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ABSTRACT

Concern for the transport and fate of chemical contaminants in estuaries is the

_ impetus behind recent interest in more effective methods of measuring suspended

sediment concentrations than the traditional grab or pumped water sample methods.
Backscatterance measurements of particle concentrations offer much promise as a reliable

and rapid respo‘nse method and even the potential in certain cases for remote sensing of

- concentration. Such new methods would be particularly advantageous in estuaries of the

type studied in this work that present difficult sampling proble’ins due to their large

horizontal scales and dynamic nature.

A method of obtaining profiles of suspended sediment concentration and particle
size spectra from a combination of a direct grab sample of suspended sediment
concentration, profiles of optical and acoustical backscattering and a vertical transport
model for suspended sediments is outlined and applied to observatibns in the vicinity of
the turbidity maximum of the St. Lawrence estuary. Inferred particle size spectra ranged
from 8 to 100 um with sizes from 16 16 to 32 pm bw Size estimates were |

ot directly confirmed but rather shown to reduce the scatter between water sample

concentration and backscatter response; espec_;ally in the case of acoustical backscatter.
The appareht invariance of the particle size spectrum over a tidal cycle permitted the use
of acoustic backscatter data alone to compute profiles of suspended sediment
concentration. yFor.the first time the net suspended sediment flux has been calculated
over a tidal cycle and across the 15 km breadth of the estuary. The limitations of the

approach presented here and the diréction for future research are discussed.



MANAGEMENT PERSPECTIVE

This work is the first report on a joint study of the upper St. Lawrence estuary
‘undertaken with the Maurice Lamontagne Institute (MLI) in June 1991. While the
intention of this study was to provide the necessary observational data with which to
drive and test a three-dimensional hydrodynamic model under development by MLI
modellers the observations collected by the National Water Research Institute component
have in this report been uséd to explore the question of deducing particle size spectra and
sqspcnded sediment concentrat'ions from backé,cat_te,r observations. The backscalter"

approach has the great advantage over more traditional methods such as water sample

determinations in that it is rapid, in situ and offers in some cases the capability of remote o

sensing. This novel method, its limitations and its application for the first time to the
cross-sectionally and tidal net sediment flux of the St. Lawrence estuary are detailed in

the paper. Work continues on the development of the three-dimensional model at MIL.



INTRODUCTION

Interest in the concentration and flux of suspended material in estuaries is broadly
based. Recent public concern for possible contamination of estuaries has drawn attention
to the need to know the spectra of particle sizes as well as their concentration in order
to better understand adsorption-desorption processes. In estuaries such as the upper
estuary of the St. Lawrence River of interest here measurement of suspended sediment
concentration and particle size spectra p_resents' a formidable sampling problem owing to

their large horizontal Scales, complex bathymetry and vigorous tidal currents.

As part of a broader program to develop and test a three-dlmensmnal model of
the flow salinity and suspended sediment distribution of the St. Lawrence estuary
validating data consisting of individual proﬁles of current, backscatterance, sahmty and
temperature were observed concurre‘ntly at a number of locations. The purpose of the
present paper is to investigate the feasibility of dedUCing the suspended sediment
concentration and particle size spectra and thereby the tidally averaged flux of sediment
across the estuary based on direct water sample observations and optical and acoustical

backscatter analysis.

| . Inferences on sediment concentration drawn from backscatter information depends
on a knowledge of the size distribution of the scatters present. In general, the size
information at a give‘n site is unknown and is a complex function of time and depth.
This is due to the interaction of upward turbulent sedlment flux and size dependent
gravitational settling. As far as is known there have been no dlrect in situ measurements
of profiles of particle size of the finer size range generally found in estuaries. Although
too limited in range to be considered as a remote sensing tool, perhaps the most .
- successful method for simultaneously measuring particle size and therefore concentration
in situ is by optical diffraction (Agrawal and Pottsmith, 1989). Multlfrequency acoustical
methods while offering greater range than optical methods have so far been used for the

large non cohesive particle sizes associated with beach processes (Hay and Sheng, 1992).




