = 11.6. 
Because the Portman [1960] and Sheppard et al. [1972] data 
indicated that Zo was often smaller than v/9u,, Csanady con- 
cluded that 5 + was often larger than 11.6. He further con- 
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Fig. 8. Nondimensional plot of all the velocity data from this 

study. The straight line is for the so-called "universal velocity profile" 
in the logarithmic layer. The gap in the data represents the distance 
between the top of the heated thermistor profile and the rotor located 
at 59 cm above the sediment. 
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eluded that •i + varied inversely with u, at low wind velocities, 
with •i + ranging from less than 11 to 40. 

What Causes the Variability in • + 9 

Energy balance considerations led Csanady [-1974, 1978] to 
conclude that sublayer thickening is likely to result from any 
process which extracts energy from near-wall region. Csanady 
[1974] concluded that sublayer thickening over lake surfaces 
during light winds may have been caused by work against 
surface tension. Arya [1975] found an increase in •i + with 
increasing stability in thermally stratified flow over a flat plate 
and attributed it to work against buoyancy forces. For very 
unstable stratification, the sublayer was thinner than for a 
neutrally bouyant flow. 

Gust [1976] reports laboratory experiments in which the 
thickness of the viscous sublayer for dilute seawater-clay sus- 
pensions was two to five times larger than for comparable 
suspension-free flows. He suggested that this thickening was 
related to elastic deformation of clay mineral aggregates by 
the turbulent flow. The value of u, determined from the slope 
of the logarithmic profile was significantly larger than that 
from the sublayer shear, an effect not observed in our data. 

We have attempted to correlate our •i + measurements with 
some other quantities. Temperature profiles from a freely fall- 
ing microstructure profiler [Newberger and Caldwell, 1981] 
show that the bottom few meters were within a few milli- 

degrees of isothermal. Caldwell [1978] found that when the 
bottom layer was nearly isothermal, salinity variations within 
it were less than 0.002 parts per thousand (below the resolu- 
tion of the best instrumentation). Thus we cannot infer any 
influence of density gradients on •i + 

Data from the 25 cm path-length beam transmissometer 
(optical axis located 21 cm above the sediment), and from a 
similar unit mounted on the microstructure profiler, indicate 
much lower suspended-sediment concentrations (0.4-3 mg/li- 
ter) than the smallest (150 mg/liter) in Gust's experiments. The 
transmissivity shows no correlation with •i +. Significant con- 
centration gradients, however, could have existed between the 
bed and the lowest positions of the optical sensors. 

to 
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Fig. 9. Nondimensional plot of the velocity data from 11 different 
laboratory investigations of turbulent boundary layers over smooth 
walls. (Reprinted from Monin and Yaglom I-1971].) 
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Nondimensional plot of the velocity data for three differ- Fig. 10. 
ent time periods. The dashed line represents the velocity profile ex- 
pected for a nondimensional sublayer thickness of 11.1. The slope of 
both straight lines is that expected for von Karman's constant equal 
to 0.4 (cross, u, = 0.22 cm/s, 6+= 11.2, interval length = 22 min; 
open circles, u, = 0.24 cm/s, 6+- - 14.7, interval length = 21 min; 
solid circles, u, = 0.25 cm/s, 6 + = 16.3, interval length = 132 min). 

Neither the pressure transducer nor the heated thermistors 
show any influence of surface gravity waves. The maximum 
measured friction velocity was significantly below the esti- 
mated critical value (u,=0.88 cm/s) for sediment re- 
suspension [Miller et al., 1977], so it is unlikely that either 
sediment resuspension or near-bottom oscillatory flow is re- 
sponsible for the observed variation in •i +. 

Gordon [1975] suggests that turbulence parameters may 
vary with acceleration in tidal flows. Because a tidal signal is 
not obvious in our current records, we looked for a corre- 
lation between •i + and the tidal phase determined from 
bottom pressure measurements. We found no correlation, nor 
did we ,find any relationship between •i + and t•U/t?t for the 
studied intervals, or between •i + and the interval length. 
During several hours in which the flow direction varied by less 
than 8 ø, •i + varied from 11 to 18, indicating that •i + variability 
is not necessarily associated with major changes in flow direc- 
tion. 

Could Small-Scale Roughness Influence c5 + ? 

