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Cross-ripple patterns and wave directional spectra
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[1] Rotary sonar images of the seafloor during SandyDuck97 are used to investigate
the geometry of the cross-rippled bed state relative to the directional properties of the
incident waves. The sonar imagery indicates that the cross-ripple pattern is a quasi-regular
diamond-shaped lattice constructed of variable length ladder-like tiles, each with
shorter-wavelength ripples residing within the troughs of the longer-wavelength
component. The longer-wavelength crests were oriented at approximately +30° with
respect to the incident wave direction. Most wave directional spectra were not bimodal in
direction and, for the small number (17%) which were, the distribution of the angular
separations of the two peaks was very broad and indicated no preferred value. Thus,
contrary to some previous suggestions in the literature, these results indicate not only that
cross ripples do not require waves propagating from two different directions for their
formation but also that for most of the occurrences during this experiment, cross ripples
formed when the incident wave field was unimodal in direction. Finally, the orientation
angles of the long-crested ripple components exhibit no dependence on mean current

velocity.
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1. Introduction

[2] The first definitive observations of cross ripples in
wave-dominated, sandy, nearshore environments appear to
have been made by Clifion et al. [1971]. These bed forms
are composed of two sets of ripples, each set having a
different characteristic wavelength and orientation, and are
thus intrinsically three-dimensional (3-D). As described
by Clifton et al. [1971], the long-wavelength ripple set
has “long, straight, uninterrupted crests,” with short-
wavelength, short-crested ripples sitting in the troughs of
the longer set, and with the crests of the two sets approx-
imately orthogonal so that the two sets together form
a‘“‘ladder-like” pattern (Figure 1). The angle between the
two sets of ripple crests was reported to be approximately
bisected by the incident wave direction. Machida et al.
[1974] described a similar “ladder-like” bed form which
also consisted of long, straight, parallel crests with shorter-
crested, shorter-wavelength ripples between the longer
crests. The presence of two primary spatial scales, and the
3-D character of the ripple pattern, complicate the concep-
tual picture of sand ripple formation under the action of
surface gravity waves. For example, if cross ripples are
generated under essentially unidirectional waves as has been
suggested [Clifton et al., 1971; Machida et al., 1974], they
would not readily conform to the orbital-suborbital-anorbital
classification scheme proposed by Clifion and Dingler
[1984] for 2-D wave-formed ripples.
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[3] Cross ripples have been observed in the nearshore
zone visually using SCUBA [Clifton et al., 1971; Machida
et al., 1974; Doucette, 2000], a compound comb device
[Machida et al., 1974], and in sonar images during single
storm events [Hay and Wilson, 1994; Smyth et al., 2002].
More recently, Hay and Mudge [2005] summarized bed
state occurrences during the SandyDuck97 experiment,
also observed using rotary sonars. Cross ripples were one
of 5 principal bed states, occurring in 10% of the sonar
images over a ~75 day period. Cross ripples were identified
as a principal bed state not only because of their relatively
high frequency of occurrence but also because they
occurred repeatably during both the growth and decay
phases of individual storm events, at wave energies inter-
mediate between irregular and linear transition ripples. They
were not relic features, occurring instead during active
transport conditions. Thus, the SandyDuck97 observations
indicate that cross ripples represent an integral part of the
bed state storm cycle, and the implications are that cross-
ripple occurrence is (1) independent of prior bed state and,
(2) consequently, to first order, a function solely of the
hydrodynamic forcing conditions.

[4] In the cross-shore bed state progression proposed by
Clifion [1976], cross ripples occur at intermediate wave
energies. Similarly, cross ripples occur at intermediate wave
energies in the bed state storm cycle [Hay and Wilson, 1994;
Smyth et al., 2002; Hay and Mudge, 2005]. Thus, there is a
substantial and growing body of evidence for the wave
energy conditions under which cross ripples occur. The
same is not the case for wave direction, however. Clifion et
al. [1971] and Clifion [1976] noted that although cross
ripples resemble interference ripples, waves were not inci-
dent from two directions when cross ripples were observed.
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Figure 1. Schematic indicating the ladder-like appearance
of cross ripples described by Clifton et al. [1971], Machida
et al. [1974], and Clifton [1976]. Arrow indicates the
reported wave direction, i.e., bisecting the ~90° intersection
angle between long and short crests.

