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Abstract--During the winter of 1990-1991 an Acoustic BackScatter System (ABSS), five Optical 
Backscatterance Sensors (OBSs) and a Laser In Situ Settling Tube (LISST) were deployed in 90 m 
of water off the California coast for 3 months as part of the Sediment Transport Events on Shelves 
and Slopes (STRESS) experiment. By looking at sediment transport events with both optical 
(OBS) and acoustic (ABSS) sensors, one obtains information about the size of the particles 
transported as well as their concentration. Specifically, we employ two different methods of 
estimating "average particle size". First, we use vertical scattering intensity profile slopes 
(acoustical and optical) to infer average particle size using a Rouse profile model of the boundary 
layer and a Stokes law fall velocity assumption. Secondly, we use a combination of optics and 
acoustics to form a multifrequency (two frequency) inverse for the average particle size. These 
results are compared to independent observations from the LISST instrument, which measures the 
particle size spectrum in situ using laser diffraction techniques. Rouse profile based inversions for 
particle size are found to be in good agreement with the LISST results except during periods of 
transport event initiation, when the Rouse profile is not expected to be valid. The two frequency 
inverse, which is boundary layer model independent, worked reasonably during all periods, with 
average particle sizes correlating well with the LISST estimates. 

In order to further corroborate the particle size inverses from the acoustical and optical 
instruments, we also examined size spectra obtained from in situ sediment grab samples and water 
column samples (suspended sediments), as well as laboratory tank experiments using STRESS 
sediments. Again, good agreement is noted. 

The laboratory tank experiment also allowed us to study the acoustical and optical scattering law 
characteristics of the STRESS sediments. It is seen that, for optics, using the cross sectional area of 
an equivalent sphere is a very good first approximation whereas for acoustics, which is most 
sensitive in the region ka - 1, the particle volume itself is best sensed. 

In concluding, we briefly interpret the history of some STRESS transport events in light of the 
size distribution and other information available. For one of the events "anomalous" suspended 
particle size distributions are noted, i.e. larger particles are seen suspended before finer ones. 
Speculative hypotheses for why this signature is observed are presented. 

1. I N T R O D U C T I O N  

ONE of the goals of sediment transport models and observations is to be able to describe 
the transport on a size class by size class basis. The transport equations for sediment are 
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basically in this form, with some degree of size-class coupling due to aggregation and 
disaggregation processes. While particle size would at first seem to be a straightforward 
field measurement to make, in practice it is rather difficult, and a great deal of ingenuity 
has gone into obtaining in situ measurements of the particle-size spectrum. Because the 
suspended-particle size spectrum varies considerably in time, occasional bottom grab or 
near bottom bottle sampling from a ship on station tends to undersample (with a distinct 
bias towards calmer field conditions!). Intermittent bottle samples obtained by containers 
deployed in the field are an improvement, but all of these sampling techniques can suffer 
from sample "aging" (e.g. aggregation of the particles while they are stored) and thus 
samples are first disaggregated when sized in the laboratory. In the past few years, two new 
techniques, "multi-angle optics" and "multi-frequency acoustics", have been developed to 
measure particle size spectra in situ (AGRAWAL and POTrSMITH, 1989; GREENLAW and 
JOHNSON, 1983). In the former technique, a single frequency laser looks at the diffraction 
pattern formed by suspended particles over a range of near-forward scattering angles. In 
the latter technique, a variety of acoustic frequencies are transmitted and the backscat- 
tered (single angle) intensity is monitored. In both cases, the data are then used with 
inverse algorithms, such as non-negative least squares (NNLS), to determine the size 
spectrum. 

Some comments are in order concerning the strengths and weaknesses of these 
techniques. The main drawback to the optical diffraction scheme is the finite size of the 
detector, which limits the range of observable particle sizes. Particles of too large or too 
small a size are reported in the upper and lower size classes. The small volume detected 
also introduces error in the large particle end of the size spectrum due to small number 
statistics. At high concentrations, multiple scattering can be significant, which is inconsist- 
ent with the forward model used in the inversion. Finally, one must assume scattering by 
spherical particles with a known index of refraction. On the positive side, the laser device is 
well suited to measuring the smaller marine particulates (down to about 1 ktm) and can 
range over two orders of magnitude in size (from 1 to 100 ~tm range). In the case of 
multifrequency acoustical devices, the main limitation is the maximum acoustic frequency 
one can use in the water, which in practice is on the order of 5-10 MHz for profiling. It is 
found through examining scattering cross sections vs ka (where k is the acoustic wave 
number and a is the particle radius) that purely acoustical devices can only measure 
particle sizes down to about 25 ~tm diameter. The acoustical technique also assumes a 
knowledge of the particle material properties (complex compressional and shear wave 
speeds and density) and shape (generally assumed spherical) to describe the scattering 
returns, and thus perform the inverse for the size spectrum. As with the optical technique, 
imperfect knowledge of the scattering parameters leads to degradation of the size inverse. 
On the positive side of the ledger for the acoustical sensor is its ability to provide profiles of 
both concentration and size spectrum and its ability to measure sizes of larger particles. 

Both the multi angle optical and multi frequency acoustical techniques discussed above 
make no assumptions about the form of the size distribution they measure. On the other 
hand, they are also among the more technologically complicated (difficult) measurement 
techniques currently available. In this paper, we discuss how to get useful particle size 
information from simple measurements or by making some reasonable assumptions about 
the transport dynamics. In particular, we will look at: (1) measurements made by a single 
frequency acoustic profiling instrument in conjunction with Optical Backscatter Sensors 
(OBSs); and (2) log-layer profiles measured with either or both of those instruments in 
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order to estimate particle sizes. These measurements, made as part of the Sediment 
Transport Events on Shelves and Slopes (STRESS) experiment, will be compared to 
measurements made by the LISST (Laser In Situ Settling Tube, AGRAWAL and PoaxsMiTrt, 
1994) laser diffraction particle sizer as well as grab sample distributions at the same 
location. 

The experimental configuration of the sensors is as follows. The ABSS (Acoustic 
BackScatter System), OBSs and LISST were deployed in winter 1990-1991 on tripods for a 
period of about 3 months (December-March) at the 90 m STRESS site designated C3 
(Fig. 1). The 5 MHz ABSS transducer was located 90 cm above bottom (cmab) looking 
downward, and gathered continuous backscatter profiles with a range resolution of 1 cm 
every half hour. Due to ringing in the transducer, we only used the data from 0-50 cmab. 
Each profile represents an 80 s long average of 160 acoustic pings. The LISST sensor was 
located at 120 cmab, and sampled every 12 hours from 8-28 January 1990. The OBS 
sensors were deployed at heights of 19, 41, 131 and 196 cmab on the BASS tripod, 
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deployed approximately 800 m southeast of the ABSS tripod. They were sampled at 1 Hz 
for 672 s every hour during the 3-month period mentioned above. In this paper, we 
concentrate on the time period during which the LISST instrument also took data, as our 
main emphasis is on size distribution measurements. 