Three laboratory studies [Antonia and Luxton, 1972; Mul- 
beam, 1978; Andreopoulos and Wood, 1982] have investigated 
various aspects of the response of turbulent boundary layers 
to rough-to-smooth transitions. Details and some of the find- 
ings differ, but the following results are common to all: even 
though the flow in the internal boundary layer after the 
roughness change was hydrodynamically smooth, it did not 
have the universal smooth-wall structure characterized by 
U+= 2.5 In z + + 5.1. Instead, the constant B in (10) was 
significantly larger than 5.1 (as large as 15 near the roughness 
change), and decreased downstream. In the Antonia and 
Luxton [1972] and Andreopoulos and Wood [1982] studies, B 
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Fig. 11. Theoretical mean velocity profile for the case in which 
form drag influences flow above an internal boundary layer of thick- 
ness 61B,•. Here u, is the friction velocity determined from the sublayer 
velocity profile and is the appropriate quantity for use in the internal 
boundary layer, while U, is a friction velocity which reflects the 
influence of form drag on the overlying flow. The error shown is that 
which results when sublayer measurements are used to predict log 
layer velocities outside the internal boundary layer. 

decreased to 7 at the last measuring stations, 16 and 55 
boundary layer thicknesses (respectively) downstream. In Mul- 
hearn's study, B was approximately 9 at the last station. By 
using (11) (assuming A = 2.5) to convert the respective B 
values to 5 +, we see that the equivalent variation in 5 + is from 
23 near the roughness change to 13-16 at the last stations. 
(Antonia and Luxton suggest that k is significantly larger than 
0.41 immediately downstream of the roughness change. If so, 
the 5 + = 23 estimate may be 10% too high.) Thus upstream 
roughness changes could be responsible for the large values of 
5 + we observe. 

Do the downstream distances in these laboratory studies 
represent significant distances in our experiment? One ap- 
proach (following Andreopoulos and Wood [1982] and Mul- 
hearn [1978]) is to nondimensionalize the distance down- 
stream from the roughness change x by a length Zo which 
characterizes the downstream smooth surface. Since Zo de- 
pends strongly on 5 + (which varies significantly downstream), 
there is some question about which Zo value to choose. An- 
dreopoulos and Wood use the Zo at their last sta[ion (ef- 
fectively assuming 5+= 13), whereas Mulhearn uses a Zo 
value calculated assuming a smooth plate unperturbed by 
roughness changes (5 + • 11). Because z o computed assuming 
6 + = 11 is almost twice that computed assuming 6 + = 13 (see 
equation (13)), it seems reasonable to eliminate this variability 
by fixing the 5 + value used to compute the "characteristic" Zo 
for the downstream surface. This is equivalent to nondimen- 
sionalizing x by v/u,. Scaling x by v/u, and scaling the inter- 
nal boundary layer thickness, 5•B L, by the roughness length, 
Z o, for the rough surface results in the nondimensional thick- 
ness (6mL/Zo) of the internal boundary layer at Antonia and 
Luxton's last station agreeing (to within 30%) with 5mL/Z o at 
the equivalent x/(v/u,) position in the Andreopoulos and 
Wood experiment. Scaling x in this manner, the values of B at 
equivalent nondimensional downstream distances in the two 
experiments agree very well, except close to the roughness 
change. (In both the Antonia and Luxton paper and the An- 
dreopoulos and Wood paper, equations describing the growth 

of the internal boundary layer disagree with the figures and 
appear to be in error. We have taken the data from the fig- 
ures.) 

Although the scaling helps to collapse these data, estimates 
of B and 5mL/Z o from Mulhearn [1978] are significantly 
larger at equivalent x/(v/u,)positions. Because the upstream 
stress distributions were very different in the Antonia and 
Luxton [1972] and Mulhearn [1978] experiments, Mulhearn 
emphasizes that the two experiments should not be considered 
equivalent for the purpose of modeling geophysical flows. Be- 
cause of this, and because the differences in flow conditions in 
the Antonia and Luxton [1972] and Andreopoulos and Wood 
[1982] studies were not sufficiently large to constitute an ideal 
test of the scaling, the following estimates of equivalent dis- 
tances should be treated with caution. 

Assuming that downstream distances can be scaled by v/u,, 
and using the v/u, range of our study together with those of 
the laboratory experiments, we conclude that the distances in 
the three studies could represent distances 4-30 times larger in 
the ocean. These estimates, and the fact that the laboratory 
flows at the last measuring stations (1.2-2.3 m from the rough- 
ness changes) had not yet adjusted to the universal smooth- 
wall velocity profile, show that roughness changes several 
meters to tens of meters upstream could have significantly 
influenced the near-bed flow we measured. 