(Interference ripples form through ‘“the action of two
coexisting but differently oriented trains of waves” Allen
[1984]). In fact, Clifton et al. [1971] definitively state that
the cross-ripple pattern they observed “is not produced by
waves approaching from two different directions.” Machida
et al. [1974] similarly remarked that the waves were not
obviously bidirectional during their cross-ripple occurrences.
Nevertheless, citing the Clifton et al. [1971] and Machida et
al. [1974] observations, Allen [1984, p. 452] states that the
“strengthening of short-crestedness as waves shoal provides
a satisfactory explanation” for their “interference-like”
ripples. Short-crestedness arises from the directional distri-
bution of wave energy. Outside the surf zone (where cross
ripples occur), field observations indicate that the direction-
al distribution of shoaling random waves tends to become
narrower toward shore due to refraction [Herbers et al.,
1999], implying that wave short-crestedness would be
expected to decrease shoreward. Thus, it is unclear how
the explanation given by Allen would normally apply.
Nonetheless, the wave directions reported by Clifton et al.
[1971] and Machida et al. [1974] were based on visual
observations. Thus, a quantitative basis for examining
possible relationships between cross-ripple occurrence and
wave directional distributions is lacking.

[s] This paper sets out to investigate the geometric
properties of cross-ripple patterns relative to the directional
properties of the incident wave field. A primary focus is the
orientation of cross-ripple crests relative to peaks in the
wave directional spectrum. Using the extensive data set
compiled by Hay and Mudge [2005], the expectation is that
with cross-ripple occurrences from O(10) separate storm
events, it should be possible to determine whether inter-
secting wave trains are required for cross-ripple formation.

[6] The methods used to analyze the data are outlined in
section 2. The results, in section 3, begin with the signature
pattern of cross ripples as revealed in the sonar imagery.
Estimates of the wavelength of the long- and short-ripple
components computed via spectra of the sonar images are
presented. The orientation angle of the long-crested com-
ponent is compared with the dominant wave direction and
with the mean longshore and cross-shore currents. Wave
directional spectra during cross-ripple occurrences are pre-
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sented. The implications of the results are discussed in
section 4 and concluding remarks are made in section 5.

2. Field Site and Data

[7] SandyDuck97 took place from August to November
1997 at the U. S. Army Corps of Engineers Field Research
Facility (FRF) in Duck, North Carolina (see Birkemeier et
al. [1985] for a detailed description of the FRF site). The
results presented here are from instrument frames C and D
located 270 and 310 m offshore (Figure 2). The water
depths at these two locations remained approximately
constant: 3.36 £ 0.05 m and 3.29 + 0.05 m at C and D,
respectively. Images of the seabed were acquired with
2.25 MHz rotary fan beam sonars (transducers approxi-
mately 0.73 m above the bed) at 30 min intervals between
storm events and 10 min intervals during storms. Water
velocities were measured using Marsh-McBirney EM flow-
meters approximately 0.35 m above the bed. The flow-
meters were sampled at a rate of 2 Hz in half hour intervals
continuously. Further details on the instrumentation are
given by Henderson and Bowen [2002] and Hay and Mudge
[2005].

[8] Figure 3 presents rms horizontal velocities in the sea-
and-swell band (that is frequencies between 0.05 and 0.3 Hz)
at both locations, with cross-ripple occurrences superim-
posed. Cross ripples occurred for rms wave orbital veloci-
ties between 10 and 40 cm/s (with a mean and standard
deviation of 18 + 3 cm/s [Hay and Mudge, 2005]).