Single frequency acoustic backscatter measurements of suspended sediment in the
ocean have been made over the last decade in combination with other information on
'parﬁcle size or concentration. A good example of the importance of particle size
infomiation for the acoustical backscatterance determination of sand particie
concentrations in an esiuary is provided by Thorne ez al. (1993) who obtained spectra in
the laboratory. - In a refinement of the single frequency technique for remote sensing of
éediment conceﬂtfaﬁon profiles, Libicki er al. (1989) proposed that size variations over
a range of depths due to differential particle settling coixld be accounted for in a turbulent
boundary layer from a knowledge of the friction velocity, steady state boundary layer

theory and an assumption of the particle classes likely to be present. They demonstrated
that even at relatively low concentrations which ought to have a limited range of particle
sizes concentration estimates could be up to 33% in error. Lynch et al. (1991) have
~applied the boundary layer model and assumed particle size distributions to examine the
response of backscattered a‘coustiés and an optical transmissometer on the continental
rise. As well, from a comparison of optical and acoustical signals from the same parcel
of water they have qualitatively classified the particle distributions into fine or large for
a number of episodes over their experimental period. The mathematical basis for
interfering particle size from either optical extinction or ac_bustic backscatter in a steady
turbulent boundary layer has been described by Lynch and Agrawal (199,1). A non-
negative least squares method was applied to acoustic backscatter data from a field
~ experiment and one size class inferred. They noted that inferences from acoustics is
biased to larger size classes whereas optics favour the smaller ones. This suggests that
both optical and acoustical data should be combined in the inversion method. The
purpose of this papef is to develop a method for determining particle size spectra from:
both optical and acoustical data and to extend the applicability of the method from the
case of the steady turbulent boundary layer to the more general stratified water column
typical of partially' mixed estuanies.‘ Furthermore, the deduced particle size spectrum is
employed to correct the optical and acoustical responses for size effects in order to

improve the estimation of the concentration of suspended material over the water column.



In an application section of this paper the technique developed is used to estimate the flux

- of suspended sediment over a tidal cycle in the St. Lawrence estuary.

Backscatter Inversion Theory Based on a
Vertical Transport Model .of Suspended Sediments

Under the assumption that vertical transport processes dominate over horizontal

transport processes, the conservation equation of mass for particles of size class n is

acn - aC, 3 |, acn (1)
= " m T u\Sm

where C,r,.iis concentration of size n which varies over the vertical coordinate z and with
‘time t. The settling velocity, W,, of a particular size class is governed by the standard
Stokes law fall velocity for spherical 'particles of radius, a,, and by the density of quartz

W (cm/s) = 2.068 x 107 aZ(a, in pm)

(Lynch er al., 1991).

~ The vertical eddy diffusivity, K,, recommended by Fischer er al. (1979) for

~ estuaries is

Z

K, = ¥u,z(h-z)/h(1+3.33 Ri)5

where « is the von Kdrmén constant, 0.4, u. is the friction velocity taken here as the
greéter of the surface and bottom boundary layer values. The surface friction velocity
is related to the wind speed in the conventional manner while the bottom friction velocity
is a linear function of measured ﬂow at the bottom (Hamblin, 1989). The water depth
is h and the Richardson number, Ri, is a function of the measured flow field and density

structure as in Hamblin (1989).



Boundary conditions at the surface, z = h, are no flux: ’

W,C, + Kz% = 0
and at the bottom (z = 0) in the case of temporally decreasing concentration or free
settling

oc, _ |
az‘°

K,

erosion or temporally increasing concentration,

ac,

_Wncn * Kz oz

and equilibrium or steady conditions, .

ac,
3% 0.

wncn + Kz

The initial conditions which are not known, in general, are assumed to be the equilibrium
profile which in the case of a constant Richardson number, R = 111 Soh Ridz, has the
analytical solution (Teeter, 1986) in terms of a known concentration at a reference height

z.

