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ABSTRACT

There are very few field measurements of nearshore bedforms and grain-size
distribution on low-energy microtidal beaches that experience low-amplitude,
long-period waves. Field observations are needed to determine grain-size
distribution over nearshore bedforms, which may be important for
understanding the mechanisms responsible for ripple development and
migration. Additional nearshore field observations of ripple geometry are
needed to test predictive models of ripple geometry. Ripple height, length and
sediment composition were measured in the nearshore of several low-energy
beaches with concurrent measurements of incident waves. The distribution of
sediment sizes over individual ripples was investigated, and the performance
of several models of ripple geometry prediction was tested both spatially and
temporally. Sediment samples were collected from the crest and trough of 164
ripples. The sand-sized sediment was separated from the small amount
(generally <3%) of coarser material (>2 mm) that was present. Within the sand-
sized fraction, the ripple crests were found to be significantly coarser, better
sorted and more positively skewed than the troughs. Overall, the troughs were
finer than the crests but contained a greater proportion of the small fraction of
sediment larger than 2 mm. The field model of Nielsen (1981) and the model of
Wiberg & Harris (1994) were found to be the most accurate models for
predicting the wavelength of parallel ripples in the nearshore of the low-
energy microtidal environments surveyed. The Wiberg & Harris (1994) model
was also the most accurate model for predicting ripple height. Temporal
changes in ripple wavelength appear to be dependent on the morphological
history of the bed.
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INTRODUCTION

Ripple geometry and grain-size distribution over
bedforms are poorly understood in the field.
Although there have been several studies of
nearshore grain size on the cross-shore distribu-
tion of sand sizes (e.g. Inman, 1953; Miller &
Zeigler, 1958; Greenwood & Davidson-Arnott,
1972; Medina et al., 1994), longshore patterns
(e.g. McLaren & Bowles, 1985; Masselink, 1992;
Sanderson & Eliot, 1999) and the use of grain-size
distributions to determine sediment transport
pathways (e.g. Kench, 1998), there have been
no field examinations of the small-scale grain-
size distribution over individual ripples in the
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nearshore of low-energy beaches with low-ampli-
tude, long-period waves. Although several labora-
tory studies have addressed this issue (Noda,
1968; De Best & Bijker, 1971; Carter et al., 1973;
Foti, 1993; Foti & Blondeaux, 1995), Inman (1957)
provided the only field study that has looked
comprehensively at grain-size differences
between the crests and troughs of ripples,
although Inman (1957) collected few samples
from the nearshore region. A knowledge of
sediment size distribution over nearshore
bedforms may aid in understanding the mechan-
isms involved in ripple formation, ripple
constraints on sediment suspension and ripple
migration.
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It is important to be able to predict the geometry
of nearshore bedforms because they induce
frictional drag effects, which must be estimated
before calculations of sediment transport by
waves and currents can be made (Grant &
Madsen, 1982; Li, 1994; Li et al., 1996; Mathisen
& Madsen, 1996). Additionally, although numer-
ous models exist for predicting ripple geometry,
they have been found to perform poorly in
nearshore environments (Vincent & Osborne,
1993; Osborne & Vincent, 1993; Dick et al.,
1994; Vincent et al., 1999). There is a general
lack of ripple geometry measurements in the
nearshore region and, more specifically, no ripple
geometry measurements exist from nearshore
low-energy beaches where long-period, low-am-
plitude waves occur. Current predictive models
for ripple geometry perform well under the
conditions for which they were designed, which
mainly involve uniform wave and sediment
characteristics, because they were mostly derived
from laboratory observations. However, the
usefulness of these models for application to
low-energy nearshore environments with low-
amplitude, long-period waves and more poorly
sorted sediment is unknown. The significance of
any differences in sediment distribution over the

bedforms to the resulting ripple geometry is also
not fully understood.

This study aims to (i) determine the difference
in grain-size distribution between ripple crests
and troughs; (ii) test the sensitivity of ripple
prediction models to input of mean crest and
trough grain sizes; and (iii) evaluate some popular
models for predicting ripple geometry for use in
the nearshore zone of low-wave energy beaches.
The central coast of Western Australia provided
an ideal environment to accomplish these aims
because of the relatively calm, clear water and the
presence of long-crested parallel ripples immedi-
ately seaward of the beach face at many easily
accessible, low-energy beaches. Here, the term
low energy refers to modal significant wave
heights of <10 m and commonly <0-5 m over at
least 12 months of observation.

FIELD SITES

The field sites were located on the central west
coast of Western Australia between Coolimba and
Garden Island (Fig. 1). All field sites were low-
energy, microtidal, non-cohesive sandy beaches
and were sampled between 10 December 1999
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and 5 January 2000 except for the temporal
measurements at Garden Island, which were
made from 17 to 19 February 1999. Tides are
predominantly diurnal with a spring tidal range
(MLLW to MHHW) of 04 m and a lowest to
highest astronomical tidal range (LAT to HAT) of
1-1 m (Department of Defence, 2000). The beaches
experience low-energy wave conditions, where
average annual significant wave height is <1 m as
a result of shelter provided by islands (e.g. Naval
Park), offshore reef (e.g. Garden Island) or both
(e.g. Jurien Jetty). The field sites were selected for
their range in mean grain sizes (D = 0-3—0-85 mm)
and the presence of distinct parallel ripples in the
nearshore region. Low-energy conditions allowed
clear underwater views of the bedforms for ease
and accuracy of sediment sampling and geometry
measurements. Significant wave heights among
the field sites were between 0:06 m and 0:26 m,
and significant wave periods ranged from 2-2 s to
12-2 s. Ripple wavelengths (1) were 0:08 m to
0-95 m and heights (1) were 0:02 m to 016 m. The
sediment was composed of mixed calcareous and
quartzose sands.