2. PARTICLE SIZE DISTRIBUTION MEASUREMENTS FROM GRAB SAMPLES AND 
LISST 

In this section, we discuss measurements of the particle size spectrum made at the 
STRESS site as parts of both the Coastal Ocean Dynamics Experiment (CODE)  and 
STRESS experiments. They consist of core samples, water bottle samples, and the LISST 
in si tu measurements. These will be used for cross check on our in situ inversions using 
ABSS and OBS. These size distribution measurements are displayed in the units originally 
reported by the various investigators. As the size distribution measures reported are 
common, and the distribution modes are clearly seen, we feel this should cause no 
confusion. 

The earliest high quality particle size spectrum measurement near the STRESS site was 
the grab sample measurement of the surface sediments made by CACCHIONE et al. (1987) 
during CODE.  Their  size spectrum, produced by sieving and Coulter counter analysis of 
the surface sediments just south of the STRESS site, showed both a dominant silt mode 
peaking at -30/~m and a fine sand mode at 110/~m (Fig. 2). More recent bottom sediment 
analyses were made by BUTMAN and WHEATCROFT (1994) right at the STRESS site (Fig. 3). 
In that figure, one sees the silt mode, peaking at 30/~m, but no 110/~m sand mode. Below 
10/~m, a prominent fine-sediment mode begins to appear. 

We were also able to obtain in situ samples with a small pump sampler (STERNBERG et  al. ,  

1991) during the 1990 deployment cruise, which saw calm conditions, and analyze them 
immediately on board ship using a Spectrex laboratory laser diffraction particle sizer. The 
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Fig. 2. Particle size distribution in the bed measured by CACCHIONE et al. (1987). This also is from 
the CODE C3 site, but just south of the STRESS site. Note the presence of a small, 110 am fine 

sand mode, in addition to the dominant 30am mode. 
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Fig. 4(a) and (b). In situ water column sample measurements of the size distribution at 2.1 and 
4.0 mab. Sizing is done with a Spectrex laser diffraction instrument using bottle samples taken 
during the December deployment cruise. Modes at 1-10 ,urn and 18--30/~m are the same as 

Butman's and Wheatcroft's; larger particles are probably plankton. 

resul ts  a re  shown in Fig.  4(a)  and  (b).  A s  in BUTMAN and  WHEATCROFT'S (1994) resul ts ,  one  
sees bo th  a fine m o d e  (be tween  6 and  1 2 ~ m )  and  a coarse  m o d e  (be tween  15 and  3 7 p m ) .  
The  fine m o d e  is miss ing the 0-5 a m  sizes and  is s o m e w h a t  b i a sed  t o w a r d  la rger  sizes than  
B u t m a n  and  W h e a t c r o f t ' s  resul t .  This  is due  to using und i lu t ed  samples  for  which the  very  
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Fig. 5. In situ size distribution as measured by LISST laser diffraction instrument. Total volume 
in each size is reported, not volume fraction as in Figs 2 and 3. 

large number of small scatterers causes scattering for multiple particles in the sample 
volume, which in turn looks like larger particles to a scattering instrument. The mode at 30 
/~m shows up nicely, followed by larger particles than Butman and Wheatcrofrs result. The 
larger particles are thought to be some combination of aggregates and large, translucent 
plankton clearly visible in our samples. Unfortunately, we did not follow up this size 
distribution measurement with a biomass vs sediment mass measurement, which would 
have differentiated between the two. 

The most important in situ comparison to our inverses comes from the LISST measure- 
ments, shown in Fig. 5. These data generally indicate a single mode peaked at 17-25/zm, of 
width 10-40/zm, and skewed towards the smaller sizes, in reasonable agreement with the 
previous size distribution analyses. The average size taken from this in situ measurement 
will be the principal data to compare to our various inversions. For a detailed description 
of the LISST instrument and its performance, we refer the reader to the 1989 and 1993 
articles by AGRAWAL and PoTrSMITH. 

We note that for the above size distributions, it is particle volume that is being 
measured, with the exception of the coarse fraction part of the size distributions in Figs 2 
and 3, where sieved mass estimates are used. Also, Figs 2 and 3 were created using 
disaggregated samples whereas Figs 4 and 5 show the sizes of in situ samples with no 
preparation. As mentioned, these later samples include suspended aggregates and biota, 
thus pushing the distribution to somewhat larger sizes. 

3. INSTRUMENT CALIBRATION AND SCATTERING SENSITIVITY STUDY FOR 
ABSS, OBS AND TRANSMISSOMETERS 

To ob ta in  a concen t ra t ion  cal ibrat ion and  study the size dependence  of the scattering for 
the 5 MHz ABSS,  two OBS sensors and  a t ransmissometer ,  these sensors were placed in 
a 454 l ca l ibra t ion tank  along with abou t  80 g of STRESS sed iment  f rom site C3. Af te r  
the disaggregated sed iments  were added,  the tank  was well st irred for about  10 min  in a 
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manner  designed to minimize bubbles,  and then was allowed to settle for a day as time 
series observations were made on all sensors, and bottle samples were taken at selected 
intervals. As the larger particles settled faster, the mass and distribution of particle size 
changed with time. The bottle samples were analyzed with a Spectrex particle size analyzer 
to obtain a size distribution time series, then filtered and weighed to obtain a total mass 
time series. 

The 5 MHz ABSS transducer was mounted  about 6 cm below the surface of the tank 
looking downwards,  and profiled from about 30 cm to the 85 cm depth of the tank. The 5 
MHz ABSS was run with a sampling program similar to the STRESS deployment.  First, 12 
profiles were taken at 24 V on low power,  then 40 profiles were taken at 96 V on high power 
and finally one profile with no transmitted signal was made to measure background noise. 
Each of these profiles was constructed from an average of four individual profiles made at a 
2 Hz rate. The ensemble of 12, 40 and 1 profiles is made as a burst sample. The interval 
between these burst samples was set for 5 min. The data were logged in real t ime on a 
laboratory computer .  Thus,  a t ime series of 5 MHz profiles of the tank was obtained at low 
and high power at 5 min intervals. 

