
ferred from the few net-captured speci- 
mens. The obvious reason for this dis- 
crepancy between observations in situ 
and results from net hauls is the fragility 
of the houses (6), and perhaps that the 
unimposing preserved larvacean speci- 
mens are unrecognized in the gelatinous 
residues of net-haul samples. 
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Measurements of currents near the sea 
floor have been made for some years (1) 
but never within 1 cm of the bottom. 

We present results from an experiment 
in which a heated thermistor was tra- 
versed over a 21-cm vertical travel, from 
19 cm above the sediment-water inter- 
face to 2 cm below it. The site for the 
experiment lay in 199 m of water at 
45020.29'N, 124?20.34'W on the Oregon 
continental shelf. Grain size analysis of 
sediment in the area (2) indicates that the 
surface sediment is a silty sand (61 per- 
cent sand, 28 percent silt, and 10 percent 
clay). The mean diameter of a grain 
[computed by the method of Inman (3)] 
is 0.0042 cm. Time-lapse photographs 
taken by the motion-picture camera 
mounted on the instrument platform re- 
vealed no bedforms likely to significantly 
influence the flow. 

The heated thermistor was tranversed 
by a crank-and-piston mechanism, which 
completed one cycle per minute. The sig- 
nal was sampled every 1.5 seconds, to- 
gether with the signal from an electrical 
potentiometer which indicated the posi- 
tion of the sensor. Because the drive was 
not linear, observations were not evenly 
spaced vertically, but the spacing was 
approximately 1.0 cm except near the 
top and bottom of the travel where it was 
less. The traversing velocity does not af- 
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ry deep submersible program, the major objec- 
tive of my dives was acoustic scattering studies. 
Observations were also made when there was 
the opportunity, and some of these and early at- 
tempts to collect large larvacean houses have 
been discussed [E. G. Barham, Oceans Mag. 1, 
55 (1968)]. The submersible vehicles have been 
described [R. F. Busby, Manned Submersibles 
(Office of Oceanographer of the Navy, Washing- 
ton, D.C., 1976)]. 

8. I thank I. E. Davies, a fellow observer on many 
dives, who first pointed out the similarity be- 
tween textbook figures and the then unidentified 
structures. The work from Deepstar 4000 was 
aided by pilots R. P. Bradley and R. Church, 
both now deceased. Discussions with C. P. Galt, 
A. L. Shanks, and J. D. Trent have been helpful. 
In late 1966, N. B. Marshall suggested in corre- 
spondence that the largest type house could be 
that of Bathochordaeus charon. 
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fect the results more than a few percent, 
because of the slowing of the drive near 
the boundary where the current is slow 
and because of the properties of the vec- 
tor addition process. The thermistor was 
connected in a half-bridge configuration. 
Sufficient current was supplied to heat it 
to approximately 20?C above ambient 
temperature in typical flows. The sensing 
area of the thermnistor was about 0.02 
cm. Calibrations were performed by 
mounting the transducer on a whirling 
arm in a bath chilled to bottom-water 
temperatures. We have observed that 
the effect of pressure on these thermis- 
tors is negligible for these purposes at 
this depth; the effect of salinity also is 
not significant. 

To construct a detailed profile from 
measurements spaced vertically 1 cm 
apart, a number of traverses had to be 
used to make up one profile. Sampling 
period and rotation period were in- 
commensurate so samples eventually oc- 
curred at all vertical positions. This was 
an advantage in this case because waves 
(3.5 cm/sec orbital velocities, 15-second 
period) affected each profile so severely 
that averaging would have been required 
in any case; this way the wave motion 
was not coherent from one sample at a 
given height to the next nearby sample. 
The relative orientation of waves and the 
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mean flow is not deducible from any of 
our measurements. The averages were 
calculated by averaging all measure- 
ments within each 1-mm-thick slice of 
the water column. The wave motion was 
undiminished at the top of the sublayer, 
but was not visible nearer the sediments. 