EXPERIMENTAL DESIGN

Spatial observations

Waves and ripple dimensions were measured and
sediment samples were collected across the
nearshore of nine low-energy beaches in central
and south-western Western Australia (Fig. 1).
Waves were measured with a Druck pressure
sensor at 4 Hz for 17 min, or 4096 data points, at
one to five locations cross-shore at each site. The
dimensions of a total of 164 subaqueous ripples
were measured, and sediment samples were taken
from the crests and troughs of each ripple.
Samples of 20-90 g were taken from the upper
0-01-0-02 m of sediment to avoid possible effects
of armouring in the trough. Ripple wavelengths
were measured adjacent to where the samples
were taken by placing a clear Plexiglass strip
across the crests. Positions of each ripple crest
were marked with a grease crayon on the Plexi-
glass (Inman, 1957). Ripple heights were meas-
ured by sliding the Plexiglass sheet through the
ripple crest and marking it at the sand surface.
Errors in ripple wavelength measurement were
up to +1 cm, whereas height measurements were
accurate to within +0-5 cm. Cross-shore profiles
were surveyed using a standard level and stadia

rod.
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Temporal observations

Measurements of ripple wavelengths, currents
and waves were made for 46 h on a low-energy
beach at Garden Island (Fig. 1). Ripple wave-
lengths were measured every half hour, and
waves and currents were measured at 4 Hz. Large
ripples (wavelength, A= 0-3-1-2 m; height, n=
0-05—0-15 m) with crests parallel to the shore
were present in coarse sand (D = 0-66—-0-74 mm).
Ripple crest positions were recorded along two
survey lines established perpendicular to shore
from mid-swash to ~10 m offshore. A measuring
tape was secured to the bed along each line, and
the positions of the ripple crests were recorded
every 30 min. Waves were recorded by a Druck
pressure sensor, and currents were recorded by a
Marsh McBirney 512 electromagnetic current
meter mounted at 0-20 m above the bed. Both
instruments sampled at 4 Hz, and the current
meter sampling volume was a sphere with a
radius of 3-8 cm.

SEDIMENT SIZE ANALYSIS

All 328 sediment samples were analysed using a
settling tube, which was 2 m tall and 014 m in
diameter. The settling tube was used instead of
sieve analysis for several reasons. First, it is much
quicker than sieve analysis, and the large number
of samples required a relatively easy and quick
technique. Secondly, only small amounts of sand
could be obtained from some of the smaller
ripples, which were not large enough for sieve
analysis. Thirdly, generally 98% of the sediment
was in the sand size range (0-0625—2 mm), which
is the ideal size for settling tube analysis. Four-
thly, as the settling tube determines the size
distribution based on the fall velocities of the
sediment, a better representation of the hydraulic
properties of the irregular shaped carbonate sands
was obtained (Kench & McLean, 1997). Lastly,
settling tube analysis is used in many coastal
bedform studies (e.g. Inman, 1957; Miller &
Komar, 1980; Osborne & Greenwood, 1993; Black
& Oldman, 1999), thus allowing direct compar-
isons.

Before the sediment was put through the
settling tube, it was sieved through a 2-mm
(-1 phi) sieve to recover the sand-sized fraction.
The proportion of the total sample >2 mm was
calculated, and most samples had between 0%
and 3% material coarser than 2 mm. A few
samples had up to 12% coarser material, with
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one sample possessing 15%. After the larger
sediment was removed, the samples were split
mechanically to obtain small subsamples of 2—5 g
for analysis in the settling tube. Each sample was
run through the settling tube three times, and the
results of all three runs were summed for each
sample. This method provides a better represen-
tation of the size distribution of the whole
sample, and any errors in settling tube operation
could be detected by comparison of all three runs.
The settling tube had a high precision, as the
maximum coefficient of variation of the mean
settling velocity was <6% (Hegge, 1994). The
settling velocities were converted to equivalent
grain sizes using the technique described by
Hallermeier (1981).

MODELS FOR THE PREDICTION
OF RIPPLE GEOMETRY

Several models for the prediction of ripple
geometry, namely those of Nielsen (1981),
Grant & Madsen (1982), Wikramanayake (1993),
Mogridge et al. (1994) and Wiberg & Harris
(1994), were used to compare measurements of
ripple geometry in the field. Each model was run
three times, once using grain-size input from the
crest, once with grain-size input from the ripple
trough and once with an average of the crest and
trough grain sizes.

The models generally require input of a mean or
median grain size, nearbed orbital diameter and
wave period. The mean or median grain size was
calculated from the settling tube output. The
hydrodynamic parameters were calculated from
8192 data points or ~17-min records. Nearbed
orbital diameter (d,) was calculated using linear
theory as

H

do = Gah(kh) (1)
where H is significant wave height, h is mean

depth and k is the wavenumber (27/L).