Two OBSs were also used to monitor  sediment concentration in the tank during the 
calibration. One was attached to the t ransmissometer  (designated OBS #145) and the 
second near the ABSS (designated OBS #147). The OBS sensors were located at 50 cm 
depth and the transmissometer  at 56 cm. The OBS sensors looked horizontally into the 
tank toward the ABSS sensing region. The ABSS OBS (#147) was displaced horizontally 
about 20 cm from the ABSS beam,  and the transmissometer  OBS (#145) was displaced 
about 34 cm from the ABSS beam. The OBS sensor's sampling area depends on the optical 
attenuation in the water,  and can extend out to about 20 cm at maximum. Thus the OBS 
sensors did not measure the water directly in the acoustic beam. 

One Sea Tech 25 cm path length transmissometer  was also deployed in the calibration 
tank at a mean depth of 56 cm. The transmissometer  was too long to be deployed 
horizontally, so it was tilted about 20 ° and placed along one wall of the tank. Two 10 cm 
long plastic cylinders were placed in the optical path to reduce the effective path length to 5 
cm.  

These three optical sensors were attached to the recording system of a bot tom 
monitoring instrument for power,  digitizing and data storage. The system was set to 
digitize 0-5 volt inputs to 12 bits accuracy (1.22 mv bit -1) every 3.5156 s and sum the results 
into 3.75 min averages. The optical instrument records 16 samples while the ABSS records 
12 every hour. Thus only at 15 min intervals are the recorders in synchronization. For 
readings between these sample times, interpolations were made.  

Sediment samples taken from cores at the C3 mooring site in STRESS '90 were used in 
the calibration to get the best simulation of the STRESS in situ sediments. The samples, 
donated by C. Butman and R. Wheatcroft ,  were taken from three near  surface box cores, 
and from depths of 6-10 cm. The sediments from these samples were combined and then 
subjected to ultrasonic sound for 30 s to disaggregate the particles. To keep them from re- 
aggregating before they could be used in the calibration tank, chemical dispersant was 
added. The (roughly) 80 g of sediment put into the 454 1 tank gave 0.173 g 1-1 as an initial 
concentration. 

The calibration tank was filled with W H O I  tap water  and allowed to equilibrate to room 
tempera ture  and out-gas. Air bubbles and sediment collecting on the sensors significantly 
affected the optical sensors. Therefore ,  the windows of the optical instruments were 
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Fig. 6. Laboratory calibration results from 5 MHz ABSS, two OBSs, and an optical transmiss- 
ometer.  "Ground truth" is the sample bottle mass (asterisks). The acoustic (ABSS) measurement 
reads lower than the bottle sample mass, whereas the optical instruments read consistently too 
high. Due to fouling problems, the transmissometer readings were usable only right after 
cleanings, indicated by the open circles. It is seen that all the optical instruments track each other 

well, with the transmissometer (beam attenuation coefficient) reading slightly lower. 

periodically cleaned with a Kimwipe to assure that they were bubble and particle free. The 
naturally occurring biota in the WHOI  tap water tended to grow in the tank, which was 
effectively controlled by adding about 1 cup of Chlorox bleach. 

After the sensors were running well, the disassociated sediments were slowly added 
while the tank was being stirred. The stirring mechanism was a canoe paddle which was 
worked back and forth along the side and bottom of the tank at as high a speed as possible 
without causing bubbles to be sucked in around the handle. After about 10 min of mixing 
with all sediment added, the tank was allowed to stand, with no agitation for the remainder 
of the calibration. 

Water samples were drawn out at periodic intervals into 250 ml plastic sample bottles. 
The bottles were submerged to about 50 cm depth, then opened,  filled and sealed. A 
sample was taken just before the start of the ABSS sampling, and represented the zero 
time. Additional samples were taken 9, 24, 44, 73,103,143,183,228,283 and 518 min after 
zero time. These samples were taken between ABSS samples so as not to interfere with the 
acoustic measurement.  Often, but not always, the optical sensors were cleaned just before 
a water-sediment sample was taken. The sampling and cleaning process visibly disturbed 
the sediments in the tank, and affected the readings of all the sensors. 

The time series produced by the differential settling measurements are shown in Fig. 6. 
The bottle sample concentrations from dry filtered weights are shown as black asterisks 
whose values decrease from unity (actually 0.173 gm I - I ,  as we have normalized all the 
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initial measurements to unity for ease of intercomparison) to about 0.16 over 9 h. The 5 
MHz acoustic measurement tracks the actual concentration only near t = 0, and then reads 
significantly lower as time goes on. The three optics measurements (the OBSs and the 
transmissometer) are fairly consistent with each other, although the transmissometer 
(beam attenuation coefficient) reads slightly lower than the OBSs' as time goes on. After 
the initial (normalized) point, the optics measurements all considerably overestimate the 
mass in suspension, by up to about a factor of three at t > 10 h. 

The differences in the mass that the optical and acoustical instruments measure from the 
actual weighed mass are directly traceable to the evolution of the particle size spectrum as 
the particles differentially settle to the bottom of the calibration tank. Figure 7 shows the 
time evolution of the size spectrum from the bottle samples as measured by the Spectrex 
particle sizer. As expected, the large particle mode settles out faster than the fine mode, 
leaving one with a preponderance of fine particles in suspension. (These fine particles 
come not only from the STRESS sediments, but also from the WHOI tap water used to fill 
the tank.) 

The sensitivity of optics to the smaller particles results in its overestimate of the 
concentration after a few hours in our settling experiment. As will be discussed in the next 
section (on inverse methods), one must multiply the mass concentration of the nth size 
class, Cn, by a factor proportional to 1~an to describe the response of the optics to the 
particulates (i.e. the ratio of the particle cross-sectional area to the particle volume). If we 



1148 J.F. LYNCH et al. 

0.8 

~ 0.7 

2 0.6 

E 
"~ 0.5 

00.4 
.9 ~5 
~_0.3 

0.2 

0.1 

)¢ 

(~) bottle sample vs ( - )  OBS147 vs ( - - )  OBS 145 

0112 13 1'4 1~5 ll6 1~7 1~8 1~9 210 21 22 
EST Hours on 16 Dec 1992 

Fig. 8. OBS measurements shown in Fig. 6 rescaled to account for the an ] dependence of the 
backscattering in the geometric optics regime. The good agreement demonstrates that one may use 
an equivalent sphere for the naturally occurring STRESS particulates, at least in the geometrical 
optics regime. The dotted line to the last point reflects that we do not have a size distribution 

measured for that point, and thus assume it is unchanged from the last measurement. 

do so, i.e. multiply each size class as measured  by the Spectrex ins t rument  in Fig. 7 by 1/a, 
and then sum to get a "geometr ical  optics weighted total mass" ,  we obtain the result shown 
in Fig. 8. It  is seen that  the optical response to the size distr ibution does indeed explain the 
mismatch be tween the optical signal and the external mass. 