To make up the profiles shown (Fig. 1) 
a steady current was observed for 1 
hour. To minimize the effects of waves, 
the period of highest currents was se- 
lected for detailed analysis. At this time 
the direction of current flow, indicated 
by a vane, was such that the platform 
and mounts caused no interference with 
the flow past the sensors. The averaged 
full-height profile shows that most of the 
shear occurred in the lowest centimeter. 
In the inset of Fig. 1, means of the sam- 
ples in the 1.2-cm area just above the 
sediment are shown. The lowest 0.6 cm 
of these are well fitted by a straight line, 
indicating viscous flow. The location of 
the sediment-water interface with re- 
spect to the profiles is taken from the ze- 
ro-velocity height of this line. The shear 
given by this least-squares fit is 
11.9 ? 0.7 sec-1 (all error limits are 95 
percent confidence estimates). Multiply- 
ing this shear by viscosity, v = 0.0150 
g/cm-sec, the value 0.18 ? 0.01 dyne/cm2 
is obtained for the viscous stress. The 
friction velocity, u. = (stress/density) /2, 
is then 0.42 ? 0.012 cm/sec. Above the 
sublayer the profile is well fitted by a 
logarithmic form. The drag coefficient, 
CD, referred to the (logarithmically) 
extrapolated 100-cm velocity (12.4 
cm/sec) is 0.0011 ? 0.0001, well within 
the range of previous estimates (4), and 
a little less than the predicted value of 
0.0015 for hydrodynamically smooth 
flow of this speed. The dimensionless 
height of the sublayer, taken as the height 
where linear and logarithmic fitted lines 
meet (Fig. 2) divided by v/u*, is 17 ?+ 1, 
somewhat larger than the value tradi- 
tionally given for channel and pipe flow 
(5). One might speculate that these last 
two effects, that is, the drag coefficient 
being lower than expected and the di- 
mensionless sublayer thickness being 
greater, may be a result of the sediment 
load. In laboratory experiments, sedi- 
ment added to water has been seen to 
cause even greater drag reduction and 
sublayer thickening (6). 

The energy dissipation in the sub- 
layer, calculated for viscous flow, is 
2.12 ? 0.25 erg/cm3, which becomes 
1.27 ? 0.15 erg/cm2-sec when integrated 
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The Viscous Sublayer at the Sea Floor 

Abstract. A 0.6-centimeter-thick sublayer was found in horizontal flow profiles ob- 
tained by traversing a heated thermistor from 19 centimeters above to 2 centimeters 
below the water-sediment interface in 200-meter-deep water on the Oregon continen- 
tal shelf. In this sublayer the speed of the current varies linearly with distance above 
the sediment. Estimates of viscous stress from this sublayer and turbulent stress 

from the profile agree within 5 percent. Stress calculated from a current-meter spec- 
trum agrees within its 95 percent confidence limits. 
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Fig. 1. Average flow speeds plotted against 
distance above sediment. The curved line in 
the larger figure and the upper line in the inset 
represent least-squares fit of a logarithmic 
form to the speeds above 1 cm. The sloped 
line in the inset represents a linear fit to the 
speeds below 0.6 cm. Some 95 percent con- 
fidence levels are indicated. 

cm2-sec. This indicates that the dissipa- 
tion in the sublayer is comparable to that 
in the rest of the boundary layer, and in 
fact may well be a large fraction of the 
energy loss in the entire water column. 
(This energy when turned into heat is 
still but a small fraction of the geother- 
mal flux, and so will not have any sub- 
stantial effect as heat.) It is interesting 
that Kundu (7) found a comparable ener- 
gy flux, 1.5 erg/cm2-sec, being trans- 
ported to the bottom by inertial-internal 
waves at a nearby site. 

