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Abstract.

Models for the vertical distribution of suspended sediment under waves and

currents are compared with field observations. The models include a diffusion-based
model, a convection-based model, and a combined convection-diffusion model. The field
observations were carried out at Vilano Beach, Florida, in a water depth of approximately
3 to 4 m, with a median grain diameter of 0.14 mm. The rms wave height ranged from
approximately 0.4 to 1.2 m. Under low waves the seabed was covered with very small
ripples, and under the higher waves, sheet flow conditions were present. The diffusion-
based model was found to best describe the observed data under high wave conditions,
but the convection model was more accurate under low wave conditions. Over all
conditions the combined model was the most accurate. These results are consistent with
the different mechanisms for mixing suspended sediment over flat versus rippled beds.

Introduction

The suspension of sediment by waves and currents involves
a series of processes by which sediment particles in the bed or
very near the bed are entrained and transported up to higher
levels by hydrodynamic forces [Bagnold, 1956]. A steady verti-
cal distribution of particles in suspension is mainly the result of
the balance between a net upward sediment flux resulting from
hydrodynamic forces and downward settling of particles due to
gravity. The upward sediment flux occurs on a variety of tem-
poral and spatial scales. The dominant scales are determined
by the flow conditions, the characteristics of the sediment, and
the bottom topography.

Many models for sediment transport employ gradient diffu-
sion models to describe sediment flux by turbulent mixing. As
a recent example, Wikramanayake [1993] suggested a sus-
pended sediment model using a three-layer, time-invariant
eddy viscosity, modified from Grant and Madsen [1979]. As an
example of an alternative to gradient diffusion models, Nielsen
[1992] suggested a convection model which incorporated co-
herent, structured motions of sediment. A good example of
this type of structure is the dense sediment cloud found in
vortices above a rippled bed. Nielsen also suggested a com-
bined convection-diffusion model with a time-invariant, verti-
cally uniform, eddy diffusivity profile to accommodate sedi-
ment mixing on both small and large scales.

In the present study the mechanisms of sediment suspension
under combined wave-current conditions are reviewed. We
then review a pure diffusion model and a pure convection
model for sand suspension under waves and currents. A com-
bined convection-diffusion model is developed using a time-
invariant, vertically varying eddy diffusivity profile, along with a
probability distribution function of sediment entrainment. All
of the models are then compared to measured field data.
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Review of Models

The time rate of change of the suspended sediment concen-
tration at a certain elevation is given by the following conser-
vation equation, assuming that the horizontal gradients are
negligible relative to the vertical gradients

aC(z)
at

dC(z)  9q.(z)
dz 0z (1)

=Wy

In (1), C(z) is the instantaneous concentration of the sus-
pended sediment, w,, is settling velocity of the sediment par-
ticles, and g,, is the upward flux of the sediment. In a diffusion
model the upward transport g, is typically assumed propor-
tional to the concentration gradient, where e, is the eddy
diffusivity.

aC
qu = _8s5_z“ (2)

By substituting (2) into (1), taking the time average, integrat-

ing, and applying the boundary condition that the sediment

concentration and its flux vanish at infinity, the following equa-

tion is obtained, where the overbar indicates the time mean:
~ dcC

woC + g P 0 (3)

Wikramanayake [1993] suggested a three-layer diffusion

model in which the time-invariant eddy viscosity model of

Grant and Madsen [1979] is somewhat modified. The profile of
the eddy diffusivity is expressed by the following equation:

KU 52 0=z=ad
g, = | Kl 5008 ad =z <= adle (4)
KU .2, able =z

where u ., is the combined wave-current friction velocity, u ..
is current friction velocity, & iS 4« ./t s.(.,,, and 8 is ku .../, in
which k and w are the von Karman constant and the wave
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Figure 1. Motion of a particle in convective process [from
Nielsen, 1992].

frequency, respectively. The suggested value of the experimen-
tal free parameter « is 0.5. By substituting (4) into (3), Wikra-
manayake [1993] obtained the following expression for the
vertical distribution of suspended sediment concentration:

( ,é]ﬂl
L&)
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el () e o
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where ¢ is z/8, a is wy/Kuy,,, € is exp (1), and C, is the
concentration at a reference level { = ¢,.

Nielsen [1992] described the convective mixing quantitatively
with the simple model illustrated in Figure 1. At the beginning
of the convective process a sand particle is picked up from the
bed at time ¢ = ¢,,. The sand particle travels upward in a cloud
with speed w.. As the cloud moves up, it exchanges sand and
water with its surroundings, and the exchanged particles are
said to reach their entrainment level z,. After reaching its
entrainment level at time t, + z./w,., the sand particle is
assumed to settle out with its still water settling velocity w,.