Models of Nielsen (1981)

Nielsen (1981) developed two sets of equations
for the prediction of ripple geometry: For field
conditions:

J/as = exp[(693 — 0-37In"y) /(1000 + 0-75In%y)] (2)

n/as =21y (3)

For laboratory conditions:
A)as = 2-2 — 0-345y *3* (4)
n/as = 0-275 — 0-022/y (5)
where ¢ is the mobility number

(asw)z

V= (s—1)gDh

(6)

and where a; is the nearbed wave orbital ampli-
tude (d,/2) calculated from linear theory, w is the
wave radian frequency (2n/T), s is the specific
density of sand, g is the acceleration resulting
from gravity and D is the mean grain diameter.
The relationships predicted by Nielsen (1981)
were derived from data from the laboratory
studies of Yalin & Russell (1962), Kennedy &
Falcon (1965), Mogridge & Kamphuis (1972),
Carstens et al. (1969), Dingler (1974), Nielsen
(1979) and field studies of Inman (1957), Dingler
(1974) and Miller & Komar (1980). Laboratory
conditions refer to monochromatic waves gener-
ally used in laboratory wave basins, whereas field
conditions refer to a broader wave spectra as
would be found under natural conditions.

Model of Grant & Madsen (1982)

Grant & Madsen (1982) predicted ripple geometry
based on local skin friction and suggested two
different relationships based on observations first
made by Inman (1957) and on the wave tank data
of Carstens et al. (1969). The first relationship is
known as the equilibrium range, where ripple
steepness (height to length ratio, #/1) is near a
maximum and the ripple wavelength scales with
the nearbed wave orbital amplitude. The second
relationship is known as the break-off range,
where the ripple wavelength is no longer corre-
lated with nearbed wave orbital amplitude and
the ripple steepness decreases. The transition
between the two ripple regimes is called the
break-off point and is defined by the break-off
Shields parameter, 6p,

0p = 1-80,,5°° (7)
where 0, is the sediment threshold Shields

parameter and S, is a dimensionless sediment
parameter

S. = (D/4v)[(s — 1)gD]"* (8)
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where v is the kinematic viscosity of water. The
van Rijn (1989) definition of 0, was used here
where

0, =0-24(D,)"" for D, <4 (9)

0cr = 0-14(D,) "% for 4 < D, <10 (10)

0y = 0-04(D,)"*"°  for 10 < D, < 20 (11)
0cr = 0-013(D,)** for 20 < D, <150  (12)

0, = 0-055 for D, > 150 and (13)

1

D, =ds[(s — 1)g/V*]* (14)

The equilibrium range occurs when 6 < 6 where
0 is the maximum skin friction wave Shields
parameter

uZ

I~ e 19

and u,.,,, is the maximum skin friction wave
shear velocity

U = (f/2)" i (16)

where u,., is the mean nearbed orbital velocity.
For simplicity and consistency, the wave friction
factor f,, is estimated here using the definition of
Swart (1974)

f = exp[5-213(ks/a;)**** — 5.977] (17)

where k; is the bed roughness height approxima-
ted as 2:5D for smooth beds.
For ripples in the equilibrium range (6 < 0g)

n=0-22a,(0/0,) " (18)
A= 6'25n(0/0cr)0'04 (19)
For ripples in the break-off range (6 > 6g)

n=0-48a,(0/0,)""° (20)

A= 361’]5;06(9/9(7) (21)

Model of Wikramanayake (1993)

Wikramanayake (1993) related ripple wavelength
to the non-dimensional parameter, Z, by

Z :L (22)

(s— 1)gd§0
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where dsq is the median grain size, which is also
used by Wikramanayake (1993) instead of mean
grain-size diameter (D) when calculating 6.

For 00016 < Z < 0-012

u

A =0-120-"2277049 (23)
w
Um ,_0.50

and for 0:012 < Z < 0-18

u

1 =0-0667 —~Z 0% (25)
w
Um ., _1.23

n = 0-0007-%Z7 (26)

When Z > 0-18, it is assumed that sheet flow
conditions apply and the bed is flat.

Model of Mogridge et al. (1994)

The Mogridge et al. (1994) model for predicting
maximum ripple wavelength is dependent on the
wave period parameter y,

oD

v = 27
b4 VTP (27)

where 7, is the specific weight of sediment. The
wave period parameter differs from the mobility
number in its omission of the nearbed wave
orbital amplitude. When y< 015x107°% the
maximum ripple wavelength is predicted as a
function of mean grain diameter where

2 =1394D (28)

and 4 is independent of the wave period param-
eter. This relationship was derived from field data
from a number of studies and is suggested for use
in predicting ripple wavelengths in the field. At
higher values of the wave period parameter
( > 015 x 107°%), which mostly occur under
laboratory conditions, the ripple wavelength is
predicted by

loglo (4/D) =13-373 — 13-772X0-02054 (29)

Maximum ripple height is predicted by the
Mogridge et al. (1994) model as

log,, (1/D) = 8-542 — 10-822°039%7 (30)

which was derived from laboratory data.
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Model of Wiberg & Harris (1994)