According to the usual arguments in 
an unstratified, nonrotating turbulent 
boundary layer 

AU u, 

a(logeZ) k 

k being the Von Karman constant and Z 
the distance above the bottom. Com- 
bining the value of u* calculated from 
sublayer data and the value of the shear 
in the layer above, one obtains a value of 
0.415 + 0.02 for the Von Karman con- 
stant, in remarkable agreement with the 
0.41 value usually taken. Fitting the data 
above the sublayer to the logarithmic 
form, one obtains a value of 0.00055 cm 
for the roughness length, Z0. A rough- 
ness Reynolds number u*Zo/v is then 
0.0153, well within the smooth flow re- 
gime and consistent with the existence of 
the viscous sublayer. 
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Some confirmations of these results 
are available. A second thermistor on the 
same traverse produced data in the sub- 
layer, which gave results agreeing within 
95 percent confidence limits with the 
numbers given above. The mean speed 
indicated by a nonprofiling rotor agreed 
well (Fig. 2) with the mean speeds calcu- 
lated from the profiling thermistor. In a 
wave number spectrum calculated dur- 
ing the period of observation from the ro- 
tor data, the energy was seen to fall as 
(wave number)-513 for wavelengths from 
100 m to 10 m. The spectrum can be in- 
terpreted in light of the Ozmidov (8) tur- 
bulence model, which predicts a --5/3 
power law dependence even at length 
scales at which a true inertial subrange is 
not likely to exist (9). In this model, a 
(wave number)-513 dependence is pre- 
dicted in wavelength ranges in which 
there is no significant input of kinetic en- 
ergy into the system from external forc- 
ing. Using this model and the further as- 
sumption that there is no significant in- 
put of energy at scales smaller than 10 
m, a kinetic energy dissipation, e, of 
0.013 + 0.007 erg/cm3-sec is calculated. 
Making the usual production-dissipation 
balance assumptions, E = u3/kZ. Aver- 
aging this relation over the rotor height, 
20 to 40 cm, we can calculate a u* from 
the above value of E. It turns out to be 
0.52 ? 0.10, just within its confidence 
limits of the value calculated in the sub- 
layer. 

Stress can be calculated from the 
available data in three ways: (i) in the 
sublayer as pv(a U/OZ); (ii) from the loga- 
rithmic layer as pu.2 = p(k aU/llogeZ)2; 
and (iii) from the rotor spectrum as 
pu2 = p(ekZ)213. The values calculated, 
0.18 + 0.01, 0.18 + 0.02, and 0.27 ? 

0.10, respectively, are not significantly 
different. Results of precision compara- 
ble to the profile-based calculations are 
not to be expected from speed spectra. 

Obviously not too much is established 
by one microscale experiment in the 
ocean, but we have seen here for the first 
time that the viscous sublayer does exist, 
and this technique produces good mea- 
surements of it. The existence of this vis- 
cous sublayer does not necessarily imply 
a diffusive nature for the transfer of heat 
and mass. Because the diffusivity of ion 
species in particular is so much smaller 
than the viscosity of water, a level of 
random vertical motion too slow to influ- 
ence the Reynolds stress, and therefore 
the shear, could transfer solutes effi- 
ciently enough to completely mix this 
layer. Thus, from flow speed data the ef- 
fectiveness of the sublayer as a diffusive 
barrier cannot be assessed. The usual 
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Fig. 2. Average flow speed plotted against dis- 
tance above sediment. A value derived from a 
nonprofiling rotor is given. Different averag- 
ing was used in making each plot, so the 
points are not the same. 

laboratory scaling would imply a dif- 
fusive scale of (D/v)113 times the thick- 
ness we measure, that is, the diffusive 
layer would be approximately 10 percent 
as thick (where D is the species dif- 
fusivity). In the real flow, with density 
gradients and other effects, measure- 
ments are required to know whether this 
relation holds. We will be examining 
temperature profiles for illumination on 
this point. 

D. R. CALDWELL 
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School of Oceanography, 
Oregon State University, 
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