Nielsen [1992] suggested the following expression for the
convective upward sediment flux:

(=i<a

ale = ¢

gz, 1) = P(t - i) F(z) (6)
W(.'

where P(t) is a nonnegative function describing the instanta-
neous pickup rate at the bed, w,. is the average vertical con-
vection velocity, and F(z) is the mass of sediment above a
certain elevation z, normalized by its value at the bed. By
substituting (6) into (1) and integrating with respect to z,
Nielsen obtained the following expression:

WOC(Z) = PF(Z) (7

By applying the stationary bed boundary condition and using
F(0) = 1 for pure convection, we get the following equation:

wC(0) - P =0 (8)

Finally, the vertical distribution of the time-averaged sus-
pended concentration is
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C(2)
C(0)

=F(2) )
Nielsen [1992] also suggested the following entrainment
probability distribution based upon laboratory observation
over rippled beds by McFetridge and Nielsen [1985] and the
study on the oscillatory boundary layer by Nielsen [1984]:

-2
yA
F2)=|14 —r7— 10
(z) ( 0.09 \/k,,A,,) (10)
where k, and 4, are the equivalent Nikuradse roughness and
the horizontal semiexcursion of the orbital motion near the
bed, respectively.

Combined Convection-Diffusion Model

The pure convection model and the pure diffusion model are
combined to accommodate a variety of vertical mixing scales.
This model is similar to the combined model of Nielsen [1992],
except that we utilize the eddy viscosity model of Wikramanay-
ake [1993] to characterize the diffusion process. In the com-
bined model the upward transport of the suspended sediment
is described by the sum of the diffusive flux and the convective
flux,

T 1
qu(z7 t) - & 3z t— w, (Z) ( )
The sediment conservation equation is obtained by substituting
(11) into (1),

aC _ aC a aC 9 p z F 12
ot T Mar ezt e ezt Tw )@ (12)
Time averaging and integrating the above equation with re-
spect to z results in

i} dc
woC + &, -~ PF(2) = 0 (13)

where the following boundary conditions have been applied:

C=0
dCldz =0 7 >0 (14)
F(z)=0

Assuming that & (dC/dz) vanishes and F(z) approaches 1 at
the reference level, we get the following expression:
P = W()Cr (15)
The assumption that &,(dC/dz) vanishes at the reference level
is a reasonable approximation, though not exact. As the bed is
asymptotically approached, €, approaches zero and dC/dz ap-
proaches a constant value, so their product approaches zero.
By substituting (15) into (13) and rearranging it, the following
nonhomogeneous ordinary differential equation is obtained:

dC N Wo - Cw, 6
dz e, T & (16)

Substitution of (4) for the eddy diffusivity in (16) results in
the following three expressions:

dC + Wy
dz = Klye,Z

F(2)

= Crw()
C= F(z)

KU 4 02

z<ad

(17a)
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‘E+ o &= Cwo F(z) ad=z=adle (17b)
dz | Klpm@d = Klsgad 2 %0=ZF
€, W Cmp sle=<z (17
dz ' Kuw.Z = Kz (2) adle=z (17c)

The solutions to (17a)-(17c) are

C(Z) —a : a—1
=% a z°7'F(z) dz + constl (18a)

r
zr

zZ=<ad

r

C z
fz) = e‘”l’“a[%f e“NF(z) dz + constZ} (18b)

ad

ad=z=< adle

S C R N
T —2 e - z*7'F(z) dz + const3 (18c)
" abdle

adle =z

where const1, const2, and const3 are integration constants, and
as before, a is wy/ku «,,,. The constants are found by applying
the boundary condition at the reference level, z = z,, and the
matching conditions at z = a8 and z = a#d/e, yielding

constl = z; (19a)

(X6 —a ad
const2 = " a 27 VF(z) dz + z¢| (19b)

zr

ee - a o zlad
const3 = 5 5 e““*°F(z) dz
a8 —a ad
+ (?) [a f 27 'F(z)dz +z‘,‘}} (19c¢)

The combined convection-diffusion model consists of (18)
and (19). Equation (10) will be used for F(z) in the present
study. If we set F(z) to zero, (18) becomes identical to (5) of
the pure diffusion model. If one wished to include the minor
contribution of diffusion at the reference level, then (15) would

be replaced by
- _ dc )
P=wC, + &y ’ (15"
The net result is a small increase in the reference concentra-
tion, so that in the final solutions, C, is replaced by C, +
[1/C(dC/dz)], on the left-hand side of (18). The form of the
vertical distribution is unchanged.