[v] Figure 4 is a sonar image showing a cross-rippled bed
typical of the SandyDuck97 data. Ripple properties were
obtained from the sonar images using two methods. The
first method is based on 2-D power spectra, determined as
follows. The left region of the sonar image was divided into
eight boxes (each 3.4 m x 3.4 m) with 68% nominal
overlap (Figure 5). The subimage in each box was high-
pass filtered (fifth-order Butterworth filter, 0.67 cpm cutoff
frequency), and Hanning windowed in both x and y direc-

Depth [m]

Yearday

Offshore [m]

Figure 2. Time series of bed elevation profiles past the
locations of instrument frames C and D during Sandy-
Duck97. Note that the depth and bed profile at the frame
locations remained roughly constant through time.
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Figure 3. Time series of rms horizontal wave orbital velocities at frames (a) C and (b) D. Black dots
correspond to times when cross ripples are observed in the sonar record. Adapted from Hay and Mudge
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Figure 4. Rotary fan beam sonar image illustrating the characteristic cross-ripple pattern. Note that the
orientation of the long-crested component of cross ripples varies from quadrant to quadrant. Acoustic
shadows cast by the instrument frame legs can be seen in the lower right quadrant. Top is offshore. Image
resolution is 1.8 cm. The image has been high-pass filtered (0.67 cpm cutoff) to remove the low-
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frequency variations due to the transducer beam pattern.
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Figure 5. Cartoon depicting the areas of the sonar images
used in the spectral analyses. The sea bed is imaged in the
area between the dashed circles. The solid black circles
denote the instrument frame legs. The eight boxes, each
34 m x 3.4 m, indicate the areas of the image used to
compute the 2-D power spectrum. The grey shaded areas
correspond to the sectors over which the average radial
spectra were determined.

tions. Note that though the corners of some of the boxes
extend beyond the sonar image, the Hanning window forces
the values at the edges of the boxes to be essentially zero.
The 2-D power spectra within each box were ensemble
averaged. An example ensemble-average spectrum is pre-
sented in Figure 6a (k and / denote onshore and longshore
wave numbers, respectively) and shows four main lobes in
the directional distribution of backscatter variance. These
four lobes correspond to directions normal to ripple crests:
that is, the variance of the seafloor backscatter is largest in
these directions. The negative onshore wave number region
containing all of the independent information in the power
spectrum is shown in Figure 6b, as are the computed
orientation angles, 1;; and ;5.

[10] The orientation angles are computed from the loca-
tions in wave number space of the two maxima in the
spectrum:

1 = arctan(|k|/I). (1)

11 corresponds to the orientation angle of the long-crested
ripples with positive longshore wave numbers; v;, to the
angles of long-crested ripples with negative longshore wave
numbers. The red and black solid lines in Figure 6b pass
through the energy maxima from which the orientation
angles were computed. (Note that the 2-D spectrum is
dominated by the low wave number signal corresponding to
the long-crested component, so the wavelengths and
orientation angles of the short-crested component could
not be unambiguously distinguished from noise.)
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[11] The second method involves sector-averaged radial
spectra and was used for estimating ripple wavelengths. The
radial spectra were averaged over sectors 24.5° wide
centered on azimuthal angles of —67° and —117° relative
to 0° onshore (the two shaded regions in Figure 5). These
sectors were chosen to be centered upon the area where the
cross ripples were typically the best resolved and where the
signal from 2-D ripple types (e.g., linear transition ripples)
did not mask the signal from the short-crested component.
An example sector-averaged radial spectrum is shown in
Figure 7 along with the corresponding ripple wavelengths.
The short-crested ripple wavelengths were identified with
the maximum spectral density in the wave number range of
7.5 <K < 25 cpm, long-crested wavelengths with the peak
spectral density in the range 1 < K < 7.5 cpm.

[12] Dominant wave direction was computed from the
sea-and-swell band of the cross-shore, u, and alongshore, v,
velocities following Fofonoff [19691]:

2(uv)
tan 200 = ﬁ ; (2)

where the angle brackets denote the time average, and
(02, o) are the (u, v) variances. Wave directional spectra,
S(f, 0), were also computed from the flowmeter measure-
ments of u, v and pressure, p, using the Iterative Maximum
Likelihood Method (IMLM) [Oltman-Shay and Guza,
1984].