The  5 M H z  acoustic measurements  also show considerable  size distribution depen-  
dence,  increasingly underes t imat ing the suspended mass as t ime advances in the settling 
experiment .  The  size dependence  of  the acoustics return is explained in the following 
paragraphs.  

The  backscat tered  intensity registered by an acoustic device such as ABSS due to a cloud 
of  suspended  sediments  may  be written as: 

I V 2 z K C ~  fZe_4( a + a ) r  
. . . . .  . ( 1 )  

?.2 an  
n 

In equat ion  ( 1 ) , / i s  the backscat tered  intensity, V 2 is the backscat tered  voltage squared,  K 
is a constant  describing the acoustic system response,  C,  is the suspended mass concen-  
trat ion of  the nth size class, r is the range f rom the t ransducer  to the scattering volume,  f ,  is 
a " fo rm factor"  describing the backscat ter ing strength of  the nth size class, a ,  is the radius 
of  the nth size class, aw, is the water  a t tenuat ion,  and a s is the sediment  at tenuat ion.  The 
contr ibut ion of  each size class is summed  to get the total response.  For  a given f requency,  
range,  and particle concent ra t ion ,  one may  take all the terms except C, • f ] /a ,  as constant ,  
i.e. 

{2 
I ~ C , .  J-~ (2) 

an  
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Fig. 9. The form function for scattering from irregularly shaped particles, taken from SHENG and 
HAY (1988). The bar shows the ka range of the STRESS particulates at 5 MHz, corresponding to 

particle diameters of 1-100 ~m. 

This form explicitly shows the interplay of the scattering law effects, given by f2 ~an, and 
the concentration of particles in the nth size class, Cn, in determining the acoustic 
backscatter return. 

Determination of f ,  (or f2/an) has generally been accomplished by looking at the 
acoustic scattering properties of samples of finely sieved and sorted natural sediments from 
the area of interest. This is generally not a simple calibration measurement to make, as for 
example, the work of HAy (1991), TrIORNE et al. (1993) and HAY and SIqENC (1992) shows. 
In fact, for fine particles like clays and silts, which are common to shelf environments, this 
may not even make sense, since clay particles can be irregular and both clays and silts can 
form aggregates. Sieving and disaggregation can easily destroy these particles and 
aggregates, and thus one will not measure f ,  for the size distribution actually found in situ 
on the shelf. It should also be noted that, due to problems with retrieving undamaged, 
unaltered samples of aggregates from the field, the acoustic scattering characteristics of 
such composite particles are largely unexplored. 

An interesting possible alternative to the Hay and Shengf~ calibration technique, where 
one prepares separate samples of each individual size class and then scatters sound off 
them one at a time, is to directly use our settling experiment data in an inverse problem 
formulation. The rudiments of this technique are discussed in Appendix A. We have not 
pursued this calculation in this paper, however, as it is worthy of a complete study on its 
own, and beyond the scope of this paper. 

The approach we have taken to the scattering problem is to simply "borrow" the form 
factorf~/an measured by Hay and Sheng for irregular particles and see how consistent it is 
with the acoustic backscattering measured in our settling experiment, in which we used 
disaggregated STRESS sediments. The Hay and Sheng form factor is shown in Fig. 9, 
along with a bar representing the range of particle sizes encountered at the STRESS site. 
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Fig. 10. Normalized acoustic backscatter strength (intensity) vs the "forward model" prediction 
of what the backscatter strength should be using the Sheng and Hay form function together with the 

measured masses and size distributions from the tank settling experiment. 

By using this form factor, together with the particle sizes measured in the course of the 
settling experiment,  we can estimate the mass in suspension from the acoustic return. In 
Fig. 10, we compare this estimate to the measured mass. The agreement on the whole is 
quite good, indicating that the Hay and Sheng form factor is at least a reasonable 
approximation to the one appropriate to the STRESS sediments. 

This simultaneously explains the acoustic underestimation of the mass in Fig. 6, i.e. by 
looking at Fig. 9, one sees that the smaller STRESS particles have a much smaller acoustic 
signature, so that after the larger particles settle out, the acoustic signature decays quite 
drastically. We will exploit this and other aspects of thefn function later in the paper, when 
we attempt to estimate average in situ particle sizes from the ratio of acoustical to optical 
responses. 

4. ROUSE PROFILE INVERSIONS FOR AVERAGE PARTICLE SIZE 

(A ) The vertical concentration profile 

As mentioned initially, the sediment transport equation (actually the mass conservation 
equation) is written on a size class by class basis, i.e. 

OCn ~ + + ~ (Anm - Bnm)C m (3) - -  U H . V H C n  + W n  OCn 0 K OC. 
Ot Oz Oz z Oz 

m 

Equation (3) states that the time rate of change of concentration of size class n is equal to 
the sum of four terms, which physically are: (1) horizontal advection; (2) gravitational 
settling; (3) vertical turbulent diffusion; and (4) coupling of the nth size class to the other m 
classes due to aggregation and disaggregation processes. In a steady flow, if we disregard 
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horizontal advection and aggregation-disaggregation, assume that upward turbulent 
diffusion and gravitational settling are in equilibrium, and use a simple linear model of the 
eddy diffusivity K z, we arrive at the "Rouse profile" for vertical concentration (RouSE, 
1937; HUNT, 1969). 

Cn(z ) Cn(zr)(Zt -W"/Ku* = (4) 
\ zd  

In equation (4), Zr is some reference height, Wn is the fall velocity of the nth size class, K is 
von Karman's constant, and u,  is the friction velocity. Recent work by TROWBRIDGE et al. 
(1994) indicates that this equilibrium assumption is generally a good one in the STRESS 
study area, at least for explaining the first order mean structure of the boundary layer. 
However, examination of the lower part of the bottom boundary layer from 0-50 cmab 
using the ABSS acoustic data shows some deviation from the simple Rouse model, as will 
be discussed. 

( B ) A simplified "model  dependent  inverse" 

In studying the particle size dependence of deep ocean sediment transport in the High 
Energy Benthic Boundary Layer Experiment (HEBBLE) off the coast of Nova Scotia, 
LYNCH and AGRAWAL (1991) devised a so-called "model dependent inverse" for the size 
spectrum which in theory replaces the necessity for making multifrequency or multiangle 
measurements of scattering by assuming that one knows the correct model for the 
boundary layer dynamics as well as other experimental quantities needed to constrain the 
model. This model assumption is fairly robust, but the measurements needed to constrain 
the model generally only exist for simpler boundary layer models. Thus, as in the Hebble 
work by Lynch and Agrawal, and in this present work, we will restrict the model to the 
Rouse profile. 