Comparison of Model Results With
Field Observations

A field experiment was conducted in the nearshore zone of
Vilano Beach, St. Johns County, Florida, from March 22 to
April 9, 1992 [Lee, 1994]. The objective of the experiment was
to obtain comprehensive sets of data on the small-scale mech-
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Figure 2. Orientation of shoreline, longshore current, wave,
and instrument frame. The orientation of the shoreline and the
crossbar of the instrument frame are approximately 21° and 28°

_counterclockwise from north, respectively.

anisms of sediment suspension under a variety of combined
wave and current conditions. Vilano Beach is on a barrier
island bounded by the Atlantic Ocean to the east, Intracoastal
Waterway to the west, and St. Augustine Inlet to the south.
The primary sand dune is well developed and has a height of
approximately 3 m. The face of the dune is well covered with
vegetation. There is no shore protection structure or littoral
barrier at or near the site. The orientation of the shoreline is
approximately 21° counterclockwise from the north (see Figure
2).

The beach profile shown in Figure 3 was surveyed from the
foot of the sand dune to the location of the instrument on April
10, 1992. The average slope over the distance from the offshore
end of the berm and the deepest point before the offshore bar
is 5.9%. The offshore bar is usually located just outside the surf
zone.

The bed material in the immediate vicinity of the instru-
ments was sampled by divers. The result of the sieve analysis is
summarized in Table 1. Almost all of the sample in sieve
numbers 10 and 20 is shell fraction. This portion was not
considered for the analysis of fall velocity distribution because
it is assumed that under the wave conditions encountered
during the experiment, the shell remained on the bed. The
shell fragment was not used for the calibration of acoustic
system due to the same considerations. The median diameter
d s, of the bed material finer than sieve number 20 is 0.144 mm.
Fall velocity of the bed material was measured in a settling
tube. The proportion by weight for each fall velocity is listed in
Table 2.

Configuration of the Measurement System

The instruments were deployed at the offshore slope of the
offshore bar in a water depth of approximately 3.3 m. Instru-
ments were supplied with power and controlled through 300-
m-long cables from the shore station. Figure 4 shows the over-
all configuration of the field measurement system. One
pressure sensor, one electromagnetic current meter (EMCM),
and two optical backscatter sensors are directly connected to
the Tattletale model VI data logger. These instruments are
synchronized with the acoustic concentration profiler (ACP).
The software in the data logger controls the ACP through the
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Figure 3. Profile at Vilano Beach on April 10, 1992.

interface board and the other instruments directly. The analog
signal from the ACP is digitized by the interface board. The
signals from the other instruments are digitized at the data
logger. All the instruments and the data logger are powered by
rechargeable batteries. The batteries are charged continuously
through the cable from the shore station. The voltage of the
batteries is monitored at the shore station.

Acoustic backscatter allows continuous measurement of the
concentration profile of suspended sediment with high resolu-
tion in time and space without disturbing the measurement
region [Hanes et al., 1988]. It is also possible to measure the
change of the bed location synchronously and continuously.
This capability is important because an error in the bed loca-
tion can introduce a significant error in measurement of sed-
iment concentration near the seabed due to the large concen-
tration gradient. The ACP used in this experiment was a
Simrad Mesotech model 810, with specifications as listed in
Table 3. The temporal and spatial resolution of the ACP data
is 1 Hz and 3 mm, respectively. The sampling rate of the other
instruments is 2 Hz.

Table 1. Sieve Analysis of Bed Material

Sieve Number Mesh Size, mm Percent Retained

10 2.000 1.1
20 0.840 1.0
30 0.590 0.3
40 0.420 0.5
50 0.300 0.8
60 0.250 0.7
70 0.210 2.0
80 0.177 9.6
100 0.149 27.6
120 0.125 35.6
140 0.105 11.9
160 0.097 49
Pan NA 4.1
Total oo 100

NA is not applicable.

The ACP was calibrated in the laboratory using sand sam-
ples taken from the field. Over the range of approximately 50
to 1000 mg/L, which were the conditions found most frequently
in the field, the laboratory calibration was accurate to approx-
imately 20%. For concentrations between 1 and 20 g/L the
calibration became less accurate and errors increased with
distance from the transducer (the concentration field in the
calibration tank was uniform in space). The decrease in accu-
racy for high concentrations and increasing range is related to
a number of factors including the scattering of sound by mul-
tiple targets, decreasing signal to noise due to the scattering
and absorption of sound, and transducer nonlinearities at low
signal strength. Further details on the principles of operation
of the ACP, its calibration, and its accuracy are given by Lee
and Hanes [1995] and Thorne et al. [1993].