[13] Wave directional spectra from the 8-m array are also
used here. These directional spectra are similarly based on
an IMLM estimator [Long, 1991] and were shoaled to the
locations of the instrument frames assuming constant cross-
shore energy flux [Bowen, 1969]. The spectra were then
transformed from the surface to the measurement depth
according to linear wave theory.

[14] Both estimates of the wave directional spectra were
classified into those that were bimodal and those that were
not. A directional spectrum was determined to be bimodal
in direction if the 1-D integral,

Dy = /S(fy 0)df, 3)

was found to have two peaks and the ratio of the central
minimum to the smaller peak was less than 8/7° (the
Rayleigh criterion [Jenkins and White, 1957]). Similarly, the
integral of the directional spectrum over wave direction,

D= / S(f,0)do, )

was used to determine if the spectrum was bimodal in
frequency.

3. Results
3.1. Cross-Ripple Pattern

[15] Owing to the nature of the rotary fan beam sonar,
ripple features are best resolved when the crests are orthog-
onal to the acoustic beam. Thus, in certain regions of the
sonar image in Figure 4, the long-crested components are
more easily seen than the short-crested components,
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Figure 6. (a) Example ensemble-averaged 2-D power spectrum of a typical cross-ripple image. The
four lobes, only two of which are independent, correspond to high backscatter from ripple crests. (b)
Closeup of the negative (onshore) wave number region which contains all of the independent
information. Here 1;; and 17, denote the orientation angles of long-wavelength, long-crested ripples

with positive and negative longshore wave numbers.

likewise the opposite is true in other regions. Figure 8 shows
examples of images in which cross ripples were the dom-
inant bed form. In each case, the region shown is from the
left side of the full image, well away from the instrument
frame. The ladder-like features characteristic of cross
ripples are most easily seen in Figure 8a in the region
around (x, y) = (—3.5, —1) m. In the observations reported
by Clifton et al. [1971] the crests of the short- and long-
crested ripple sets were reported to be approximately
perpendicular, with the dominant set having “long, straight,
uninterrupted crests.” In the cross-ripple occurrences during
SandyDuck97, the long-crested components were usually
present in two orientations and typically crossed or inter-
sected each other, leading to a diamond-like pattern (e.g.,
Figure 8b) at larger (20.5 m) scales. The angle between
the short- and long-crested ripples during SandyDuck97
was estimated to be approximately 60° (see Figure 8a near
(x, ) = (=3, —1) m), rather than the ~90° angles reported in
other studies [e.g., Clifton et al., 1971; Doucette, 2000].

3.2. Ripple Wavelengths and Orientations

[16] A definition sketch of the ladder-like substructure of
the cross-ripple pattern observed in the sonar imagery is
presented in Figure 9. The variables \; and A\g denote the
wavelengths of the long-crested “rails” and the short-
crested “‘rungs.” Here 1), is the angle between the shore

normal and the rails and is positive counterclockwise from
the shore normal (x) axis.

[17] Wavelengths and orientations for the long-crested
ripple components obtained from the 2-D power spectra

YD243.8208

0.025

XL =44cm

0.02

0.015¢

0.01¢

0.005¢

Figure 7. Example of a sector-averaged radial spectrum
used to compute \; and \g, the wavelengths of the long-
and short-crested components of cross ripples, respectively.
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Figure 8. Selected sonar images showing typical instances of the cross-ripple pattern. Region of image
shown corresponds to the northern side of the instrument frame (see Figure 4). The images were high-

pass filtered, with a 0.67 cpm cutoff.

are listed in Table 1. The wavelengths for the long-crested
component in either orientation are much the same, as are
the magnitudes of the orientation angles. The results at the
two frame locations are also comparable. The radial spectra
provide wavelength estimates for both the long- and short-
crested components and are also listed in Table 1. The
estimates of the long-crested ripple wavelength from both

Figure 9. Sketch of the ladder-like pattern characteristic of
cross ripples, with definitions of wavelengths of the long-
and short-crested components, \; and \g and long crest
angle, ;. The subscript 1 denotes crests with a positive
crest angle (and positive longshore wave number). Cross
ripples with negative crest angle, 1/;,, would be represented
by the mirror image of the above cartoon in the x axis.
Positive x is shoreward.

methods are consistent, indicating a typical wavelength of
30 to 50 cm. The short-crested ripple wavelengths were
about 10 cm. These wavelength estimates are consistent
with those found in the literature: Hay and Wilson [1994]
reported long-crested ripple wavelengths of 30 to 40 cm,
and Doucette [2000] reported wavelengths of 10 to 70 cm,
and 7 to 15 cm, for the long- and short-crested components,
respectively.