Although we have referred to the Andreopoulos and Wood 
experiment as a study of a rough-to-smooth transition, it actu- 
ally studied the response of an initially smooth boundary layer 
flow to a very narrow strip of roughness followed again by a 
smooth surface. Although the roughness strip extended only 
15 cm in the flow direction, the flow in the internal boundary 
layer had not adjusted to the "universal" smooth-wall profile 
235 cm downstream. Thus relatively small patches of surface 
roughness located significant distances upstream may have 
been responsible for our observation of 5 + values larger than 
11.1. However' 

1. If upstream roughness changes were present, why is 
there agreement (Figure 6) between the velocities determined 
by the rotor and those extrapolated upward from the heated 
thermistor measurements assuming constant u, ? 

2. Why does 5 + vary during periods of nearly constant 
flow direction ? 

It is clear from Figure 11 that the answer to the first 
question depends on the height of any internal boundary layer 
present and on the difference in u, between the internal 
boundary layer and the flow above. The data of Andreopoulos 
and Wood [1982] and Antonia and Luxton [1972] indicate 
that at xu,/v = 24,250, 5mL/Zo was approximately 55. Mul- 
hearn's results suggest a value 6 times larger. Assuming u, - 
0.25 cm/s (typical in our study), the equivalent distance from a 
roughness change would have been approximately 14 m in our 
experiment, and 5mE could have been 55 Z o (or more). In an 
earlier experiment [Chriss and Caldwell, 1982], we observed 
Zo values up to 1.4 cm on the Oregon shelf (but interpreted 
the associated velocity profiles in terms of form drag due to 
distributed biogenic roughness elements), so 5mE could be ap- 
proximately 77 cm. 

Although the existence of a 77-cm-thick internal boundary 
layer would not degrade the velocity predictions at 59 cm 
(Figure 11), errors in U(59) are expected for 5mL less than 59 
cm. Figure 11 indicates that the error in predicting U(59) is 
given by 

error = [(U, - ,,)/k]In (59/t$mL) (15) 
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Using (15) with t•iB L = 30 cm and u, = 0.25 cm/s, the error is 
only 0.4 cm/s even if the friction velocity U, outside the inter- 
nal boundary layer were twice u,. Thus the agreement be- 
tween the rotor velocities and the velocities predicted by sub- 
layer data (Figure 6) cannot be used to argue against up- 
stream roughness effects as causes of the observed 5 + varia- 
bility. Changes in flow direction and site during the various 
deployments could have caused the distance between the sen- 
sors and upstream "roughness patches" to vary, thereby re- 
sulting in 5 + changes. However, this hypothesis does not ex- 
plain the variation of 5 + during periods when the flow direc- 
tion was nearly constant. There seems to be some dependence 
of 5 + on u, during these periods (Figure 12). Perhaps u, 
changes could have caused 5 + to vary. Analysis of Antonia 
and Luxton's data from two locations (x = 30 cm, 117 cm) 
indicates that when u, was increased by a factor of approxi- 
mately 1.6, 5 + did increase, but by less than 13%. This vari- 
ation of 5 + with u, is not large enough to explain the varia- 
bility in 5 + we observed for nearly constant flow direction. 

Could Distributed Roughness Elements 
Have Caused the 6 + Variation? 

In another experiment [Chriss and Caldwell, 1982] on the 
Oregon shelf in October 1978, the heated thermistors profiled 
from the viscous sublayer to 20 cm above the sediment-water 
interface. The velocity profiles exhibited "kinds" located 11-15 
cm above the sediment-water interface. We concluded that the 

flow above the kinks was influenced by form drag due to 
small-scale topography, and that the region below them repre- 
sented an internal boundary layer between roughness ele- 
ments. Values of 5+, corresponding to the z 0 values reported 
for the internal boundary layer, range from 7.8 to 16.1, with 4 
of 5 lying between 13.3 and 16.1. Our attempts to obtain 
stereo photographs of the area failed, but bottom photographs 
along the same isobath, 65 km south, frequently contained sea 
urchins (6-8 cm in diameter) and biogenic sediment mounds 
up to 15 cm high. We concluded that these features could have 
been responsible for the form drag. 