Underwater installation of instruments is illustrated in Fig-
ure 4. The orientation of the crossbar was 28° counterclockwise
from the north as shown in Figure 2. The elevations of the
instruments above the bed on April 1, 1992, are listed in Table
4. The elevations are not constant because the bed location
changes due to erosion or deposition. However, the relative
distances between the instruments are constant. The instanta-
neous bed location is measured by the ACP. The instantaneous
elevation of the other instruments is easily determined. The

Table 2. Fall Velocity

Proportion by

Fall Velocity, cm/s Weight, %

0.95 9.2
1.2 12.2
1.6 36.5
22 28.2
2.7 9.8
3.0 2.1
3.1 0.7
35 1.4
Total 100
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Table 4. Elevation of Instruments Above Bed on April 1,

@ 1992
cross bar
/ Elevation Above
— — Instrument Bed, m
f— { — ] )
data 1 . O EMCM 1.45
acquisition Q +— acoustic ACP 1.02
package / concentration OBS sensor 0.81
profiler Pressure sensor 0.74
OBS sensor 0.30
(b) O «— EMCM . -
Abbreviations are EMCM, electromagnetic current meter; ACP,
cross bar \ ﬂ acoustic concentration profiler; and OBS, optical backscatter sensor.
« acoustic
) . concentration|
telescopic profiler
pipe

\ =[|4— OBS sensor

«— pressure
sensor

data :
L «— OBS sensor
acquisition | — =”

package "\
\

<— pore pressure
sensor

/ \J jetted W

Figure 4. Underwater deployment of the instruments from
(a) plan view and (b) front view, seen toward the ocean from
the shore.

underwater data acquisition package was buried below the bed
surface.

Field Data Analysis

The vertical distribution models referred to earlier have
been developed for monochromatic wave conditions. Because
the basic equations are linear, the models could be applied to
broadband wave forcing in a linear manner. However, such an
extension is not warranted for the present analysis because our
goals are to attempt to describe which of the two basic mixing
processes are most applicable and under what conditions. To
this end, we apply the models to the field data by approximat-
ing the wave forcing by an equivalent monochromatic wave,
closely following Madsen and Wikramanayake [1991].

Table 3. Specifications of the Simrad Model 810 Acoustic
Concentration Profiler

Parameter Specification

Acoustic pulse excitation frequency, 5 MHz;
duration, 10 us; repetition
rate, 100 Hz

20 log,o (r/7) + 20, where
r is range in millimeters

455 kHz, amplitude modified

0.32 cm

10.7 cm (theoretical value)

Time-varying gain, dB

Output signal
Diameter of transducer
Near-field limit

The EMCM data are decomposed into current velocity ii, v
and wave velocity i, 7,

u(z, t) =u(z,) + ii(z, t); (20)
v(z, 1) = ¥(z) + Uz, )

where u and v denote the cross-shore and longshore compo-
nents of the fluid velocity, respectively. The elevation of the
EMCM is denoted by z... The overbar and the tilde indicate the
time mean and oscillating components of the fluid velocities,
respectively. The positive directions of the longshore and the
cross-shore components of EMCM data are 28° and 118° coun-
terclockwise from the north, respectively.

The wave velocity near the bed can be calculated with the
wave velocity at z = z_ by using linear wave theory. The time
series of the wave velocity at the elevation of the EMCM is
transformed by fast Fourier transfer (FFT) as follows:

U(z,, w) = FFT{i(z,, 1)};
(21)
V(z., w) = FFT{%(z,, 1)}

where U and ¥ are complex quantities. The wave number of
each frequency component is calculated with the dispersion
relationship. The quantity near the bed in the frequency do-
main is found with the following equation:

- e ), 70, w) = V(z,, o)

" cosh kz, (22)

The time series of the wave velocity near the bed is found by
applying inverse FFT to U(0, w) and 7(0, ),

(0, t) = inverse FFT {U(0, w)}; )
2(0, t) = inverse FFT {7(0, )}

The primary wave direction is determined by finding the
direction in which the variance of the wave velocity near the
bed is a maximum. Figure 5 shows the definition of the direc-
tions of the primary wave direction and the calibrated EMCM
data. The cross-shore and longshore components of the
EMCM data are denoted by # and v, respectively. Those of
primary wave directions are labeled by &, and 7,.

If we imagine that the coordinate system of the EMCM was
rotated counterclockwise by 6, then the horizontal velocity
components on the new coordinate system, &’ and 7', can be
expressed as the product of the rotation matrix and the com-
ponents on the original coordinate system, # and v,
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Figure 5. Definition sketch of the primary wave direction.