In using the Rouse profile, we take an even simpler approach than Lynch and Agrawal, 
in that we only try to invert for the average particle size at any given time, as opposed to the 
full size spectrum. The reason for doing this is strictly simplicity. If one has only one size 
class to deal with, then the (previously non-linear) inverse procedure reduces to examining 
the slope of the line one obtains when plotting log C vs log z. From equation (4), it is seen 
that this slope is 

P = - -Wn/Ku , .  (5) 

In equation (5), P is obtained by measuring the slope of our optical and/or acoustical 
measurements and u,  is obtained by measuring the slope of vertical current profile 
measurements [from the Benthic Acoustic Stress Sensors (BASS); WILLIAMS, 1985]. The 
reader is referred to appendices B and C for detailed discussion about how P and u, were 
obtained. One is then left with a direct measure of W,, the average particle fall velocity. By 
making an assumption of a one to one mapping of settling velocity to particle size, such as 
Stoke's law, one converts Wn to an, the particle radius. In making this conversion, there are 
two "caveat emptors". First, a simple settling velocity law such as Stoke's law may be 
somewhat erroneous due to particle irregularities, aggregation, etc. The reader is referred 
to the article by HILL et al. (1994) for more detail on this topic as regards the particulates 
encountered at the STRESS site. And second, the correspondence between particle size 
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and fall velocity does not have to be one-to-one, single valued. For instance, if one 
compares a fine sand grain with an aggregate of the same diameter, their fall velocities will 
obviously not be the same. Given particle geometry, density, and aggregation effects, it is 
perhaps more reasonable to expect a distribution of fall velocities for a given size rather 
than a single number. All of the above notwithstanding, we will choose a simple Stoke's 
law with a particle density of 2.7 g cm -3 (typical of quartz) for our fall velocity law. This 
gives a quadratic an to Wn relation: 

[~~] 2 [anin#m].  Wn = 2.068 × 10 -4 an (6) 

With the above assumptions, we can now create time series of average particle size from 
our acoustics and optics measurements. 

For a finite number of particle sizes, the fact that both optical and acoustical scattering 
strength is a function of particle size means that the vertical scattering strength profile, 
R(z), which is the usual proxy for concentration, is not the simple Rouse profile of 
equation (2). Rather,  it is given by 

( zI-w/Ku. 
R(z) = ~ [RnCn(zr)] \zd . (7) 

n 

For optics, where the scattering is in the geometric regime, 

Rn ~ Aop, era] - A ~ 1 (8) 
Vn opt 4/3eran o: a--~' 

where Aop t is a constant determined by the sediment optical properties. Equations (7) and 
(8) say that log R(z) vs log (z) is not exactly a straight line when more than one size class is 
present and that optical measurements will more heavily weight the smaller size classes. 
The fact that one no longer has a perfectly straight line can only be dealt with by the full 
inverse--however, for this paper we will use a best straight line fit to the curve generated 
by looking at log R(z) vs log (z). The weighting of the size distribution by the optical 
response moves the "average size" we measure downward. For a 20 pm mean size evenly 
distributed between 10 and 30 pm, the weighted mean is 17 pm; for a 30/~m mean size 
evenly distributed between 15 and 45 pm, the weighted mean is 26/~m. Thus, inversions 
from slopes measured with OBS sensors will likely be 3-4/~m less than the actual mean. 
This is the price we pay for doing a simple approximation to the exact inverse. This can 
obviously be adjusted if we have some idea of the size distribution width, but we will not 
pursue that in this paper. 

For the 5 MHz ABSS acoustic system, the response function Rn is just the previously 
discussed form function,f]/an, as shown in Fig 9. For small particles, where one is in the so 

3 called "Rayleigh regime", the response goes as an, i.e. grows rapidly with size. For the 
larger particles, however, the response function is nearly flat, indicating that the acoustics 
are directly sensing the exact particle concentration-size for these particles. Since these 
sizes very much dominate the acoustic scattering return, we can approximate R n to first 
order by an a ° law. This will be a useful approximation for our "two-frequency" inverse for 
average particle size. 
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( C) Inversion of  OBS slope data for average particle size 

Figure 11 shows the inversion of the Rouse profile slopes for the average particle size 
intercompared with the LISST in situ laser measurement average sizes. The first order 
observation one makes is that, on the average, the sizes agree rather well. Both OBS 
slopes and LISST measure average sizes in the 25-30/tin range, in good agreement with 
the field sample and laboratory measurements discussed earlier. The trend of the 
fluctuations in the results also agree reasonably well, particularly from day 18 to 26. 
During this period, the OBS profile slope measurements show more variation in average 
size predicted than the LISST measurements. This is most likely due to a combination of 
the noisiness in the OBS slope measurements themselves, together with the much lower 
temporal sampling rate of LISST (twice per day) which undersamples the higher frequency 
variations in the particle size distribution. From day 14 to 16, the two methods disagree, 
with LISST indicating that very fine particles are present, whereas the OBS slopes indicate 
that a lot of large material (an) 40/tm) is in suspension. It is our conjecture that this event 
is either an advected cloud of fine material or freshly suspended sediments, not in 
equilibrium with settling, for which LISST will read correctly but for which the Rouse 
profile slope inverse method will fail. This interpretation is supported by the OBS/ABSS 
response ratios, as will be seen. During day 17, and part of day 18, the OBS slope data is 
very noisy, and so for practical purposes we should disregard the intercomparison here. 

(D) Inversion of  5 MHz ABSS slope data for average particle size 

In Fig. 12(a)-(c) we show three typical straight line fits to our acoustic data. These 
demonstrate that some of the time, we can use our "average particle size" assumption to fit 
the data whereas at other times, bowing of the curve is seen, indicating either a wider 
distribution of sizes being suspended or a breakdown of our Rouse profile model, thus 
incurring some error in our average size estimate. In these figures, the ABSS response 
slopes were fit inside the log-layer only, i.e. above the wave boundary layer (whose height 
was derived from looking at vertical concentration profile slope derivatives) and below the 
constant flow regime. As with the OBS data, simple regression analyses were used. Error 
bars on the slope due to instrument calibration error are on the order of +20%. In Fig. 13, 
we show the average particle size time series obtained from both the LISST and ABSS 
slope measurements. Generally, the ABSS slopes predict sizes lower than LISST's by 
about 5/~m. The fluctuation trends of both data sets tend to follow well, except at day 14, 
where we believe the slope inverse is invalid anyway. In Fig. 14, we show an intercompari- 
son of the average sizes predicted by the OBS and ABSS response slopes. Other than day 
17 (where the OBS slope data is noisy) and days 22-24 (where the trends agree, but there is 
a 10/~m discrepancy, with optics reading larger) these curves agree well. Given the 
sensitivity of acoustics to larger particles and optics to smaller ones, we would expect the 
ABSS acoustic slopes to predict slightly larger average particle sizes than either LISST or 
the OBS slopes. However, the opposite behavior is in fact seen in Figs 13 and 14. We 
believe we now understand the reason for this minor discrepancy. Looking at Fig. 12(c), 
we note that the boundary layer just above the wave boundary layer is not just a simple 
Rouse profile, but instead shows more structure. Specifically, just above the usual wave 
boundary layer, we have invariably observed a "transition layer" which still responds to 
both wave and current stresses, and which extends up to 35 cmab on the average. Above 
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Fig. 11. 
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Average particle sizes estimated from OBS vertical concentration profile slopes vs 
measurements by the LISST diffraction particle sizer. 