Chen and Roberson [1974] studied the response of the near- 
wall air flow in a smooth pipe to low concentrations of equi- 
distant hemispherical roughness elements. The roughness con- 
centration, ,•, the ratio of the sum of the base areas of the 
hemispheres to the total boundary area, was varied from 
0.0046 to 0.039 by changing the radii of the individual hemi- 
spheres from 0.55 cm to 1.59 cm. The downstream and cross- 
stream spacing remained fixed at approximately 20 cm. Veloc- 
ity profiles were obtained at one position from which the 
roughness element had been removed. The nondimensional 
distance (xu,/v) from the upstream roughness element varied 
from 25,600 to 84,300, whereas the nondimensional height of 
the roughness elements (h + = hu,/v) varied from 112 to 433 
during the experiment. In the internal boundary layer, the 
profiles indicate that the "constant" B increases with increas- 
ing u, (which we computed from the slope of the logarithmic 
profile in the internal boundary layer, taking k = 0.4). For 
,• = 0.0046, B increased from 3.5 to 11 as u, increased from 31 
to 62 cm/s. The equivalent change of 5 + is from 9 to 18. For 
• = 0.039, B increased from 10.0 to 17.2 (5 + = 17 to 5 + = 25) 
as u, increased from 18 to 41 cm/s. For runs at fixed ,•, the 
size and spacing of the roughness remained constant and only 
the flow velocity (and u,) changed. Thus at fixed ,• the signifi- 
cant variable is the nondimensional roughness height, h+. For 
,• = 0.0046, h + varied from 112 to 226, whereas for ,• = 0.039, 
h + varied from 192 to 433. 
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Fig. 12. Nondimensional sublayer thickness versus friction veloci- 
ty for deployment 1 data intervals with flow from similar directions. 
The mean flow direction for each interval is given with respect to the 
tripod coordinate system. 

In view of these results, it is possible that the variability of 
5 + with u, for nearly constant flow direction (Figure 12) may 
primarily reflect changes in the nondimensional roughness 
heights of distributed roughness elements due to changes in 
u,. Since it is unlikely that the roughness geometry and the 
position of our sensor relative to roughness elements would be 
the same for all flow directions, one should not expect a 
strong correlation of 5 + and u, when data for many flow 
directions are plotted together (as in Figure 4). However, there 
should be a strong relationship between 5 + and u, for inter- 
vals when flow is from the same direction. In addition to the 

data shown in Figure 12, there were three other instances of 
more than one flow measurement from approximately the 
same direction. Although in each instance there are only two 
measurements (Table 1), each pair comes from a different de- 
ployment using different sensors. In all cases, 5 + is larger at 
the larger friction velocity. 

For comparison with our field results, we consider only the 
low roughness concentration (4 = 0.0046) laboratory results 
because the 5 + values and the variations in 5 + observed at 

these concentrations are comparable to those in our data, and 
because use of the low concentration data will yield conserva- 
tive estimates of roughness geometry. Recalling that h + varied 
from 112 to 226 in the • = 0.0046 runs, and using u, = 0.25 
cm/s as a typical friction velocity, the equivalent roughness 
heights on the seafloor would be 6-14 cm. Assuming uniform- 
ly spaced roughness elements of 10 cm diameter on an other- 
wise smooth boundary, the spacing between the elements 
would have to be 1.3 m in order to have • = 0.0046. Bottom 

photographs [Chriss and Caldwell, 1982] indicate that these 
estimates of roughness element height and spacing are not 
unreasonable. 

To what extent would a roughness geometry similar to that 
of Chen and Roberson influence the accuracy of our velocity 
predictions at 59 cm? Chen and Roberson found that, with 
one exception, a noticeable kink in the velocity profiles oc- 
curred at the height of the roughness elements, and that U, 
above the kink was related to the form drag caused by the 
elements. In the • = 0.0046 run with the largest h +, U, above 
the internal boundary layer was 41% larger than u, inside it. 
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TABLE 1. Friction Velocities and Nondimensional Sublayer 
Thicknesses for Pairs of Data Intervals With Mean Flow 

From Approximately the Same Direction 

Deployment Data Flow u,, 
Number Interval Direction* cm/s 6 + 

1 B 200 ø 0.24 15.0 
1 C 210 ø 0.13 11.6 

2 C 105 ø 0.13 14.4 
2 D 107 ø 0.10 8.0 

3 C 110 ø 0.29 16.1 
3 G 105 ø 0.21 10.7 

*Tripod coordinate system. 