: i .
Colz) = Cplz;) [ = Z)Z:]

z(h-z. )

‘where z° = X“ (1 + 3.33 R 'S

Numerical solutions to (1) are similar to the above analytical expression in that
they are relative to a reference concentration, C,(z). In the following, a normalized C_,
C., is used such that Ci(z) = 1. '




Teeter (1986) has shown by numerical solution of the above vertical transport
equation that the stra,ti_ﬁ_ca'tion of suspended material, AC/C, where AC is the difference
between bottom and surface concentrations and C  is the Veftically éveraged
concentration is equal to 1.5 times the Peclet number, Wh/K, for.the case of equilibrium |
profiles. For the purposes of estimation of the theoretical distributions of C, initial
profiles of concentration are examined for their stratification and Peclet numbers and
classified into erosional, equilibrium or depositional (see Table 1). In the case of
erosional or depositiorial conditions, solutions of equation v(I) are obtained by explicit
.integ.ration in time as described in Hamblin (1989) over a time period determined by the
time taken for the profile to reach the observed stratification number at the average

settling velocity.

Conner and DeVisser (1992) found that the relation between optical backscattering
intensity, I, and particle size is in accordance with Mie scattering th’eoi'y, I a Cla,

in terms of undetermined coefficients, d, and f,,
I, = .do};-‘;cﬂ/an + £,
or in terms of the normalized solutions of equation (1), size fraction, fr, .., and reference
concentration, C,, ’ ' ' ,
- S |
»Io = dozc-refcn fIn,zef-/an + fo (2)
. n ‘

Acoustic backscatter instruments such as the 1.2 MHz profiler used in this
experiment operated generally within the Rayleigh scattering region (2wa,/A< <1),
‘where X is the acoustic wave length). For particle sizes typical for the St. Lawrence
estuary (a,<60 wm) this criterion is easily satisfied. In this case, the backscattering
intensity, 1,,, is related to the pﬁrticle size and.volume _coricentration (Lynch et al., 1991)

Inm = GxCpan *+ £y

and the total response,



I, = d,=ZC,as + £, or
n

I = dBCyCafT, soean + £, (3)
n : i

The coefficients d, and d, incorporate the effects of the instrumentment responses,
particle density and mmerology Consequently, they must be determined from field
experiments. |
The reference concentration is the grab or seston sample taken at the reference
height of 50 cm above the bottom. The inverse problem for the determination of the
unknown size fractions, fr, ., and constants d,, f,, d, and f, which are represented by

the vector, S, may be expressed in matrix form by

Gome1,n Sn = Oapay . (4)

where m refers to the various depths where optical and acoustic measurements are made
hp to M levels. If ¢ size fractions are assumed in the particle size spectrum, then in

terms of the non dimensional concentration, C(z),

C,’,(zm)/aj‘, form = odd 1,2M-1;n = 1,¢

G =

G,, = Cizpalform = even2,2M;n = 1,{
G,, =1lform = 2M+1;n=14¢

Gue = In/Creform = odd 1,2M-1;n = £+1
Gpa = UCyform = odd 1,2M-1;n = £+2

Gun = L,./C. form = even 2,2M; n = {+3
G,;,,n = 1/Cform = even2,2M;n = (+4

The right hand side, o3,,, is zero except at m = 2M+1 where it is unity. The
'solution of the inverse problem as expressed by equation (4) is over determined if IM+1
exceeds { + 4. '




Once the size spectrum at the reference depth, fr, s has been determined from
equation (4) it may be evaluated at any other depth from the numerical solutions, C’,(z)

and ’ 7

fIn (Z) .frn.ref C!{(z)‘/zfrn,ref C,{(Z)
) n

In practice, the acoustic backscattered response, I,,, must be corrected for
- geometric spreading and for attenuation both by the water and by the suspended material.
In the sonar equation (Urick, 1948), the spreading is taken as 20 log,o(r) where r is the
acoustic range and the attenuation is ar. The water absorption coefficient, «, appropriate

to the acoustic frequency used is 0.474 db/m (Lohrmann and Humphrey, 1991).

~The corrections to the backscattered acoustic intensity due to scatterers in the
water arid viscous losses are accounted for according to the particle size and
concentration dependent expressions given in Libicki er al. (1989). Equation (4) was
solved iteratively starting from the assumption of no viscous and scattering losses. For
the relatively low concentration of suspended material experienced it was found that one

iterative step was sufficiently accurate.