this transition layer, another boundary layer is noted. We believe, from correlation studies 
with the wave and current stresses, that this upper layer is in fact the traditional "current 
boundary layer", and have (tentatively) labeled it so in Fig. 12(c). 

This layer generally shows a larger dC/dz slope than the transition layer below it, which 
would indicate larger particles from the Rouse profile slope analysis. If one combines the 
transition layer and the upper layer data and then obtains a slope, one gets a lower dC/dz 
slope, indicating smaller particles in suspension. The ABSS concentration profile slope 
analysis presented in this paper used the entire region from the wave boundary layer to 50 
cmab to estimate average particle sizes, and thus was often dominated by the transition 
layer slope. This explains the lower particle size estimate we produced. However,  the OBS 
slope data extended from 19 cmab to 196 cmab, and mainly saw the traditional current 
boundary layer. Thus it would predict larger particles than ABSS. 

We should note in closing this discussion that the transition layers existence, structure 
and characteristics were not expected when we first embarked upon the STRESS data 
analysis. Rather,  we were guided more by the expectation of "Grant -Madsen"  one- 
dimensional boundary layer behavior. However,  this feature appears to be robust, and 
work is currently being pursued by Lynch and others to understand its origin and structure. 

5. ABSS/OBS RESPONSE RATIO ESTIMATES OF PARTICLE SIZE 

It is possible to use an optical device such as OBS and an acoustic device such as ABSS 
working at different ka as two frequencies in a multifrequency inverse scheme. If we use 
two frequencies from absolutely calibrated systems, and know the scattering laws of the 
particulates, we can solve for two degrees of freedom of the size distribution. If we only use 
the ratio of the two system's response, we can get one parameter  (e.g. the average particle 

- and R ac°us t  o size) if we know the scattering law. By using R °p t  oc an 1 oc an, we obtain that the 
ratio of our 5 MHz acoustics response to the optics response is directly proportional to an. 
Figure 15 shows the ABSS and OBS responses at 19 cmab and their ratio. In order to turn 
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Fig. 13. 
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Average particle sizes estimated from 5 MHz ABSS vertical concentration profile slopes 
vs. measurements made by the LISST diffraction particle sizer. 

Fig. 14. 

c~I ABSS (--) vs OBS (--) 

Day 1991 

Comparison of OBS and 5 MHz ABSS Rouse profile slope estimates of average particle 
size. 

1 t ,%,, ~ , , : : .  

i 

this ratio into average particle size, we normalize the ratio such that its average 
corresponds to the average particle size measured by LISST over the same time period. 
The result of using that normalization is shown in Fig. 16. Good  agreement is seen between 
the LISST trends and the ratio inverse, even on days 14-15 where the slope inverses failed. 
This is due to the independence of the multifrequency inverse from any model assump- 
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Fig. 15. ABSS and OBS concentration estimates and their ratio. We have identified four 
"events" during this period, each of which is subdivided into three subperiods labelled "a", "b", 

and "c". The dashed line represents the ratio of 1, or equal concentrations. 

Fig. 16. 
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Average particle sizes measured by 5 MHz ABSS/OBS ratio (two frequency "multi- 
frequency inverse") as compared to LISST measurements. 
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Fig. 17. 
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Average particle sizes, as measured by LISST and the 5 MHz ABSS/OBS ratio, in 
comparison with bottom stress, as indicated by u, and u 2. 

tions, as stated before. Differences between the two results are due to a combination of: 
(1) approximation of the acoustic scattering law by a°; and (2) the lower sampling rate of 
LISST, which undersamples the high frequency response. 

6. E V E N T  D E S C R I P T I O N  

Time series of the particle-size information are presented in Fig. 17. The top panel 
presents the average particle-size estimates made with LISST. The second panel is a time 
series of the ratio of ABSS/OBS response, converted to estimates of average particle size. 
The third and fourth panels are time series of U,c estimates and current-velocity variance 
(which is mostly due to waves) from the nearby BASS tripod. We have identified four 
"events" in the time series, each subdivided into three periods labelled a, b, and c. We will 
restrict our discussion to the first and last events (starting days 14 and 24), which are larger 
and have less ambiguous signals. 
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The first event has two high-wave intervals, labelled a and b. SHERWOOD et al. (1994) 
note that both were long-period swell events caused by waves with significant heights of 4.3 
and 4.8 m and periods of 14.3 and 16.7 s as seen at the NDBC Buoy 46013, located 52 km 
south of C3. These waves generated maximum significant near bottom orbital velocities of 
20 and 28 cm s -1 during period a and b respectively. No local winds were associated with 
these waves, and currents were not high: the u, values estimated from BASS were 
relatively constant between 0.5 and 1 cm s -1 [Fig. 17(c)]. In period a, the OBS and the 
ABSS both record significant increases that correlate well with the increased wave energy. 
The OBS responded significantly more strongly to suspended sediments in period b, but 
the ABSS response did not change much. The resulting ABSS/OBS ratio therefore 
suggests a decrease in particle size during this period. The LISST also indicates a size 
decrease during period b of the first event [Fig. 17(a)]. This result is unexpected because, 
during the peak of a resuspension event, average grain size in suspension often increases as 
fine material is depleted from the bed and higher shear stresses are available to move 
coarser material. At least, this is the experience in sandy environments where fine material 
is typically a small (but optically important) fraction of the bed material. 