'l cos 0 sin@][a
'] | —sinf cosb||7v
The rotation angle of the coordinate system of the primary

wave 6, must satisfy the following conditions according to its
definition:

IE[(@")*]
a0

(24)

’E[(@')?
5 T

6=0, 0=6,

<0 (25

By applying (24) and (25) to the time series of (23), the angle
between the cross-shore component of the EMCM and the
primary wave direction near the bed 6, can be found in the
following expressions:

r N
2> i,
1 n=1
3 arctan " ) F(6,) <0
2 -2 _ u—’Z
n=1
6,= ) (26)
2 i,5,
! " + I F(8,) >0
3 arctan ~ 3> (6,
Z 7% — 2
\ n=1

where i, and 9, are the cross-shore and longshore compo-
nents of the wave velocity near the bed at time ¢ = ¢,,, respec-
tively, and

N
F(6,) = > (72 — @) cos 26, — 20,7, sin 26,.
n=1

The velocity components i, and v, of the primary directions
are found by substituting (26) into (24).

The peak wave frequency is estimated as the mean zero-
crossing wave frequency, defined as the following:
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Su(w) o’ dw

j Su(w) do

where S, (w) is the power spectrum of the wave velocity near
the bed in the primary wave direction. The amplitude of the
wave velocity is calculated in the following fashion:

(27)

(28)

where i, , is the wave velocity near the bed at t = ¢, in the
primary wave direction. It was assumed that the wave velocity
and its amplitude follow normal and Rayleigh distributions,
respectively. The angle ¢, is measured counterclockwise
from the primary wave direction to the current.

It is necessary to estimate the friction velocities and ripple
geometry in order to use the two models reviewed and the
combined model developed in this study. They were not mea-
sured in the field but calculated with the turbulent wave-
current bottom boundary layer model of Madsen and Wikra-
manayake [1991].

The model uses the eddy viscosity profile which is exactly the
same as the eddy diffusivity profile in (4). The current profile is
described by the following equation:

4

u*cl C -
& “ZO’ » h=l{<a
xe | €
uf) = euK [&—lﬂn%], as{=ae (29)

Uy, | el (l a 1) _
T« n;+l+s nzf—)— , ale ={

where ¢ is the ratio of u ., to u .., and ¢, = z,/8 = k,/306.
The wave velocity profile is described by the following equa-
tions:

ug=A\[Ker 2/l + i Kei 2 J{]
+ Aj[Ber 2J{ + i Bei 2/,

Hh={<a

us=Asexp (\ilal) + Agexp (= \filal), a={<ale
(30)
u, = A[Ker 2 \[{/e + i Kei 2 \/{/¢]
+AJBer 2\J{/s + i Bei 2\[l/e), ale={

by introducing the following complex velocity deficit function,

Uy — u,,
|ﬁp|

Re {u, exp (iwt)} = (31)

where i, and i, are the wave velocity in the boundary layer
and the free stream wave velocity near the bed, respectively, in
the primary wave direction. The coefficients 4, through A are
complex coefficients to be determined with the two boundary
conditions

u; = —1 z =2z u, —0 z—>®

(32)
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Table 5. Parameters of the Data Files for Comparison

Data Frequency, i,, i, s EMCM Water Burst
Burst rad/s cm/s cm/s deg Height, cm Depth, cm Length, s
1 1.64 29.5 12.6 56.5 140.7 363.6 223
2 1.34 284 19.9 632 141.1 275.9 291
3 1.40 26.3 202 64.0 141.1 272.4 351
4 1.40 28.2 18.3 614 141.0 267.6 268
5 1.42 57.2 432 59.7 141.6 393.9 210
6 1.32 61.2 52.4 48.3 141.5 381.5 123
7 132 69.6 61.7 589 141.7 371.5 252
8 1.40 66.6 63.6 65.7 141.7 361.3 134

Variables are i

p»» amplitude of the wave velocity; &, time mean of the cross-shore component of fiuid

velocity; ¢..,,, the angle measured counterclockwise from the primary wave direction to the current.

and the four matching conditions of velocity and its gradient at
{ = a and { = a/e. The six coefficients are determined with the
following six equations:

A\(Ker 2J{, + i Kei 2/Z0)

+ Ax(Ber 2{/f, + i Bei 2\/{,) = —1
A,=0

(33a)

(33b)

A\(Ker 2 \Ja + i Kei 2 \Ja) + A,(Ber 2 \Ja + i Bei 2 /o)
=Ape Ve + 4,07 Vi (33c)

A(Ker’ 2 Ja + i Kei' 2 \/a) + A,(Ber’ 2Ja + i Bei’ 2 )

= A, fie Vo — 4, Jie” V@ (33d)
Ase Viele 4 4,07 Vi

= As(Ker 2 \Ja/e + i Kei 2 \Ja/e) (33e)
A3\/i;\/i3/e ~A4\/E‘ Viale

= As(Ker' 2 \Ja/e + i Kei' 2 \[a/e) (33f)

The six coefficients above are expressed in terms of «, &, and
¢,- The parameter ¢ i$ the ratio of the current friction velocity
to the wave-current friction velocity. The nondimensional
height ¢, is proportional to the ratio of the equivalent Ni-
kuradse roughness to the boundary layer thickness scale k,/3,
in which &, i$ a function of ripple geometry and & is propor-
tional to the wave-current friction velocity. Therefore solving
the combined wave-current problem is equivalent to finding
the friction velocities and ripple geometry.