The model of Wiberg & Harris (1994) predicts
ripple wavelength for three different relation-
ships depending on whether the ripples are
orbital, suborbital or anorbital. This is based on
the value of the ratio dy/fano Where #na,o is
anorbital ripple height. Therefore, it is necessary
first to predict anorbital ripple height before
determining what type of ripples will be present.
Anorbital ripple steepness is predicted by iter-
ation using the following relationship

nano do 2 do
= exp —0-095|In +0-442 In —2-28

nano 17(1110

(31)

If do/Mano < 20, then the ripples are orbital
ripples and

4 =0-62d, (32)
n/i=0-17 (33)

When 20 < do/fano < 100, suborbital ripples
occur and

a—exp [ {ln(do/nam) —In100

1n20—1n100 (ln/lorb - ln/‘Lano) +1n/‘tuno

(34)

which is a weighted geometric average between
values of orbital and anorbital ripple wavelength.
Suborbital ripple height is calculated as the
product of suborbital ripple wavelength and the
ripple steepness from Eq 31. At values of d,/
Nano > 100, the ripples are anorbital ripples and
are defined as

) = 535D (35)

RESULTS

Sediment size distribution

Descriptive statistics for sediment size for each
beach are shown by cross-shore location in
Figs 2—5. The first sample was generally taken
from the step at the foot of the beach face, which
was defined as zero distance, and then from each
subsequent ripple trough and crest. Samples were
taken from two parallel profiles several metres
apart at Garden Island, Jurien Jetty, Naval Park
and Cockburn. Mean grain size (after the coarse
material was sieved; Fig. 2) decreased with

increasing distance from the shore at Bourlanger
Point N., Garden Island, Naval Park and Rock-
ingham. In addition to the decreasing trend found
at those sites, all sites exhibited a ‘saw-tooth’
cross-shore variability that resulted from the
differences in grain size at subsequent crests
and troughs. This crest—trough differential was
best seen at Jurien Jetty (Fig. 2F). Overall, among
all the sediment samples, there was a significant
difference (all tests at 0-05 significance level) in
the mean grain sizes between crest and trough
within the sand-sized fraction. Crests contained
coarser sediment, and troughs contained finer
sediment. Differences in mean size of sediment in
crests and troughs for individual beaches are
shown in Table 1. Three beaches in Cockburn
Sound (Alexander St., Cockburn and Rocking-
ham) did not show a significant difference in the
mean grain size, although mean grain sizes at the
crests were still greater than in the troughs.

The sand-sized fraction of all samples was well
to moderately sorted (Fig. 3) with poorer sorting
in the troughs and better sorting in the crests.
This was best seen close to shore at Bourlanger
Point N. and on both profiles at Naval Park
(Fig. 3B and G). Sorting decreased in an offshore
direction at Coolimba and Naval Park (Fig. 3D
and G). Overall, more poorly sorted sediment
was found in the troughs and better sorted
material in the crests, except at Coolimba and
Garden Island, where no significant difference
was found (Table 1), although these two sites had
the best sorted sand-sized fraction among the
study sites.

The skewness of the sand-sized fraction fol-
lowed trends similar to mean grain size (Fig. 4).
Significantly, greater positive skewness (indicated
by a tail of fines) was found in the crests at all sites
except Rockingham and Cockburn (Table 1). Very
few samples had negative skewness, but these
occurred mainly at the offshore limits of the
profiles, as skewness decreased steadily in an
offshore direction at Bourlanger Point N., Naval
Park and Rockingham (Fig. 4B, G and H).

Greater proportions of sediment coarser than
2 mm were found in the troughs than in the crests
at all sites (Fig. 5). Only three sites, Bourlanger
Point S., Coolimba and Jurien Jetty (Fig. 5C, D
and F), showed no significant differences in the
percentage of coarse material between crest and
trough, and these sites had the least amount of
coarse material (mean percentage coarse <0-25%).
Hence, there was probably not enough coarser
sediment to provide a significantly uneven dis-
tribution between crest and trough.
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Fig. 2. Cross-shore distribution of mean grain sizes of the sand-sized sediment at each of the field sites. Bold lines
plotted in (E), (F), (G) and (I) denote an additional cross-shore set of samples collected 2 m alongshore from the first

line.

The descriptive statistics do not reveal all
aspects of the sediment size distribution, and
the actual size distributions show other differ-
ences between the crest and the trough. Sediment
size distributions from four of the sites that best
differentiate crest and trough sediments are

shown in Fig. 6. Jurien Jetty sediment size distri-
butions (Fig. 6A) clearly show the bimodal nature
of the trough sediments compared with the
unimodal crest sediments. Bourlanger Point N.
and Coolimba (Fig. 6B and C) had very similar
shapes for the distributions of crest and trough
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Fig. 3. Cross-shore distribution of the sorting of the sand-sized sediment at each of the field sites. Bold lines plotted
in (E), (F), (G) and (I) denote an additional cross-shore set of samples collected 2 m alongshore from the first line.

sediments, except that the trough distributions Predictive models of ripple geometry
were displaced towards the finer sizes. Naval
Park (Fig. 6D) had similar distributions to those at
Jurien Jetty with bimodal distributions in the The hydrodynamic input used in the predictive
troughs and generally unimodal distributions in models of ripple geometry is summarized in
the crests. Table 2. The ripple wavelength and height in

Spatial predictions
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Fig. 4. Cross-shore distribution of the skewness of the sand-sized sediment at each of the field sites. Bold lines
plotted in (E), (F), (G) and (I) denote an additional cross-shore set of samples collected 2 m alongshore from the first

line.