Additional confirmation is provided by the Rouse-profile slopes during period b. The 
slopes obtained for the ABSS and the OBS match well during this period, but with the 
ABSS indicating somewhat larger particles in suspension. Taken together, the data (if they 
are to be believed) indicate an event sequence as follows: in the initial stages of the event, 
relatively coarse material appears in suspension, but as the bottom shear stresses increase, 
the increased suspended sediment is comprised of finer material. The fine material, which 
is suspended during the period of highest stress, is eventually depleted or diluted and 
toward the end of the event as stresses relax, one is seeing somewhat larger particles again. 

It is not possible to explain this "anomalous" sequence definitively without more data. 
However, we will put forward some speculative hypotheses, in hopes that they can be 
tested in the future. Our first hypothesis is the depletion of the bed of fine particles near the 
surface (bed armoring). It is plausible that fine materials, which would be deposited on the 
beds surface during the quiescent spring-summer period, could have been eroded away 
during the early fall by comparatively low-energy storms. In the winter, one would have to 
dig deeper into the bed to release any fine particles. This would give a suspended particle 
size vs stress signature just such as the one seen for the first storm. The second hypothesis 
we consider is the initial erosion of a "fluff layer" of larger, low-density particles, followed 
by finer but denser material. This too could explain the signature of the first event. 

In proposing these hypotheses, we assume that advection and unsteady response of the 
suspended-sediment distribution to changes in bottom shear stress are small. The 
advection assumption is very difficult to prove, but the STRESS site was chosen to 
minimize spatial variation and, therefore, variation due to advection of gradients past the 
instruments. Temporal variability certainly exists, but time scales estimated for settling 
velocities as h / w  s, with Ws = 0.2 cm s -1 (estimated from Rouse profiles) and boundary 
layer heights of 10 m (TROWBRIDCE et al . ,  1994) are relatively short (1.4 h). Time scales for 
upward diffusion, which scales as h/Ku,¢ ,  are comparable, assuming u,¢ = 0.7 cm s I. 

The last major event also showed a "larger (a) --~ smaller (b) ~ larger (c)" signature, 
though far less pronounced, and also never showing any very fine particles in suspension. 
For this event, the size sequence correlated well with the stresses, leading one to believe 
that one was simply observing the suspension of larger particles by larger stresses. As the 
stresses in this event were not nearly as high as in the first event, we can conjecture in the 
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context of the depleted bed model that the bed did not erode down far enough to release 
any finer material. A fluff layer would also be consistent with the last event's size and stress 
signatures. 

7. D I S C U S S I O N  A N D  C O N C L U S I O N S  

We are approaching the point where we can begin to measure sediment transport on a 
size class by size class basis. Based on our experience with obtaining suspended sediment 
size information from the STRESS site by various means (multifrequency inverses 
including both acoustical and optical devices, laser diffraction sizing, and model depend- 
ent inverses) as well as the successes of other investigators (HAY and SHENG, 1992) using 
multifrequency acoustics, it would probably not be too immodest to say that the 
technology and techniques are now in place to do so. The simple techniques presented in 
this paper are in a sense the "low tech" end of the size inverse technologies, designed to 
give very basic size information (e.g. average size) using only common measurement 
systems. Such basic information should be useful for many applications, such as the 
interpretation of the field data one takes, improved mass transport estimates, etc. 

It is our intention in the near future to calculate the transport at the STRESS site on a 
size class by size class basis, i.e. combine our size dependent  concentration estimates with 
current profiles. This result in itself will be of great interest, e.g. in seeing which size classes 
dominate the transport. We will then compare this with GRANT--MADSEN (1979) model 
calculations which input the wave and current forcing, bottom roughness, and bed 
s e d i m e n t  m a k e u p .  T h e  c o m p a r i s o n  o f  t h e  m e a s u r e d  t r a n s p o r t  w i t h  t h e  m o d e l  o n  a s ize  

c lass  b y  s ize  c lass  b a s i s  s h o u l d  b e  o f  g r e a t  v a l u e  in t e s t i n g  a n d  i m p r o v i n g  o u r  c u r r e n t  m o d e l s  

o f  s e d i m e n t  t r a n s p o r t .  
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A P P E N D I X  A 

Examination of equation (1) clearly shows that one can use a differential settling experiment as a way to 
measure the scattering form function curve (f2/an,), specifically by posing equation (1) as an inverse problem. If 
we define F n =- (rE~an) , equation (1) may be written for a specific acoustic operating frequency and range bin as: 

N 

vm -- /. mFn . (A.1) 
n=l 

In equation (A.1), n is the size class index (n = 1 . . . .  N), m is the sample index, i.e. the number of size 
distribution and concentration measurements made (m = i . . .  M); V 2 is the voltage squared (intensity) 
measured by the acoustic backseatter device; K is a constant factor including instrument calibration, geometrical 
spreading loss, water and sediment attenuation at a constant range; C,,.m is the mass concentration in the nth size 
class during the ruth measurement; and F n is the form function for the scattering, which is the quantity for which 
we wish to solve. 
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In solving such an inverse problem, a number of issues have to be considered. First is the determinacy of the 
problem. Obviously, one needs M -> N, i.e. as many or more data points than variables to solve for. Next, one 
must address the condition number of the inverse, i.e. the ratio of the largest eigenvalue to the smallest 
eigenvalue kept in a singular value decomposition solution of the inverse problem. The smaller this number, the 
better posed the inverse is for the number of size classes for which F n is estimated. Due to the extreme variation of 
F n over the range of ka one considers for the STRESS sediments (which is typical), one is likely to find the inverse 
ill conditioned for finding F n for the smaller particles. Since the settling experiment conveniently separates the 
smaller particle scattering from the larger particle scattering temporally, one can consider breaking the inverse 
into small and large particle segments, each of which are each well conditioned. Two other experimental issues 
also should be mentioned. First, the error incurred in the removal of a sample from the settling tank (to get mass 
and size distribution) and second, the effects of tank turbulence, which may keep some of the finer fractions from 
falling out of suspension. However,  despite these experimental difficulties, the settling experiment is a relatively 
easy one to do, and we feel that exploration of this calibration scheme may be well worthwhile. 