Lynch and Agrawal (1991) have examined in detail two inversion techniques for
the solutio_ri of equations similar to equation (4), standard least squares and non-negative
least squares, but did not consider _the effects of combining acoustic and optical data in
a single inversion. The latter technique, adop‘ted here, constrains ‘_t_he particle size

fractions to positive values which is not the case with the standard least squares method

in the presence of noise. The solution algorithm chosen in this study minimizes the sum - -

of squares of equation (4) for particle size fractions in the range 0 to 1 according to the
Levenburg-Marquardt strategy for selecting new iterates (IMSL, 1987). As Lynch and
Agrawal (1991) pointed out, a drawback of the non-negative least squares method is thét
there is no theory for estimation of the error in the particle size inversions. A crude
check on the accuracy of the inversion is possible by summation of the size fractions and

comparison of this sum to unity.



Since the coefficients, d, , and fy o are assumed to be invariant from profile to ‘
profile, more confidence can be obtained from equation (4) by including additional
profiles. If n profiles are considered in (4) there are n(2M+ 1) equations but only nf +4

unknowns.

‘ It is noteworthy that equation (4) is a linear least squares problem in the unknown .
size fractions. It would be more natural to pose the problem in terms of the logarithm
of concentration as the standard deviation of sediment concentration was found to be
proportional to the concentration (heteroscedastic). Despite various attempts convergence
of the nonlinear, non-negatwe least squares problem could not be obtamed hence, the

linear problem is presented here.

OBSERVATIONS

‘ Aisen'es of 12 proﬁles were observed in the St. Lawrence River estuary from
June 6 to 12, 1991 either at anchor or adrift. At these locations in the vicinity of the
turbidity maximum (Figure 1), suspended sediment concentrations were measured at
approximately 0.5 m above the oottom by the collection of a 1 L grab 'sampl'e and on
' board filtration through a preweighed filter. At usually 11 evenly spaced levels in total
depths ranging from 10 to 19 m, currents were sampled by an acoustic current meter of
ES&S manufacture, optical backscatterance readings were taken with a D&A instruments
sensor (Downing and Associates 1985), and temperatures and conductivities were
recorded by standard sensors along with the other profile data. Concurrently, profiles
of three components of current and acoustic backscatter intensities from each of four
downwardly directed beams were logged for later merging with the directly measured
proﬁle data by an Acoustic Doppler Current Profiler (ADCP) of 1.2 MHz frequency
The acoustic 1nten51ty of each beam resolved at 1 m depth intervals represented an
average of 60 samples or pings. A typical dwell consisted of at least three such

averages. The ADCP of RDI manufacture was mounted at the surface on the side of the
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- research vessel. ‘While the bottle sampler and optical backscatter sensor were mounted
on the same hydrographic line at a separation less than one meter apart and thus sampled
approxi,mafely similar volumes, the volume sampled by the four diverging acoustic beams

-is much larger especially close to the bottom. This could result in poorer correspondence
between the acoustic and grab sample data than for the optical data. At each profile
location surface wind speeds were noted. Further details of the sampling stations are
pfesented in Tablg 1. |

RESULTS |

A scatter diagram of optical backscatter output voltages (counts) at the grab
Sample depths versus the suspended sediment concentration (seston) of the-grab samples
indicates a r‘easdnable correspondence in Figure 2. The opticél backscatterance output
represents an average of about 50 readings over a 100 s period of the dwell of the
profiler. A plot of the optical backscatter averages against their standard deviations
| revealed that the standard deviation is directly proportional to the average concentration. ,
By taking the logarithm the standard deviation becomes independerit of the sarhple value.
For this .r'eason, logarithmic scales were chosen for this and all scatter pldts to follow.
As pointed out earlier, unfortunately convergénce could not be obtained for the
logarithmic form of equation (4). In recognition of possible sampling errors in the grab
sample determinations of concentration the maximum likelihood regression line is shown
rather than standard linear regression. Similarly, in Figure 3, the acoustic backscatter
intensity corrected for beam spreading and water absorptiox_i corresponds more poorly to
measured sediment concentration than the optical backscatter measurements. All dwell
depths for the set of 12 stations are lumped together in the scatter diagram of Figure 4.
Station 8, located in the river zone well upstream of the turbidity maximum has the
lowest overall response. Figures 2 to 4 serve as a basis of compari'so‘n and evaluation
of the corrections to be made below in backscatterance response for particle size