Table 2 were averaged for four to six ripples
adjacent to each pressure sensor location. Rip-
ple wavelengths and heights predicted using
both crest and trough mean sediment sizes were
compared with the observed ripple wavelength
at each pressure sensor location (Figs 7 and 8).
The performance of the wavelength prediction

models was assessed with the discrepancy ratio,
Rq4 (Tables 3 and 4), where
Hd = )vpredicted//lobserved (36)

An Ry value of 1 is perfect agreement whereas
Rq > 1 shows overprediction and Ry < 1 shows
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Bold lines plotted in (E), (F), (G) and (I) denote an additional cross-shore set of samples collected 2 m alongshore

from the first line.

underprediction. The discrepancy ratios are sum-
marized by the mean geometric deviation (MGD)

(Chandler & Kostaschuk, 1994; Villard &
Kostaschuk, 1998)
MGD = (Rg; x Rqz x Rqs ... Ran)"/" (37)

where discrepancy ratios of less than 1 are
replaced by their reciprocal. MGD values of 1
denote perfect agreement, and model perform-
ance decreases with increasing MGD values
(Tables 3 and 4).
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There was little difference in the ripple geom-
etries predicted by the crest and trough mean
sediment sizes for all the models except the
Wikramanayake (1993) model, in which resulting
wavelength prediction, using crest mean sedi-
ment sizes, was up to 44% higher than predic-
tions made using the adjacent trough mean
sediment size. Differences in ripple height pre-
dictions of up to 70% were found between
predictions made with crest mean sediment sizes
and trough mean sediment sizes. Some of the
larger disparities were a result of values of the
Wikramanayake (1993) non-dimensional param-
eter, Z, being very close to their threshold of 0-012
depending on which portion of the ripple the
sediment sizes were taken from. Overall, among
the other models, there was no significant differ-
ence in the accuracy of predictions made by the
input of crest or trough mean sediment sizes
(Tables 3 and 4).

The Nielsen (1981) field model (MGD = 1-35)
and the Wiberg & Harris (1994) model
(MGD = 1-41) were the most accurate at predict-
ing the ripple wavelengths here, but their predic-
tions still varied from the observed ripple
wavelengths by up to 70% (Fig. 7; Table 3).

Standard deviations of the predicted ripple wave-
length from the observed ripple wavelength for
these two models were ~0-2 m. The Nielsen (1981)
laboratory model (MGD = 1-91) was the least
accurate with predictions of up to 4'5 times greater
than that observed, suggesting that the laboratory
data were generally a poor representation of field
conditions. The Mogridge et al. (1994), Wikra-
manayake (1993) and Grant & Madsen (1982)
models, with MGD values of 1-48, 147 and 1-80,
respectively, made similar predictions with stand-
ard deviations from the observed ripple wave-
lengths of ~0-3 m.

Ripple heights were best predicted by the
Wiberg & Harris (1994) model (MGD = 1-38) and
the Nielsen (1981) laboratory model (MGD =
1-43). The Mogridge et al. (1994) model overpre-
dicted all ripple heights with discrepancy ratios
as high as 7-12.

Temporal predictions

Observations and predictions of ripple wave-
length from the six models for the temporal
changes at Garden Island are shown in Fig. 9
and Table 5. According to Clifton’s (1976) defini-
tions, conditions were orbital (d,/D < 1000)

© 2002 International Association of Sedimentologists, Sedimentology, 49, 483-503



Geometry and grain-size sorting of ripples 495
Table 2. Hydrodynamic conditions and ripple geometry at each site.
Hgg T d, h Wavelength Height
Site (m) (s) (m) (m) (m) (m)
Alexandra St. 0-10 218 0-17 0-30 0-17 0-03
Bourlanger Pt. N. 0-21 917 1-44 077 052 0-09
0-19 8:22 1-:03 0-99 0-47 0-09
Bourlanger Pt. S. 0-19 4-06 0-56 0-50 0-50 0-06
Coolimba 0-13 663 119 0-18 0-42 0-06
0-14 8-90 0-92 0-52 0-33 0-05
Garden Is. 0-26 1047 2:22 0-47 074 011
0-18 8-:82 0-99 0-68 0-84 0-14
0-16 7-46 077 077 091 0-11
0-18 7-20 0-73 0-94 0-76 011
0-21 8:73 0-94 1-:01 0-56 0-10
0-24 10-01 1-21 1-08 0-48 0-07
0-26 10-47 2:22 0-47 0-64 0-09
018 8:82 0-99 0-68 0-64 0-10
0-16 7-46 0-77 077 0-80 0-12
0-18 7-20 0-73 0-94 0-90 0-13
0-21 873 0-94 1-:01 062 0-11
0-24 10-01 1-21 1-:08 0-52 0-07
Jurien Jetty 0-17 411 062 0-38 0-26 0-05
0-17 411 062 0-38 0-29 0-05
Naval Park 0-09 11-30 114 0-22 0-56 0-05
0-12 12-15 1-78 0-23 0-33 0-03
Rockingham 0-07 2:30 0-13 0-33 0-08 0-02
Cockburn 0-06 2-40 0-13 0-31 0-16 0-02
0-08 2:72 0-16 0-36 0-32 0-03

during the sea breeze and suborbital (1000 <
d,/D < 5000) during the swell-dominated period.
Ripple wavelength increased with increasing
nearbed orbital diameter during the sea breezes,
suggesting the presence of orbital ripples, and
showed no relationship with nearbed orbital
diameter during the swell-dominated period,
suggesting the presence of suborbital ripples
(Fig. 9).