[18] The distributions of v;; and ;, are presented in
Figure 10, with maximum values of 30° and —23°. Thus,
the angle between the long-crested components with posi-
tive and negative longshore wave numbers was typically
50° to 60°. The ripple crest bisector, defined as (171 +12)/2,
was typically around 5° from shore normal. Given the 5° to
10° probable error in sensor alignment relative to the
shoreline, this number is not significantly different from
Zero.

[19] The dominant wave direction, 6,, and peak directions
from the puv and the shoaled 8-m array directional spectra
are also included in Figure 10. The offset between the puv
and 8-m array wave directions is probably due to misalign-
ment of the EM flowmeters relative to the frame. The wave
directions bisected the long-crested ripples to within the £5°
uncertainty in the data.

Table 1. Cross-Ripple Wavelengths and Orientations®

Frame C Frame D
Two-Dimensional Spectra

N 714 769

AL 39+ 17 cmz 36 £ 19 cm
ALZ 41 £ 15 cm 30 £ 15 cm
U 36.6 £ 15.4° 39.8 £16.7°
Ui —27.8 £10.2° —38.7 £ 18.5°

Radial Spectra

N 757 807

AL 44 £ 21 cm 55+ 38 cm
As 9.6 £0.2 cm 9.8 +£0.2 cm

“Errors represent standard deviation from the mean. N refers to the
number of sonar images upon which the statistics are based.
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Figure 10. Distributions of ¢;; and 1);,, the orientation angles for the long-crested ripples; the
dominant wave direction, 6, (equation (2)); the peak wave direction from the shoaled 8-m array
directional spectra; the peak wave direction from the puv wave directional spectra; and the ripple bisector.

from frames (a) C and (b) D.

[20] Time series of cross-ripple crest orientation, comput-
ed from the 2-D power spectra, for two cross-ripple occur-
rences are presented in Figure 11. The first time interval is
between Yeardays 242.3 and 243.5 (Figure 11a). During this
period, orientation angles exhibit +10° variations about their
mean values but no tendency for these means to evolve with
time. The wave energy during this period also remained
approximately constant (Figure 3). During the second time
interval, Yeardays 249.1 to 249.4 (Figure 11b), the ripples
with negative crest orientation angles also did not vary
significantly in orientation. The crests with positive crest
angles, however, did evolve with time, decreasing through-
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- ....-—.'. “'"‘..'."r'm on
“ - - ,vm;fﬂ
— 20
o
(3]
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4 0
>

2424 2426 242.8 243 2432 2434
Yearday

Figure 11.

out the time interval. During this interval the wave energy
gradually diminished (Figure 3). Thus, the crest orientations
of these bed forms were quasi-stationary, but they did
evolve through time.

3.3. Ripple Crest Orientation Versus Mean Current
Speed

[21] The variation of ¢, with mean onshore current, U,
and mean longshore current, ¥, is presented in Figures 12a
and 12b, respectively. For the majority of the cross-ripple
occurrences, |U| and |V] were less than or equal to 0.05 m/s
and 0.1 m/s, respectively. These mean current speeds are

60

401

2071

0000
o200

—- Q0 00050 S (o]
° 000000 ©

249.2 249.3
Yearday

2491 249.4

(a and b) Time series of cross-ripple crest orientation angle for two time intervals. Black

points and gray circles denote ripple crests with positive and negative crest angles, respectively.
Horizontal lines correspond to mean values, the sloped line in Figure 11b shows linear fit to crest

orientation angle. Data are from frame C.
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Figure 12. Two-dimensional histograms of mean (a)
cross-shore and (b) longshore currents versus ), from
frames C and D. Color bar denotes fractional occurrence of
cross ripples at a specific mean current and crest angle.
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low compared to the approximately 40 cm/s average sig-
nificant wave orbital velocity. Thus, one would expect the
cross-rippled bed state in these data to be wave-dominated.
Consistent with this expectation, Figure 12 indicates no
dependence of crest angle on mean currents.