Assuming u, = 0.25 cm/s, U,- 1.41 u,, 14-cm-high rough- 
ness elements, and an internal boundary layer of equivalent 
thickness, equation (15) indicates that the error in predicting 
U(59) from the heated thermistor measurements would be less 
than 0.4 cm/s. Therefore roughness effects similar to those 
studied by Chen and Roberson could have caused our ob- 
served 6 + variability without significantly degrading the 
agreement between measured and predicted velocities at 59 
cm (Figure 6). 

If internal boundary layers thinner than 59 cm were present, 
however, our estimate of 0.43 for von Karman's constant may 
be too low. Given an extreme case of a 14-era-thick internal 

boundary layer overlain by a region with a 41% larger friction 
.velocity, the true k could be 0.07 higher than we estimated. 
The existence of k significantly larger than 0.4, while unex- 
pected in flow over flat uniform surfaces, could nevertheless be 
consistent with observations that k is not always 0.4 in inter- 
nal boundary layers associated with roughness effects EAnton- 
ia and Luxton, 1972; Paola et al, 1980]. If internal boundary 
layers present were an appreciable portion of 59 cm thick, our 
estimate of k = 0.43 may not be significantly in error. Because 
we lack the continuous profiles required to evaluate this influ- 
ence of internal boundary layers, our estimate must be viewed 
with caution. 

CONCLUSIONS 

During this experiment the near-bed flow was hy- 
drodynamically smooth. The data have been used to test the 
assumption that the flow behaved like a universally similar, 
neutrally buoyant flow over a smooth wall. We find the fol- 
lowing: 

1. A' viscous sublayer was always present and its thickness 
scaled roughly with v/u,, but the nondimensional thickness 
varied more than in laboratory flows over perfectly smooth 
walls. Thus even when a viscous sublayer exists, the boundary 
layer flow cannot always be precisely described by the equa- 
tions for a universally similar, neutrally buoyant boundary 
layer over a smooth wall. 

2. Estimates of von Karman's constant are not appreci- 
ably different from values determined in the laboratory and in 
other geophysical flows. These estimates are not definitive be- 
cause the influence of internal boundary layers on the 
measurements cannot be determined. 

3. Measured nondimensional sublayer thicknesses are rep- 
resentative of flow conditions averaged over at least several 
square meters of the seafloor. 

4. The variability in the nondimensional sublayer thick- 
ness could be caused by a number of phenomena, but the 

most reasonable causes appear to be upstream changes of 
surface roughness or distributed roughness elements. 

5. Although the Savonius rotor data in the logarithmic 
layer does not demonstrate an influence of form drag on the 
near-bottom flow, the accuracy of the rotor is inadequate to 
rule out such an influence. 

6. In typical flow conditions, it is difficult to use widely 
separated sensors to test hypotheses about boundary layer 
flow, because the difference between the velocity predictions of 
two models may be of the same magnitude as the calibration 
error of the sensors. Had we profiled our sensors occasionally 
to 50-100 cm, we could have obtained data more suitable for 
hypothesis testing. 

7. Laboratory results suggest that the near-bed flow may 
adjust slowly to changes in surface roughness, and that even 
the flow near the viscous sublayer may be influenced by 
roughness changes which occurred several meters to several 
tens of meters upstream. Extremely detailed information on 
upstream microtopography will be required for the unequivo- 
cal interpretation of near-bed flow measurements. 

APPENDIX: THE SAMPLING ERROR ANALYSIS 

Errors in 6 + values can occur because profiling sensors do 
not make continuous measurements at each elevation. The 

"sampled" mean velocity at an elevation may differ from the 
"true" mean velocity, which would have been measured by a 
fixed sensor sampling continuously. We evaluated the effect of 
such sampling error on 6 + measurements by assuming a vis- 
cous sublayer with 6 + = 11.1 and a typical u, (0.25 cm/s), and 
determining how sampling errors at each elevation would 
change the 6 + value computed from this profile. Assuming 
k = 0.4, the error in 6 + depends only on the error in determin- 
ing the linear velocity gradient in the sublayer and on the 
error in the mean velocity at the top of the heated thermistor 
profile (in the lower logarithmic layer). 