On the basis of Wikramanaydke’s [1993] summary and anal-
yses of the field data by Boyd et al. [1988], Nielsen [1984], Miller
and Komar [1980], Dingler [1974], and Inman [1957], the fol-
lowing formulas are used to predict the ripple height and ripple
steepness:

0.0184,27", 0.0016 = Z < 0.012
n= {0.0007,4,,2"23, 0.012=2<0.18 (34)
0, 0.18=2Z
0.1527°, 0.016 = Z < 0.012
—= l0.0142*"'55, 0.012=Z<0.18 (35)
0, 0.18= 27

where 7 and A are ripple height and length, respectively, and

A, is defined by ii,/w,. The nondimensional quantity Z is
defined as

0, 1
Z=35 S:7g, V(s = 1) gd3, (36)
where v is the kinematic viscosity of the fluid, 0,, is the Shields
parameter based on wave skin friction velocity, and s is the
specific gravity of the sediment. The equivalent Nikuradse
roughness is estimated as 41 in the rippled bed regime, d 5, in
the quiescent flat bed regime, and 10 ds, in the sheet flow

regime.

Field Observations and Model Comparisons

Eight data bursts were selected for data comparisons. These
data sets, summarized in Table 5, were chosen to represent a
variety of wave and current conditions. They were also selected
for periods in which the bottom location did not change during
the burst, thus ensuring that there were no local horizontal
gradients in the sediment flux. The primary direction of inci-
dent waves was from the northeast during the experiment. The
rms wave height ranges approximately from 0.4 m for calm
conditions to 1.2 m for rough conditions. The direction of
longshore current was mainly from north to south during the
field measurements, with a magnitude ranging from 0.1 to 1.4
m/s. The tide is semidiurnal, with a range of approximately 1.4
m. There were no rip currents observed at the site during the
measurement. The water temperature was approximately 16 to
19°C. The visibility near the instruments was generally less
than 1 m.

The system of (29), (30), and (33)-(36) was solved with the
iteration method of Wikramanayake [1993], with results shown
in Table 6. The shear stresses for all runs exceed the threshold
of motion, and for the latter four runs, sheet flow conditions
were most likely in place. The ripples, when they were present,
are predicted to have been only 2 to 3 mm in height. These
small ripples are consistent with diver observations during pe-
riods with similar wave conditions. Although the ripples are
small, they are significant when compared to either the sand
grain diameter or the length scale of a viscous boundary layer
over a flat wall. Therefore even these small ripples can be
expected to influence the generation of vorticity and the mixing
processes in their immediate vicinity.

The pure diffusion model and the combined model for the
mean concentration profile were applied to eight bursts of
Vilano Beach data using the median grain size and fall velocity.
The same models were also applied with fall velocity classes in
order to examine the effect of suspending material preferen-
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Table 6. Estimated Ripple Geometry, Equivalent Roughness, and Friction Velocities

Data , ky,

Usees Uy Usews 215
Burst cm n/A cm cm/s cm/s cm/s cm
1 0.171 0.046 0.68 0.84 3.94 3.99 1.35
2 0.229 0.049 0.92 1.17 391 4.00 1.44
3 0.231 0.052 0.92 1.17 3.73 3.82 1.41
4 0.217 0.049 0.87 1.08 3.88 3.96 1.38
5 0.000 0.000 0.14 2.30 5.06 5.35 1.32
6 0.000 0.000 0.14 2.73 5.39 5.87 1.23
7 0.000 0.000 0.14 3.15 5.97 6.45 1.44
8 0.000 0.000 0.14 3.16 5.78 6.21 1.41

Variables are m, ripple height; A, ripple length; k,, equivalent Nikuradse roughness; u.., current
friction velocity; u.,, wave friction velocity; u,, combined wave-current friction velocity; and z,,
concentration measurement point closest to the bottom.

tially according to its size. Each of the fall velocities in Table 2
was used to calculate the corresponding concentration profiles.
The calculated profile was weight-averaged by the proportion
in Table 2 to yield a concentration profile with multiple fall
velocity classes. Each time-averaged concentration profile ob-
served or calculated was normalized with the concentration
measurement point closest to the bottom (z, in Table 6) to
compare the shape of the profiles only.