In comparing the models of Nielsen (1981), the
field model performed better during the swell-
dominated period and the laboratory model per-
formed better during the sea breeze (Fig. 9A).
This was expected as the laboratory model was
derived from wave tank or tube data with gener-
ally shorter wavelengths than those found in
the field. These shorter period waves (T =5 s)
occurred during the sea breeze, with longer
period waves (T = 9 s) being present during the
swell-dominated period.

The Mogridge et al. (1994) model performed
well during the first sea breeze but overpredicted
wavelengths by up to 200% during the swell-
dominated period (Fig. 9A). The Mogridge et al.

(1994) model did not take into account the change
in ripple regime between the sea breeze and the
swell-dominated period. The wave period param-
eter (y) was >0-15 x 107° at all times denoting
laboratory-like conditions.

The Wikramanayake (1993) model (Fig. 9B)
performed similarly to the model of Mogridge
et al. (1994). Predicted ripple wavelengths
increased during the sea breeze as orbital ripples,
but the model did not predict a change in ripple
regime with the end of the sea breeze. Predicted
wavelengths continued to increase with the
increasing nearbed orbital diameter during the
swell-dominated period.

The model of Grant & Madsen (1982) predicted
the ripple regime as being below the break-off
point (i.e. orbital) and nearly always underpre-
dicted the ripple wavelength (Fig. 9B). The
Wiberg & Harris (1994) model performance was
very similar to that of Grant & Madsen (1982) as
shown in Fig. 9 and Table 5 where MGD values
were both 1-59.

The Nielsen (1981) field, Wikramanayake
(1993), Grant & Madsen (1982), and Wiberg &
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Fig. 7. Comparisons of predicted and observed ripple wavelengths for each of the models tested. Circles and crosses
are the results using grain-size inputs from the crest and trough samples respectively.

Harris (1994) models all underpredict the ripple
wavelength at the start of the second sea breeze
(Fig. 9). Predicted ripple wavelengths were sim-
ilar to those at the start of the first sea breeze as
conditions were also similar, but the observed

© 2002 International

ripple wavelengths were different at the start of
the second sea breeze. Observed ripple wave-
lengths fit the Clifton (1976) ripple regime clas-
sification where orbital ripples (4 « d,) occur at
d./D < 1000 and suborbital ripples (1 x 1/d,)
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occur at 1000 < d,/D < 5000. Wavelength
increased during the first sea breeze (orbital)
and stayed relatively constant during the swell-
dominated period (suborbital) before increasing
again (orbital) during the second sea breeze. The
ripple wavelength did not decrease to the same

level as at the beginning of first sea breeze and,
therefore, had a different ‘starting wavelength’
when the conditions became orbital again at the
start of the second sea breeze. The history of the
conditions at the bed was apparently important to
the bed morphology at any point in time.
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Table 3. Model performance statistics for ripple wavelength predictions.

Crest sediments

Average of crest and

Trough sediments trough sediments

Model R4 MGD R4 MGD R4 MGD
Nielsen (1981) Field 0-51-2-51 1-35 0-51-2-50 1-35 0-51-2-51 1-35
Nielsen (1981) Laboratory 0-51-5-64 191 0-51-564 1-91 0-51-5-64 1-91
Mogridge et al. (1994) 0-77-3-26 148 0-76-3-20 1-47 0-77-3-23 1-48
Wikramanayake (1993) 0-48-2-30 1-46 0-41-2-25 1-51 0-47-2-26 1-47
Grant & Madsen (1982) 0-17-3-09 1:81 0-18-3-09 179 0-18-3-09 1-80
Wiberg & Harris (1994) 0-32-1'55 141 0-32-1-47 1-41 0-32-1-51 141

Table 4. Model performance statistics for ripple height predictions.