3.4. Wave Directional Spectra

[22] Figure 13 presents the wave directional spectra
averaged over all cross-ripple occurrences for both frames.
Data from the 8-m array and the puv directional spectra are
presented. As stated previously, the 8-m array spectra have
been shoaled to the frame locations assuming constant shore
normal energy flux, and transformed to the bottom using
linear wave theory. The puv spectra were estimated from the
EM flowmeter data at each frame. Prior to averaging over
the cross-ripple occurrences, each spectrum was normalized
by its pressure variance (0‘5) in the sea-and-swell band. At
both locations as well as for both the shoaled 8-m array and
puv data, the directional spectra were unimodal, on average.
The mean frequency and directional spread were similar at
both locations and for both methods. That is, at frame C, the
half widths at half maximum mean spectral density were
+15° and £13° in direction, and +0.025 Hz and +£0.028 Hz
in frequency for the shoaled 8-m array and the puv data,
respectively. The corresponding values at frame D were
+14° and +12°, and £0.025 and +0.022 Hz. However, cross
ripples did sometimes occur when the directional spectrum
was bimodal: Figure 14 shows one such instance, in this

IMLM Frame C
0.2
0.15}
0.1t
0.05} b
-40 -20 0 20 40
IMLM Frame D
0.2
0.15}
0.1}
0.05 d
-40 -20 0 20 40
6 [deq]

Figure 13. Average normalized wave directional spectra for all cross-ripple occurrences at frames (a
and b) C and (c and d) D. The 8-m array directional spectra have been shoaled from the 8 m isobath to the
frame positions and transformed to the seabed using linear wave theory.
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Figure 14. Bimodal wave directional spectrum corre-
sponding to a cross-ripple occurrence at frame D. Direc-
tional spectrum is from the U. S. Army Corps of Engineers
Field Research Facility (FRF) 8-m array shoaled to frame
D’s location.

case a spectrum which is bimodal both in fand 6. Figure 15
is an example of a unimodal directional spectrum during a
cross-ripple occurrence.

[23] There were 82 and 89 directional spectra from the 8-
m array during cross-ripple occurrences at frame C and D,
respectively. Table 2 lists the percentages of these spectra
determined to be bimodal in direction or frequency or to be
unimodal. At both frames C and D, only 17% were bimodal
in direction. In contrast, 65% and 67% were bimodal in
frequency at frames C and D, respectively, while 32% and
35% were unimodal. (Note that some of the directional
spectra were bimodal in both frequency and direction, so the
sum of the percentages can exceed 100%). In addition, the
1-D integrals of the directional spectra (equations (3) and
(4)) were also examined visually to determine if a given
spectrum was bimodal in either frequency or direction.

YD244.9167

0.2

o
—
()1

©
—

frequency [Hz]

0.05 1 1 1 1
-20 0 20 40
wave direction [deg]

-40

Figure 15. Unimodal wave directional spectrum corre-
sponding to a cross-ripple occurrence at frame C. Direc-
tional spectrum is from the FRF 8-m array shoaled to frame
C’s location.

CHEEL AND HAY: CROSS-RIPPLES IN NEARSHORE SANDS

C10009

Table 2. FRF Directional Spectra Statistics During Cross-Ripple
Occurrences”

FRF 8 m puv
Frame C Frame D Frame C Frame D
N=2382 N =89 N =474 N =390
Bimodal
0 (auto) 17% 17% 2% 3%
0 (visual) 23% 20% - -
£ (auto) 67% 65% 47% 40%
f (visual) 58% 52% - -
Unimodal
(auto) 32% 35% 53% 60%
(visual) 30% 36% — -

?FRF is U. S. Army Corps of Engineers Field Research Facility. N is the
total number of directional spectra during cross-ripple occurrences.