When the pure convection model was applied to the field
data, the following formula by Nielsen [1992] was used to cal-
culate the equivalent Nikuradse roughness:

kh = 87)2/)\ + 592'5d5() (37)
where
oL D
B 2(s - 1) gds

fas = exp [5.213(2.5dsy/A,)""* — 5.977]

which is the formula developed by Swart [1974].

In Figures 6a-6d, four sets of field observations under low
wave energy conditions are compared with the model results.
The solid lines (without symbols) represent the observations.
The solid lines with circles are the results by the pure convec-
tion model. The solid lines with pluses indicate the results by
the pure diffusion model using the median fall velocity. The
dashed lines are the results by the pure diffusion model using
multiple fall velocity classes which are shown in Table 2. The
results by the combined convection-diffusion model using the
median fall velocity and multiple fall velocity classes are rep-
resented by the solid and dashed lines with asterisks, respec-
tively.

For these four bursts the pure convection model is the most
accurate in predicting the vertical distribution of suspended
sediment concentration. Its predictions are excellent up to 10
cm above the bed. The predictions by the diffusion model using
a single fall velocity is the least accurate. Using multiple fall
velocity groups improved the diffusion model somewhat, but
the predictions are far less accurate than the predictions by the
pure convection model. The combined model predicts the con-
centration profiles much better than the pure diffusion model.
The results of the combined model are improved a little by the
use of multiple fall velocity classes. It is interesting that the use
of multiple size fractions tends to decrease the predicted con-
centration gradients relative to the results using only the me-
dian size. This is because the smaller particles are more easily
mixed and remain in suspension longer than the coarser par-

ticles, particularly under low wave conditions. This trend is
consistent with observed data, which indicate small concentra-
tion gradients higher than 10 cm above the bed. However, the
observed gradients in this region are quantitatively smaller
than the predictions of any of the models. The explanation for
this discrepancy is unknown. The most likely explanation is
related to the selective entrainment of fine sediment from the
bed, particularly under low wave conditions. There is some
consolation in the fact that the concentration is relatively small
above 10 cm.

Figures 7a—7d show the predictions by the models and the
field observations under high wave energy conditions. The line
patterns and marks are the same as in Figure 6. The pure
diffusion model using multiple fall velocity groups predicts the
distribution excellently up to 30 cm above the bed; however, it
shows a tendency toward slight overprediction at 10 to 15 cm
above the bed. The pure convection model considerably un-
derpredicts the distribution at almost all the elevations, except
below 5 cm. The predictions by the pure diffusion model using
the median fall velocity run between the above two model
results, except for Figure 7a, in which its prediction is almost
identical to that by the convection model. The results of the
combined model are very similar to those of the pure diffusion
model. However, the results of the combined model using the
median fall velocity are always better than those of the diffu-
sion model using the median fall velocity or those of the con-
vection model. The use of multiple fall velocity classes greatly
improves the results of the combined model.

Under high wave energy conditions it appears that the dif-
fusion model predicts the vertical distribution of the suspended
sediment better than the convection model and that the use of
multiple fall velocity groups helps predict the distribution more
accurately. Conversely, the convection model works better
than the diffusion model under low wave energy conditions.
The combined model under low energy conditions works bet-
ter than the diffusion model, but under high energy conditions
the results are almost the same.

Discussion

While the application of monochromatic models to field
observations is somewhat crude, the results are quite useful in
evaluating the dominant mixing processes under various con-
ditions. If our goal was to predict the suspended sediment
concentration as accurately as possible, then it would be ad-
vantageous to more carefully treat the multifrequency aspects
of the fluid forcing as done, for example, by Wikramanayake
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[1993]. However, our analysis is oriented toward evaluating the
significance of the various mixing processes and the conditions
under which each process dominates over the other. In apply-
ing the models, there are a number of adjustable parameters.
We chose not to adjust any of these parameters but, rather, to
use all of the values suggested in the original publications of
the models, except that the profiles are normalized by the
reference concentration. Again, this approach seems reason-
able, given the goals of this effort.

The bedform conditions play a crucial role in interpreting
these observations. The bed forms model predicts that the beds
of Figures 6a—6d have ripples and those of Figures 7a-7d are
flat (see Table 6). This suggests that the diffusion model works
well over flat beds and the convection model does well over
rippled beds. It is reasonable to conclude that convection is
predominant over turbulent diffusion in transporting the sus-
pended sediment upward above the rippled beds and that the
opposite is true above the flat beds.