according to the theory outlined earlier.
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When the da_tal shown in Figure 4 are assembled in a set of equations of the form
of equation (4) there are 214 equations for 76 unknowns assuming six size fractions per
profile. Unfortunately, in this study there was no independent method of cho_osing the
possible range of particle sizes. Krank (1979) found that in the turbidity maximum the
most frequent particle size ranged over 10 to 20 um in bottom sediments while Hamblin
(1980) determined an average particle size of 15 pm for suspended sediments
downstream from the sfudy area based on sediment settling rates deduced from a match
of model results to field observations. On tﬁe basis of these studies it was assumed that
particles ought to span the range frdm 4 to 100 um and that the size classes would be
distributed in the usual power-of-two size increments. The upper. point is chosen as
100 um rather than 128 um as the inversion proved to bé nonconvergent over this
broader dynamic range of particle sizes. This finding is in agreement with the analysis
of Lynch and Agrawal (1991) who showed for solely acoustic response .in a turbulent
boundary layer that the condition number of the matrix, G, in equation (4) is a function
of the dynamic range of .p';u"tic'le sizes and depths. Iterations were initialized by the _
assumption of equal size fractions in each class summing to unity, the constants of

“proportionality, d, o of unity and its intercepts, f, o, zero. There were no bounds placed

on these last four parameters.

The results of the inversion of equation (4) for particle size spectra at the gfé_\b
sample or reference depths are presented in Figure 5. It is evident that in all cases the
fractions sum closely to unity which is an encouraging indication of the accuracy of the -
" inversion. Most spectra are unimodal with a peak at either 16 or 32 um. Stations 4 and
8 suggest a bimodal distribution and that at 4 possibly particles larger than 100 um are
present. The remarkable similarity of spectra at stations 9 to 12, all observed on June
12, will be exploited to infer sediment transport in a later section. Unfortuhately, there
were né independent measurements of particle size spectra with which the results of
Figure 5 may be compared. Instead, the spectrum is evaluated indirectly by its

application to the estimation of sediment concentration.
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Equation (2) may be rearranged to yield the concéntration, C(2), based on optical
backscatterance
(I (z) - £,)ECy(z)fr,

c(z) = C,eeBCa(z) fr, = : - (5)
» n - d,EC,(2) fr /a,
n

or from equation (3) for acoustical backscattering,

(I,(z) - £,) Bcl(z)fr,

i — - (6)
d, 2C,(z)fr a,

C(z) =

After correction for size distributions according to equation (5) the near bottom
optical backscattering measurements compare more favourably with the concentration
from seston samples in Figure 6 than do the uncorrected measurements in Figure 2. The
i_mpr_ov’einent is more marked in the case of the acoustic measurements shown in
Figure 7. In this case the correlation coef_ﬁcieht (R) increases from the uncorrected valie
of 0.89 in Figure 3 to 0.98 in the case of the size corrected backscatter response thereby
bringing the acoustical estimation of concentration in line with the optical determination.
| The optically and acoustically inferred concentrations from equations () and (6) are
compared in Figure 8 at all sample depths. Itis evident that taking into account the size
spectra increases R from 0.92 to 0.97 and that the maximum likelihood regression line
of the corrected estimate has a slope of 1.056 + 0.026 and an intercept indistinguishable

from zero.