These results are also listed in Table 2. The visually
determined numbers are similar to those determined
automatically.

[24] The results from the automatic bimodality deter-
mination for the puv spectra are also listed in Table 2.
(Because of the large number of spectra, visual measures
of bimodality were not made for the puv data.) At frames
C and D, 47% and 40% of the puv spectra were found to
be bimodal in frequency, respectively, comparable to, but
less than, the 65% to 67% values obtained from the 8-m
array data. Only 2—-3% of the puv spectra were bimodal
in direction, substantially less than the 17% value for the
shoaled 8-m array spectra. The difference reflects the
relatively coarse angular resolving power of the single-
point puv sensors compared to that of the 8-m array.

[25] Figure 16 shows the angle differences, |0, — 0y,
between the peaks in the 26 directionally bimodal shoaled
spectra from the 8-m array. The subscripts a and b denote
the more and less energetic of the two peaks, respectively.
The |0, — 6,| distribution is broad, reaching values as high

10 - - - - 6.17

14.94

0.00
0 20 40 60 80

IGa - ebl [deg]

Figure 16. Histogram of the differences between the
direction, 6, of the more energetic peak and, 6, that of the
less energetic peak, in the 26 shoaled directional spectra
from the 8-m array which were bidirectional. 8, and 6, were
determined from the 1-D integral over frequency (equation
(3)). Note that these 26 instances represent only 17% of the
N7 =171 spectra from the 8-m array corresponding to cross-
ripple occurrences (Table 2), as reflected by the percentages
on the right-hand axis.
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Figure 17. Cartoon depicting a cross-rippled bed with two
long-crested components oriented at +30° with respect to
the incident wave direction (arrow). The angle formed by
the long- and short-crested components is approximately
60°. The pattern was constructed from variable-length tiles
like that in Figure 9. Note the quasi-regular diamond-shaped
pattern formed by the long-crested ripples, consistent with
the sonar images.

as 70°. While there is a peak in the distribution near 30°
which one might be tempted to associate with the peaks in
1 (Figure 10), note that (1) the data in Figure 16 represent
only 17% of the spectra from the 8-m array; (2) the
remaining 83% were unimodal in direction; and (3) the
sum of all occurrences in Figure 16 at separation angles
outside the 30° + 5° interval is 17, i.e., nearly twice the
number within the interval.

[26] Thus, briefly summarizing, these results indicate that
bidirectional incident waves are not a necessary feature of
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the hydrodynamic conditions under which cross ripples
occur.

4. Discussion

[27] The sonar images and their 2-D spectra indicate that
the longer wavelength component occurred with two crest
orientations, located at approximately +30° from shore
normal, resulting in a diamond-like pattern at meter-scales.
The ~60° angle between two obliquely oriented long-
wavelength components was approximately bisected by
the peak in the distribution of incident wave directions
(Figure 10). At Queensland Beach, Nova Scotia, Smyth et
al. [2002] (Figure 1b) present a sonar image of cross ripples
that shows two long-crested ripples oriented obliquely to the
incident waves.

[28] The angle formed by the short- and long-crested
ripple components was visually estimated to be about 60°
also (Figure 8b). These results lead to the conceptual view
of a cross-rippled bed presented in Figure 17. This pattern
was constructed by tiling, each “tile”” being like the ladder
segment in Figure 9, but of variable length. The rails cross
or intersect at a 60° angle, thus forming an irregular
diamond-like lattice.

[20] The pattern sketched in Figure 17 is different from
the “long, straight, uninterrupted crests” reported by Clifton
et al. [1971] for the long-wavelength component. However,
in their cartoon illustrating the shoreward bed form
sequence, Machida et al. [1974] depicted intersections
between the long-crested components of their cross ripple-
like feature. Also, a sonar image of a cross-rippled bed at
Queensland Beach, NS [Crawford and Hay, 2001, Figure 6a]
contains a diamond-like feature formed by the long-crested
components.