Crest sediments

Average of crest and

Trough sediments trough sediments

Model Ry MGD Ry MGD Ry MGD
Nielsen (1981) Field 0-15-9:83 2:19 0:13-9-99 2:29 0-15-9-90 2:23
Nielsen (1981) Laboratory 0-57—4-51 143 0-57—4-46 143 0-57-1-08 143
Mogridge et al. (1994) 1-09-7-18 1-89 1-:07-7-07 1-86 1-08-7-12 1-87
Wikramanayake (1993) 0-30—4-31 1-56 0-14-3-40 1-67 0-25—-3-84 1-:60
Grant & Madsen (1982) 0-15—4:79 1-86 0:15—4-78 1-87 0-14—4-78 1-87
Wiberg & Harris (1994) 0-58-2-13 1-38 0-54—1-98 1-37 0-57—2-05 1-38

DISCUSSION

Sediment size distribution

There are very few published measurements of
sediment size distribution over individual ripples
in the field. The results of this study, in which
overall ripple crests were coarser, better sorted
and more positively skewed than the troughs,
were similar to the observations made by Inman
(1957) in deeper water further offshore. Inman
(1957) found coarser, better sorted material in the
crest and finer, more poorly sorted material in the
trough with a few exceptions. These exceptions
had large, poorly sorted material in the trough,
which was similar to this study, where the
majority of material larger than sand size was in
the trough. Miller & Komar (1980) found no
difference in the grain-size distributions between
ripple crests and troughs. Their measurements
were in either well-sorted fine or medium-grained
sands. It is possible that the sand was too well
sorted at their two sites for there to be a
significant difference in sediment sizes in crest
and troughs. Clifton et al. (1971) found fine sand
in crests and coarser sand in troughs of lunate
megaripples in the nearshore, which occur at a
much higher energy regime than the parallel

ripples observed here. The difference in grain-
size distribution over lunate megaripples and
parallel ripples suggests that they are formed and
maintained by very different processes.

Laboratory studies have shown similar results
to the field observations reported here. Foti
(1993), Foti & Blondeaux (1995), Noda (1968),
De Best & Bijker (1971) and Carter et al. (1973)
all found that sediment sorting within ripples
occurred under waves. Foti (1993) found that the
peak in concentration of coarse material oscillates
about the ripple crest over a wave cycle. The latter
three studies were of standing wave conditions,
where light particles were deposited at antinodes
and heavier particles at the nodes.

The differences in grain-size distribution
between the ripple crests and troughs show the
selectivity of transport over ripples. At each site,
similar grain sizes were present in both crests and
troughs, but they occurred in different abundances
(Fig. 6). Bed shear stresses vary over ripples, with
highest shear stresses occurring at the ripple crest
(Li et al., 1997). This possibly resulted in win-
nowing of the finer sediments from the crests
making them coarser and better sorted with a
positive skewness. This was best illustrated by
the size distributions at Jurien Jetty (Fig. 6A),
where a second mode of finer material was
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Fig. 9. Predicted and observed ripple wavelengths ove
length. Shaded areas denote the sea breeze.

present in the trough but not at the crest. The
majority of material coarser than sand was found
in the trough, but this material was generally
irregularly shaped shell hash or small pebbles
that have very different hydraulic properties from

r time at Garden Island. Solid line is observed ripple wave-

the sand-sized material. It was possible that this
material was too large to be maintained in the
ripple crests by the leeside vortices and would
probably slide or roll back into the trough if lifted
onto the crest.
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Table 5. Model performance statistics for temporal
ripple wavelength predictions at the Garden Is. site.

Model Ry MGD
Nielsen (1981) Field 0-52—-1-53 1-40
Nielsen (1981) Laboratory 0-63-1-79 1-20
Mogridge et al. (1994) 075-2-12 1-25
Wikramanayake (1993) 0-58-1-79 1-34
Grant & Madsen (1982) 0-39-1-13 1-59
Wiberg & Harris (1994) 0-38-1-10 1-59

Predictive models of ripple geometry
Spatial predictions

The Wikramanayake (1993) model was the most
sensitive to grain-size input as the calculation of
their non-dimensional parameter, Z, includes the
cube of grain size. Inman (1957) stated that the
grain sizes in the ripple crests are the most
important for determining ripple wavelength,
but neither crest nor trough sediment size was
found to give more accurate model outputs in this
study. Owing to the low energy at the study sites,
most models predicted that the conditions were
orbital or below the break-off point. Predictions of
ripple wavelength under these conditions were
not as dependent on grain size as under higher
energy conditions where anorbital ripples are
present. For example, the models of Mogridge
et al. (1994) and Wiberg & Harris (1994) predict
wavelength to be entirely dependent on grain size
when anorbital ripples are present. Under the
low-energy conditions here, observed wavelength
was slightly better correlated with crest grain size
(r = 0-58) than trough grain size (r = 0-47), sug-
gesting that crest sediments do seem to be more
important for determining ripple wavelength.

Accurate prediction of ripple dimensions is
necessary to provide a measure of the degree of
bed roughness or frictional drag, which is crucial
for calculations of sediment transport by waves
and currents (Grant & Madsen, 1982; Li, 1994; Li
et al., 1996; Mathisen & Madsen, 1996). The field
model of Nielsen (1981) and the model of Wiberg
& Harris (1994) were the best out of the models
tested for predicting ripple wavelength. The
model of Wiberg & Harris (1994) was also the
best model for predicting ripple height. However,
errors of prediction for these models were still
large, with discrepancy ratios ranging from 0-32 to
2:51. Refinement of these models or the develop-
ment of new models is needed for accurate
predictions of bed roughness on low-energy
microtidal beaches.