Application to Tidally Averaged Sediment Flux = -

‘Past studies have shown that suspended sediment dynamics greatly affect
contaminant fluxes in the St. Lawrence estuary. The large width of the estuary -
containing various flow and mixing regimes prevents estimating fluxes reliably from

single stations. In this section, the concepts developed above are applied to estimating

for the first time the cross-sectionally and tidally averaged transport and sediment flux.
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Measurements of acoustically determined flow and backscattgring profiles
(ADCP) were carried out over a semi-diumgl tidal cycle on June 12, 1991 in the region
between the dashed lines shown in Figure 1. This area was chosen as it is one of the
few navigable passages within the maximum turbidity zone. Four complete transects
each compriéed of about 210 individual profiles over a distance of about 15 km and one
partial transect of 69 profiles covered the 10.2 hr sampling period.” The ship’s position
was measured by means of an autonomous global positioning system (GPS) and
shipboard gyro compass. A typical speed-made-good of the vess;el was 3 m/s as
determined by differencing GPS derived position estimates and from bottom tracked
velocities from the acoustic profiler. It was decided to use the GPS ship velocities for
correction of the current profile data for ship motion d,espite the potential for errors in
GPS velocities of up to 0.2 m/s (Georgiadou and Doucet, 1990). Although the estuary
-was sﬁfﬁciently shallow to obtain strong bottom echoes at all profiles the bottom tracked ‘
velocities did not compare favourably in shallow water. Also, Stronach and Hodgins
(1990) found that in a tidal estuary motion of the bottom sediments at high flow speeds
invalidated the fixed seabed assumption for calculating absolute velocities acoustically.

At the beginning and end of most transects profiles of optical backscatter, ‘
temperature and salinity were measured. The analyses of these data sets along with the
accompanying acoustic data indicated at stations 9 to 12 almost identical particle speétra
in Figure 5. On this basis it was assumed that this distribution held for the entire
experimental period. Suspended sediment concentration estimates were computed from
equation (6) and the size spectra of stations 9 to 12 at 1 m depth intervals over the water
column. Components of vertically integrated sedimejﬂt flux were compiled by summing
the flux components at each 1 m depth interval over the water column. Next, the
vertically integrated flux data were sorted in time and position so that at each of the
210 points across the estuary a time series of either 4 or 5 points over the tidal cycle
resulted. At each pbint the mean and semi-diurnal constituents of the sediment flux and

the transport were calculated by a least squares best fit to the time series. This method
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of tide removal is a simplified version of one of the approaches outlined by Foreman and
Freeland (1991).

The tidally averaged sediment flux at a point along the St. Lawrence estuary is
presented in Figur‘e 9. The somewhat irregular track in the northwestern position is
' caused by averaging of the individual tracks which diverged more in the highly energetic
northwestern pbrtion of the study area. The associated mean transport given in Figure 10
~ also indicates a net upstream flux. Not shown are the major axes of the tidal ellipses of
transport and sediment flux which indicate semi-diurnal tidal amplitudes about four times.
A larger than the mean quantities. The total tidally averaged sediment flux and. transport.
over the width of the estuary was calculated aécording to the line integral, | Uds,
where U, is the component of transport or flux normal to the line segment, ds, and was

taken as zero at the two land boundaries.

 The total net transport was 31,600 m%/s and sediment flux 2135 kg/s, both in the
~ upstream direction. While not surprising in vi_ew‘o‘f the preponderance of upstream
vectors in Figures9 and 10, the transport does not compare favéurably‘ with daily
average discharge estimated from June 12, 1991 from river discharge measurements of .
11,000 m*/s (R. Couture, Environment Quebec, pers. comm.). Over the experimental
period the.observed ‘winds aver_agiﬁg 8 m/s in an upstream direction could result in an
upstream transport of 4 x 10* m*/s based on elementary hydrodynamic and considerations
in a channel of 15 km in’breadth. If this is the case, then the value of the computed flux

is not unreasonable.