An ideal sampling error analysis requires the subsampling 
of continuous time series from fixed elevations. Data from 

another experiment conducted at the 185-m station during the 
June 1979 cruise EChriss and Caldwell, 1984] were collected by 
using a profiler with an extremely slow vertical motion (2.1 
x 10 -4 cm/s to 1.2 x 10-3 cm/s), so that selected short inter- 

vals of the data represent continuous time series from nearly 
fixed elevations. The elevations at the top of the profile during 
that experiment corresponded only to the upper buffer layer 
(z + = 18-29) rather than to the lower log layer (z + = 30-40) 
but are sufficiently close to provide estimates of potential sam- 
pling errors in data from the lower log layer. It should be 
noted that the nondimensional sublayer and buffer layer spec- 
tra presented in Chriss and Caldwell [-1984] contain less 
energy than similar nondimensional spectra from smooth- 
walled laboratory flows and that, in using these time series for 
the sampling error analysis, we assume that they are repre- 
sentative of those which would have been obtained during the 
experiment reported in this paper. Considering the spatial and 
temporal proximity of the two experiments, we feel this as- 
sumption is reasonable. We comment, however, that if the 
{scaled) energy in the very near bottom velocity fluctuations 
more closely resembled that of smooth-walled laboratory ex- 
periments, then the following estimates would represent lower 
bounds on potential sampling errors. 

To evaluate potential errors in the log layer data collected 
using the 57-s profiler period, portions of the continuous time 
series discussed above were divided into intervals 10 min long, 
close to the shortest averaging time used in our study. These 
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series were then subsampled at intervals when the 57-s profiler 
would have been within the top 0.1 cm of its profile. The 
percent difference between the mean velocity of the subsam- 
pied data and the mean of the entire 10-min series was taken 
to be the "sampling error" for the experiment. Based on 55 
such sampling experiments, the mean value and the standard 
deviations of the "sampling error" are 0.17% and 2.61%, re- 
spectively. Eleven similar experiments using a 566-s profiler 
period and a 40-min averaging interval yield 0.18% and 
3.43% for the mean and standard deviation of the sampling 
error. 

To estimate the effect of sampling error on the linear veloci- 
ty gradient in the viscous sublayer, one would ideally like to 
subsample continuous series from various sublayer locations. 
Unfortunately, for most cases during the very slow profiler 
experiment, the elevations corresponding to the sublayer oc- 
curred in the center of the traverse where the vertical motion 

was sufficiently fast (1.2 x 10-3 cm/s) that it is impossible to 
obtain even 10 min of sublayer data at relatively constant z+. 
We have thus had to restrict our analysis for the sublayer 
measurements to intervals of low u, in which the sublayer was 
sufficiently thick that one sensor remained in the sublayer at 
the top of the traverse. Due to this constraint, we were unable 
to subsample continuous series obtained from positions below 
z+= 4. We assume, however, that the sampling error esti- 
mates obtained using data from the region z + = 4-9 are not 
significantly different from estimates we would have obtained 
at other sublayer positions. Each sampling experiment consist- 
ed of subsampling the continuous series at intervals when the 
57-s profiler (for example) would have been at given sublayer 
positions, and for each position computing the percent differ- 
ence between the mean velocity of the subsampled data and 
the mean of the entire series. 

The total effect of the sampling errors at all sublayer posi- 
tions on the computed velocity gradient was determined as 
follows: we first assumed a known sublayer profile with u, = 
0.25 cm/s and then added the percentage sampling error for 
each elevation to the velocity for the known profile. The re- 
sulting velocities were treated as raw data and a new u, 
(which now included the effects of sampling error) was deter- 
mined by linear regression. Comparison of the new u, values 
with 0.25 cm/s yielded the percent sampling error in u,. On 
the basis of 32 such sampling experiments (using both 57-s 
and 566-s profiler periods), the mean and standard deviation 
of the estimated errors in u, were 0.39% and 4.21%, respec- 
tively. 

Given these estimates of the sampling error in the velocity 
at the top of the profile and the sampling error in u,, we can 
look at "worst case" errors in •5 + which might result if errors 
two standard deviations from the mean occurred simulta- 

neously in both of these quantities. Given a true •5 + of 11.1, 
"worst case" errors would result in •5+= 8.3 or •5+= 14.0, 
depending on the signs of the errors. The two types of errors, 
however, may not be significantly correlated, for during inter- 
vals in which one sensor was located in the buffer layer (at the 
top of the traverse) while another was located in the sublayer, 
there is no significant correlation between the sampling error 
in u, and the sampling error in the mean velocity at the top of 
the buffer layer (r 2 = 0.01, n = 32). If the two types of errors 
are, in fact, uncorrelated, the worst case lower and upper 
limits for •5 + are 9.3 and 12.9, respectively. 
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