A P P E N D I X  B 

Estimates o f  the Rouse parameter from OBS data 

Suspended-sediment concentration estimates were obtained simultaneously at four elevations (nominally 19, 
41, 131 and 196 cmab) by recording OBS voltages at 1 Hz for 672 s (11.2 min) every hour. Voltages were 
converted to concentration units (g 1-1) using a linear calibration with an offset (y-intercept) determined from 
"clear-water" response at the study area and a gain (slope) based on laboratory calibrations of the OBS with 
suspensions of bottom sediments from box cores taken at the study site. Calibrations were performed in the test 
tank described by DOWNtNC and BEACH (1989). Because earlier models of the OBS are sensitive to temperature 
changes, the calibrations were performed at 2°C to approximate ambient temperatures at the site. All four OBSs 
responded linearly to increases in suspended-sediment concentration between 0.0 and 2.3 g 1-1 with gains of 
0 .13-0.87gl  l v - l .  Correlation coefficients for the five-point calibration curves ranged from0.9979 to0.9992, 
and the estimated standard deviation around laboratory predictions of concentration from OBS response was < 
0.08 g 1-1 (SACHS, 1982). The data was digitized with a precision of about 0.001 g 1-1. Offsets were adjusted so that 
minimum observed concentration estimates were 0.001 g 1 ~, and short sections of the concentration time-series 
were corrected to remove apparent drift in the offset that was probably caused by fouling. The resulting time 
series of concentration estimates, which generally are highest near the bed, are shown in Fig. B. 1. 

OBS concentration estimates from the four elevations were used to estimate of the Rouse parameter P = 
W,,/Ku,c. The Rouse equation [equation (4) in the text[ was rewritten as: 

y = A + Bx (B.1) 

where the dependent variable y = In (Cn) , the independent variable x = In (z/z,), the intercept A = In [C n (g.)], 
and the slope B = P. An estimate for the standard deviation of the slope B is given by: 

/ 
Sy~/(1 - r2) n - -  1 

n 2 

where n is the number of observations (four), r 2 is the regression coefficient, and 

S y = ~ y 2 - 1 ( Z y )  2 (B.3) 

(SACHS, 1982, p. 417). A representative profile is shown in Fig. B.2. In this figure, measured concentration 
estimates (asterisks) and their standard deviations (solid lines) are plotted on log-log axes against relative height 
z/z r. Also shown are the best-fit concentration profile (dashed line), standard deviations around the predicted 
concentrations (dotted lines), and standard deviations around the best-fit reference concentration C. (crosses, 
located at z/zr = 0). 

Time series of estimated P and regression coefficients r 2, are shown in Fig. B.3. Error estimates around P 
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(dots) were derived from equation (B.3). The median s tandard error around P for all measurements  was 55% 
but, when r 2 > 0.95, they improved to <30%.  High r e were usually associated with high concentrations and steep 
concentration gradients. The  fits were generally poorest  (and somet imes indicated inverted concentration 
gradients) during times of low concentrations.  Some instances of poor fits and inverted profiles were caused by 
incorrect adjustment  of  the clear-water offsets. These analyses do not account for the vertical variation in 
sediment  size that is likely to occur during resuspension from a mixed-sized bed. 

The response of optical devices to a mixed suspension can be modeled,  as was shown from laboratory results 
earlier in this paper as well as by various investigators using boundary layer models to predict performance.  The  
following generalizations hold when OBSs are calibrated using bot tom sediment  and those non-cohesive bot tom 
sediments  are then resuspended in a steady-flow boundary layer by bot tom shear  stresses: 

- - O B S s  overest imate the sediment  concentration in the water column because they respond more readily to 
fine material,  which is resuspended in greater proportion than coarse material. 

- -E r ro r s  in concentration estimates increase with elevation because the proportion of finer material increases. 
- -E r ro r s  in concentration estimates will be smallest when the size distribution of the calibration sediment  

closely matches the size distribution of the suspended sediments.  For this reason,  errors are small for well-sorted 
sediments  and for sediments  with a large fine fraction. Errors are greatest when only a small amount  of fine 
material is present  in the bed material,  because this material will dominate the OBS response. 

- -Sediment-concent ra t ion  gradients will be underest imated by OBS profiles, and est imates of P will be skewed 
toward those of the fine fraction. However,  in most  cases only small amounts  of coarse material (<4  9) are 
suspended above 1-10 cmab so the concentration gradients measured by arrays of OBSs are reasonable 
representat ions of the true concentration gradient of the fine fraction of bed sediment.  

- -Es t ima t e s  of concentrations and concentration gradient will improve as bot tom stresses increase and the 
suspended-sediment  size distribution more closely approximates that of the bed (and calibration) material. 

- -Es t ima te s  of  sediment-concentrat ion gradients at the C3 site may be fairly accurate because the bed 
sediment  is mostly fine. Est imates of the absolute concentration are probably high (by a factor of  2-3 roughly). 

Additional errors are introduced when the restrictive assumptions of the Rouse  equation are violated. In 
unsteady conditions, the concentration gradients will be greater at the onset  of  resuspension events while 
sediment  diffuses away from the bed, and gradients will be smaller under  waning conditions as material  settles 
back to the bottom. Profiles will also be altered if stratification from suspended sediments  or additional mixing 
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from turbulence in the wave-boundary layer results in an eddy-viscosity profile that does not  increase linearly 
with elevation. These  effects may account for some of the discrepancies observed in the  data. 

A P P E N D I X  C 

Velocity profiles from BASS data to determine u ,  

The current  shear velocity u ,  was determined from BASS current profiles obtained on a tripod located 
approximately 800 m to the southeast .  Logarithmic velocity profiles were fit to BASS speed data measured  at four 
elevations. Data  from elevations z = 40, 76, 135 and 257 cmab were used; data from 196 cmab were omitted 
because they display a systematic offset, and data from the top sensor at 493 cmab were omitted because they 
were too far above the bed to guarantee they were obtained from within the constant-stress region, defined 
below. The  logarithmic profile above a wave-boundary layer is described by: 

u(z) = u*c ln ( Z--~- t (C.1) 
K \Zoc ] 

where u,c is the current  shear  velocity, K ~ 0.41 is von Karman ' s  constant,  z is the height above the bed and zoc is 
the apparent  roughness height. In the absence of waves, zoc becomes Zo, and is determined by hydraulic 
conditions (including bedload transport) and physical roughness of  the bed caused by bedforms,  biogenic 
features (mound,  tracks, and trails), or sediment-grain roughness.  

The parameters  u,~ and Zoc were determined from BASS data by least squares fit. Taking x = In (z) as the 
independent  parameter ,  the log-profile equation can be case in the familiar least-squares notat ion as 

u(z) = u*"ln 0 - ~ l n  (zoo) (c.2) 
K 

o r  

y = A + B x (C.3) 

where dependent  variable y = ui = u(z), slope B = u,c/K, and intercept A = (u,c/K) In (Zoo). A coefficient of 
determination r 2 relates regression variance to total variance and provides one measure  of the goodness-of-fit. 

E ( u i -  tii) 2 F2 --  ~( /~i  - -  ~)2  --  1 ( C . 4 )  
~(ui - if)2 2 ( u i -  ~)2 

where all summat ions  are over the N elevations, overbars indicate the mean over N elevations, and carets (^) 
indicate values predicted from the least-squares coefficients. 