DISCUSSION AND CONCLUSION

A method for combining field observations of direct suspended matter
concentration, optical and acoustic backscatter responses and a vertical sediment transport

model for a shallow estuary has been developed for obtaining profiles of se_diméni
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concentration and particle size spectra over the water column. Since the acoustical data
were obtained remotely, consideration has been given for the correction of acoustical data
for sediment attenuation. The application of this method to the region of the turbidity
maximum of the St. Lawrence estuary demonstrated the importance of knowledge of the
particle size spectrum in the interpretation of backscattering measurements, pafticu]arly
for the far field acoustical data considered here. | S '

» Unfortunately, independent size spectra were not available to evaluate the inferred
spectra. The results of the study indicate somewhat larger sizes than those obtained by
laboratory analysis of dispersed bottom samples in the region of the turbidity maximum.
This suggests that suspended particles in the estuary may be aggregated into ﬂocs.
HoWe\'(e'r; there is possible ambiguity in the interpretation of size as acoustically
determined size may differ from optical size which in turn may not be the same as
laboratory determinations. Size sp;ctra have been evaluated indirectly by showing that
accounting for size in the backscattered response reduces the statistical scatter between

grab sample concentrations and those inferred from backscatterance.

Application of the acoustic profiler to the computation of the tidally averaged
sediment flux across the estuary was only possible because the four profiles taken dhrihg
the tidal cycle suggested that the assumption of an invariant size spectrum was
reasonable. If the particle spectrum changed over the tidal cycle or across the transect
then continuous profiles of optical backsdattering and density structure would have been
required in addition to the acoustic information. This fortuitous circumstance permitted
the calculation of the tidally averaged net sediment flux ar_id transport across the estuary. |
These results suggested that many such experiments would have to be i)erformed to

average out the influence of the wind driven circulation.

Perhaps a more. proﬁtable approach would be to use the measured sediment and
velocity profiles to verify a three-dimensional model of the wind and tidal circulation

which, in turn, is coupled to a sediment transport model. This work is in progress and
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hopefully will be reported shoftly. Such a three-dimensional model may overcome some
of the limitations of the approach outlined here namely the neglect of horizontal gradients
in equation (1) and some of the uncertainties on thie initial éonditions of the sediment
tfanspor‘t model.

In futore studies of sediment concentration and flux in estuaries, it is
recommended that sediment concentrations be measured directly from grab samples as
frequently as possible. Eyen optical backscatter sensors must be calibrated in situ to
obtain accuracy (Maa er al., 1992). Gibbs and Wolanski (1992) have found size
‘dependent errors of up to 100% in concentration determinations ‘of estuarine sediments
using optical backscatter measurements. Size spectra of the grab samples, as well as any
independent in situ measurements, would be highly desirable if technically feasible. A
method of measuring the optical backscatterance and stratification concurrently with
backscatterance acoustics is riecessary. A vertically cycling towed instrument package
of the type described by Fratantoni and John (1991) would serve this purpose. well. '
Better positional and ships velocity data than is currently available from autonomous GPS
n;a\}igation‘ systems is highly recommended. Improved knowledge on the specification
turbulent mixing from readily measured quantities in estuaries is strongly advised.
Further work on inversion algorithms suitable for size analysis from backscatterance data
is warranted. In particular, the error analysis of non-negative least squares is in need of
attention and the extension of this method to the nonlinear problem involving the

logarithm of concentration wotld likely be an improvement.
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TABLE 1:  Additional profile data

Station Date  Time (UCT) Depth (m) Stratification Peclet No.  Class

June 6  17:50-18:09 17 1.6

1 0.8 Depositional
2 June8 17:16-17:36 19 1.7 1.3 Depositional
3 June 8 19:03-19:23 18.5 0.6 1.6 Depositional
4 June9  15:23-15:36 11 0.7 0.8 Depositional
5 June 10 12:44-12:54 143 1.1 0.4 Erosional

6 June 10  16:19-16:25 12.0 0.06 1.0 Depositional
7 June 10 19:12-19:18. 13.2 . 0.4 1.0 - Depositional
8  Junell 19:33-19:47 ° 13.0 0.01 1.4 Depositional
9 June 12 13:08-13:15  13.1 1.7 1.6 Depositional -
10  June 12 18:05-18:11  10.5 0.2 1.1 Depositional
11 June 12 20:52-21:00 15 0.3 0.5 Depositional
12 0.6 Depositional

June 12 22:51-23:00 16.5 0.5
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LIST OF FIGURES
Study and station locations of the Upper- St. Lawrence River estuary.
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