The lee vortex released from the ripple at the free stream
reversal is one of the plausible mechanisms that supports the
convection model. It has been long known that the convective
mixing by lee vortices is very effective in transporting sus-
pended sediment over rippled beds [e.g., Hom-ma and
Horikawa, 1963]. It is probable that most of the sediment
particles get trapped in the lee vortices and are lifted up to
higher elevations over the rippled beds under low wave energy
conditions.

Under high wave energy conditions the ripples wash away
and the bed transport mode goes into sheet flow regime. In-
dividual particles may be ejected out of the sheet flow due to
intergranular collisions and transported upward by the turbu-
lent diffusion. The fluid turbulence in the sheet flow is probably
weaker than above because of the dense concentration of sed-
iment particles. This difference in turbulence at the top of the
sheet flow can help the particles be entrained into the water
column easily. Therefore turbulent diffusion is probably the
most dominant mechanism responsible for the sediment sus-
pension under high (but nonbreaking) wave energy conditions.
As (3) indicates, the diffusion is strongly dependent on the fall
velocity of the sediment particles. Therefore the excellent
agreement between the field observation and the results of the
pure diffusion model using multiple fall velocity groups as
shown in Figures 6a-6d also implies that the diffusion is most
responsible for the suspension under high energy conditions.

In contrast to diffusion, the convection process described
earlier is not very sensitive to the fall velocity of the sediment
particles. The two processes have differences not only in the
mixing scale, but also in the physics as discussed above. If the
convection process is forced to be described by a diffusion
model, then the eddy viscosity profile must vary with the par-
ticle fall velocity. The only way in which (3) is independent of
the fall velocity is that the eddy diffusivity is linearly propor-
tional to the fall velocity. Nielsen [1990] suggested a convective
mixing length scale in order to extend the validity of (3) and to
model the sediment suspension over sharp-crested ripples. His
mixing length scale turned out to be inversely proportional to
the fall velocity for low wave energy conditions. Fredsoe and
Deigaard [1992] also showed in their theoretical work why the
apparent eddy viscosity becomes dependent on the size of
particles in suspension (or the fall velocity) when the convec-
tive mixing is modeled with pure gradient diffusion.

The predictions by the combined convection-diffusion model
of the suspended sediment distribution under high wave en-
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ergy conditions are almost the same as those by the pure
diffusion model (see Figure 7) but are very different under low
energy conditions (see Figure 6). The predictions by the com-
bined model are not greatly improved by the use of multiple
fall velocity classes under low energy conditions but are greatly
improved under high energy conditions. This also can be in-
terpreted that the convection processes are more responsible
for the sediment suspension over rippled beds and that the
diffusion processes are more responsible for the suspension
over flat beds.

It seems safer to use the combined model rather than the
pure diffusion model to predict the time-averaged vertical dis-
tribution of suspended sediment under wave-current flow.
That is because the combined model under high energy con-
ditions predicts almost the same as the pure diffusion model
and much better under low energy conditions.

However, the combined model does not work better than
the pure convection model for the examples under the low
energy conditions. This might be due to either an inappropri-
ate eddy diffusivity profile £,(z), an inappropriate form of the
entrainment probability distribution F(z), or the assumption
that convection dominates diffusion at the reference height.
However, the eddy diffusivity profile represented by (4) seems
reasonably good because the pure diffusion model using mul-
tiple fall velocity classes works very well over flat beds. The
function F(z) used in this paper was developed by Nielsen
[1992] with laboratory data over rippled beds. It has not been
widely tested as yet. More investigation on the entrainment
probability distribution should be performed under various
flow conditions to improve the combined model. Perhaps dis-
crete vortex modeling could be used effectively to develop
more accurate models for the convection process.

Conclusions

Observations of the time-mean vertical distribution of sus-
pended sediment concentration in a nearshore zone have been
compared with model predictions. A pure diffusion model
[Wikramanayake, 1993] is in good agreement with the field
observations under high wave energy conditions but not under
low wave energy conditions. A pure convection model [Nielsen,
1992] is in good agreement with the observations under low
wave energy conditions but not under high wave energy con-
ditions. The applicability of the combined model has a wider
scope than the pure diffusion model or the pure convection
model. From an engineering viewpoint the combined model is
much safer to use than the pure diffusion model because the
former predicts the sediment distribution over a flat bed al-
most the same as the latter and over a rippled bed much better.

It is highly recommended for future field measurements that
the ripple geometry be measured in addition to the sediment
concentration. The in situ measurement of the vertical struc-
ture of the representative sediment size can be made by using
several acoustic sensors of different frequencies together. That
way, the inversion of the acoustic data into sediment concen-
tration will be more accurate. More research on the entrain-
ment probability function over rippled beds and flat beds un-
der various flow conditions will improve the applicability and
accuracy of the combined convection-diffusion model.
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