5. Conclusions

[30] Results have been presented from an investigation of
cross-ripple occurrence and pattern in rotary sonar imagery
collected in approximately 3-m water depth over a 10-week
period during the SandyDuck97 nearshore dynamics exper-
iment. As reported previously by Hay and Mudge [2005],
cross ripples occurred during all of the 11 main storm
events, typically during both the wave growth and decay
phases of each event, and at intermediate wave energies
(significant near-bed wave orbital velocities ~40 cm/s on
average). The mean cross-shore and longshore currents
were comparatively weak, ranging between +5 cm/s and
+10 cm/s, respectively.

[31] The cross-ripple pattern revealed in the sonar imag-
ery is made up of long-crested “rails” and shorter-crested,
shorter-wavelength “rungs” arranged in a ladder-like pat-
tern, consistent with previous descriptions based on visual
observations [Clifton et al., 1971; Machida et al., 1974;
Clifton, 1976]. Also consistent with previous reports are the
observed wavelengths of the two ripple sets: 30 to 55 cm on
average for the long-crested set and close to 10 cm for the
short-crested set. On horizontal scales extending up to 10 m
(the diameter of the sonar images), however, the present
observations indicate that the long-crested ripple compo-
nents occur at two dominant orientations, intersecting at an
angle of approximately 60°. The result is an irregular
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diamond-like pattern at O(1) m scales. In addition, the
short-crested rungs tended to be oriented at an acute angle
(also approximately 60°) to the longer-crested rails. Thus,
the conceptual picture of the cross-ripple pattern that
emerges from these data is a quasi-regular lattice structure
built up of ladder-like tiles of variable length and oriented at
approximately +30° from the axis of symmetry
(corresponding on average to the shore normal). This
pattern is different from that sketched in the work of Clifton
[1976], in which the ladder-like features remain parallel but
is comparable to the drawing in the work of Machida et al.
[1974] which shows similarly truncated ladders at what
appear to be two dominant orientations.

[32] Wave directional spectra in the sea-and-swell band
were determined for the sonar locations from local puv
measurements and, after accounting for the effects of
shoaling assuming constant cross-shore energy flux and
linear wave theory, from the 8-m array directional spectra.
Within the expected approximately +5° accuracy of the
instrument and frame orientations, both the dominant wave
direction (determined from the correlation between locally
measured u and v), and the peak wave direction (determined
from the shoaled 8-m array directional spectrum), approx-
imately bisected the angle between the two long-crested
ripple components. While this result is consistent with the
qualitative observations of wave direction relative to cross-
ripple crests made by Clifton et al. [1971], to our knowledge
the present study represents the first quantitative determi-
nation of cross-ripple orientation relative to the directional
distribution of the incident waves.

[33] The average of the wave directional spectra over all
cross-ripple occurrences was unimodal in both energy and
direction, and the directional spread was typically less than
or equal to 30° (full width at half maximum). Even in the
relatively few cases when the wave spectra were direction-
ally bimodal (17% based on the 8-m array), the directional
separation between the two energy peaks was broadly
distributed between 10° and 70°. Thus, the present results
demonstrate that wave trains propagating from two different
directions are not only not required for cross-ripple forma-
tion but also were not observed for the majority of the cross-
ripple occurrences.

[34] The angle between the long-crested components was
also examined in relation to the mean longshore and cross-
shore currents. No tendency was found for the orientations
of the long-wavelength crests to change with % or V.

[35] In conclusion, the present investigation of cross-
ripple occurrence and pattern in relation to wave directional
spectra has revealed nothing obviously special about the
directional properties of the incident waves. Neither do
mean currents have any discernable effect on cross-ripple
orientation. Thus, the present results indicate again, as in the
work of Hay and Mudge [2005] but now including principal
wave direction among the forcing parameters, that wave
energy is the dominant controlling factor for cross-ripple
occurrence. There remains the possibility that the directional
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spread of the incident waves is important, as suggested by
Allen’s remark on short-crestedness, cited in section 1. This
possibility is beyond the scope of the present paper and is
deferred until later.
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