The laboratory model of Nielsen (1981) was
the poorest model for predicting ripple wave-
lengths, although Vincent et al. (1999) found it
was the only model that was able to predict the
megaripples in their study. The laboratory
model of Nielsen (1981) overpredicted ripple
wavelength with discrepancy ratios as high as
564 (Fig. 7B and Table 3). It was possible that
megaripples of the size predicted by the Nielsen
model were not present here because of the
occurrence of a wide wave spectrum. Addition-
ally, Nielsen’s (1981) laboratory model was not
designed to work under the irregular wave
conditions present in the field. The regular
occurrence of afternoon sea breezes at all the
study sites may have prevented long-term rip-
ple growth under a narrow wave spectrum,
which may have been required to develop
megaripples.

Osborne & Vincent (1993) found that predic-
tive models for ripple geometry performed
poorly in macrotidal environments and attrib-
uted this partially to the rapidly changing
hydrodynamic conditions resulting from tidal
water level fluctuations. Although these models
could be expected to perform better in the
microtidal low-energy nearshore environment
of Western Australia, where conditions are
uniform for greater lengths of time, this was
not found. There are several possible reasons for
this. First, the models were based on laboratory
data where ripples were generally produced
under monochromatic wave conditions. In the
field, where irregular waves were present, there
may be no dominant orbital excursion to which
the ripples can respond (Nielsen, 1981). The
models would then overpredict ripple geometry
as they are based on some representative
parameter such as mean or maximum nearbed
orbital excursion, rather than taking into
account the whole spectrum of values present.
Secondly, Foti (1993) found that sand of mixed
sizes produced longer ripple wavelengths than
those for uniform sand. As most laboratory
studies used uniform sands for their experi-
ments, the models generated from laboratory
data could underpredict wavelength in the field
where non-uniform sands are present. Thirdly,
input and output parameters could be calculated
slightly differently among the models. For
example, the model of Mogridge et al. (1994)
generally overpredicted ripple dimensions as it
predicts maximum rather than mean ripple
dimensions.
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Temporal predictions

The inaccuracy of the model predictions over
time (Fig. 9) suggests two further reasons why the
models did not perform well in field conditions.
First, the models failed to predict changes in the
ripple regime that occurred at the beginning and
end of the sea breezes. The small changes to the
incident wave field resulting from the sea breeze
caused a change from orbital to suborbital condi-
tions that was not identified in the models. As the
models were formulated using mostly laboratory
data, they are not designed for the long-period,
low-energy waves at these sites. The wide spec-
trum of waves in the field also makes it difficult to
use simple parameters such as a single represen-
tative nearbed orbital diameter and/or wave per-
iod to characterize the hydrodynamic conditions
(Marsh et al.,, 1999). Dick et al. (1994) showed
another example of the difficulty in identifying
ripple regimes in the field where the model of
Wiberg & Harris (1994) predicted anorbital rip-
ples when an upper plane bed was present.
Secondly, there is the possibility that different
equilibrium forms could occur under the same
conditions. The measurement of ripple wave-
length over time showed that the wave and ripple
history was very important. The ripple wave-
length grew during both the first and the second
sea breeze, but there was a different ‘starting’
wavelength at the beginning of the second sea
breeze. The ripples at the beginning of each sea
breeze were not ‘relict’ forms because the ripples
always appeared to be active by constantly
adjusting to the changing conditions. Therefore,
there must be different equilibrium forms under
the same conditions, or the conditions only
appear the same when mean wave parameters
are considered.

CONCLUSIONS

The following conclusions are made from this
study concerning grain-size distribution over
ripples and the prediction of ripple geometries
on low-energy beaches with long-period, low-
amplitude waves.

1 Overall, the ripple crests were significantly
coarser, better sorted and more positively skewed
than the troughs when considering only the sand-
sized sediment. The troughs contained a greater
proportion of sediment larger than sand size
(>2 mm) than the crests.

Geometry and grain-size sorting of ripples 501

2 The Wikramanayake (1993) model was the
most sensitive to grain-size variations but, over-
all, there was no significant difference in ripple
geometry predicted using crest or trough sedi-
ment sizes.

3 The field model of Nielsen (1981) and the
model of Wiberg & Harris (1994) were the best
models for predicting ripple wavelength of par-
allel ripples. The Wiberg & Harris (1994) model
was also the most accurate model for predicting
ripple height. It is suggested that these models
should be used for the prediction of ripple
geometry in low-energy microtidal nearshore
environments.

4 The responses of ripple wavelength to chan-
ging hydrodynamic conditions depend on the
history of the bed morphology.
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NOMENCLATURE

as nearbed orbital amplitude
d, nearbed orbital diameter
dso median grain size

D mean grain diameter

D, dimensionless sediment parameter
(van Rijn, 1989)

fw  wave friction factor

g acceleration due to gravity
h mean water depth

H significant wave height

k wave number

ks bed roughness height

L wave length

MGD mean geometric deviation
Ry discrepancy ratio

s specific density of sand

S, dimensionless sediment parameter

u, mean nearbed orbital velocity
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U,wm maximum skin friction wave shear velocity

1 wave period parameter

Z non-dimensional parameter

Vs specific weight of sediment

0 maximum skin friction wave Shields
parameter

0s break-off Shields parameter

Ocr sediment threshold Shields parameter
n ripple height

Nano anorbital ripple height

A ripple wavelength

lortb  Orbital ripple wavelength

Jano anorbital ripple wavelength
kinematic viscosity

mobility number

wave radian frequency

Y

e &=
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