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Abstract. Results are presented from a pilot study of shore-face sediment dynamics on a steep, poorly sorted,
coarse-grained, megatidal beach at the head of the Bay of Fundy, Nova Scotia, Canada. The experiment involved
the first field deployment of a prototype wideband, pulse-coherent, bistatic acoustic Doppler profiling system.
Measurements of the vertical structure of flow and turbulence above a sloping bed, as well as bed material
velocity, demonstrate the capabilities of this instrument vis-a-vis studies of nearshore sediment dynamics at
the field scale. The second focus of the paper is the unexpected observation that the surficial sediment median
diameter, across the lower two-thirds of the intertidal zone, underwent a pronaleuaredsavhen wave forcing

was more energetic, compared to values observed during calmer conditions. The explanation for this result
appears to involve the formation — in wave-dominated conditions — of metre-scale wavelength, 20 cm high ripples
on the rising tide, which are then planed flat by the swash and/or the shore break on the subsequent ebb.

1 Introduction is exposed to the- 500 km fetch of the Bay of Fundy and
Gulf of Maine. (c) The beach is steep (1: 10 slope), and mea-
During the past several years we have been developing a praurements of sediment and wave dynamics on steeply sloping
totype wideband acoustic Doppler profiler, the MFDop, for beaches are of interest in their own rigRiviero and Arcilla
studies of nearshore sediment and fluid dynamics in which1995 Zou et al, 2008.
the wave bottom boundary layer (WBBL) plays a significant The beach itself is 5km long, and the shoreline is nearly
role in the governing dynamics. The instrument, and resultdinear. The beach-face sediments range in size from medium
from laboratory investigations of turbulent oscillatory flow sand to 20 cm diameter and larger cobbles. At low tide, when
above fixed-roughness and mobile beds, are descrildéayin  the beach is fully exposed, the beach face is observed to be
etal.(2012 and the related articles cited therein. The labora-uniformly planar, with the exception of remnant cusps at the
tory experiments served as a proof of concept in preparatiomigh and low water marks. The planar section of the exposed
for deployment of the instrument in the field. This paper sum-profile typically extends from immediately below the berm to
marizes results from the first field deployment of the MFDop, the low water line, and can be as much as 100 m in horizon-
in April-May 2012. tal extent in spring tides. In surveys conducted over the past
The experiment was carried out at Advocate Beach, 10-30 years, the beach has remained planar and thedteath
cated at the head of the Bay of Fundy. This site was choslope has persisted essentially unchanged (Bidglrhis uni-
sen for several reasons. (a) The 10-12 m tidal range alloweébrmly planar appearance at low tide is deceptive, however,
the instrument platform to be set up at midtide level on theas we shall demonstrate.
beach face at low tide, and similarly, the instrument platform  According to the classification scheme introducedby-
could be accessed at low tide to service the instrumentatiomings and Shulmeist€f002, the sand-to-cobble sediment
if required, without the need for diver support. (b) The beach
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size range and the 1: 10 beach slope correspond to a mixe(" 10 ; ; ‘

sand and gravel (MSG) beach. The 10-12m tidal range in- e
dicates that Advocate Beach can be classed as a megatid: & | \/\ 1991 ||
rather than macrotidal beachgvoy et al, 2000. The reader 6 g \ _;ggg |
is referred to the informative reviews Bason and Coates ‘g ‘

(2007 of MSG beach dynamics, and Buscombe and Mas- i ]

selink (2006 of steep and coarse-grained — but pure gravel
as opposed to MSG — beaches. Both reviews emphasize th
point that there have been far fewer field investigations of
flow and sediment dynamics on gravel and MSG beaches
than on sand beaches.

Investigating the morphodynamic behaviour of MSG -4 N 1
beaches is important for a variety of scientific and coastal \
management reasons, as outlined in the above reviews
Among the scientific reasons, one worth emphasizing here gl . , ‘ J \ ‘ \ ‘ .
is the opportunity afforded by the poorly sorted nature of et L
the beach-face sediments to study processes leading to size-
segregation, a topic of increasing interest across a wide range Advocate Beach profile history. Note the 1:10 slope,
of space- and timescales and sedimentary settings. constant through time. Dashed black lines indicate the nominal low

During the last decade, results from studies of sedimen@nd hightide levels, solid black line the midtide level (data courtesy
dynamics on MSG beaches have been reportetllay etal.  ©f Bob Taylor, Natural Resources Canada).

(2006, lvamy and Kench(2006, Ciavola and Castiglione
(2009, Curtiss et al.(2009, Dickson et al.(2011), Miller _ .
et al. (2019, Bertoni et al.(2012 2013, and Miller and timescales. As such, as far as we have been able to determine

Warrick (2012. Of these, onlyivamy and Kench200§ and from the available literature at least, it is the first comprehen-
Curtiss et al(2009 deployed instruments in the intertidal sive investigation of flow and sediment dynamics over this

zone — i.e. where sensors would be subjected to the enefa"9€ of timescales in the intertidal zone — i.e. the zone af-

getic conditions associated with the shore break. In the refected by the shore break —on an MSG beach.
maining studies, sediment movement in the intertidal zone
was investigated using tracers alone — either radio-frequency
identification tagsAllan et al, 2006 Dickson et al. 2017%;
Miller et al., 2011, Bertoni et al, 2012 2013 Miller and The central element of the experiment was the instrument
Warrick, 2012 or fluorescent painiavola and Castiglione  platform shown in Fig2. This platform was installed in the
2009 — and information on the wave forcing was obtained beach face at midtide level (Fid, solid black line), and sup-
from offshore buoysAllan et al, 2006 Bertoni et al, 2012 ported the suite of instruments indicated in R3g(a) rotary
Dickson et al.2011), a pressure sensor in the nearshore ei-sonars to measure the planform geometry and the cross-shore
ther at or beyond the lower low tide levéli{ller et al., 2011, relief of features on the bed; (b) a Nortek Vector ADV to
Bertoni et al, 2012 Miller and Warrick 2012 Bertoni et al, measure wave-current motions outside the WBBL; and (c)
2013, or estimated visuallyiavola and Castiglion®2009. the MFDop. The instruments operated on a 15-min repeat
Curtiss et al(2009 deployed acoustic Doppler velocimeters cycle. The ADV sample rate was 4 Hz with a 18 mm sample
(ADVs) on bottom-mounted tripods in the intertidal, but re- volume. The MFDop acquired 10-ping ensemble-averaged
ported only the peak near-bed velocity registered by theserofiles with 1.2 cm range resolution at 52 Hz. The MFDop
sensors. As far as we have been able to determine, the onlgnd ADV record lengths were 4.3 and 4.53 min respectively.
study previous to the present work in which sensors haveThe rotary sonars acquired four full rotations with a 0.225
been deployed to measure flow and sediment dynamics istep size in azimuth and ca. 1 cm resolution in range. The
the intertidal zone of an MSG beach is that mamy and ~ MFDop and ADV ran simultaneously, and were followed by
Kench (2006 referred to as IK06), who deployed an ADV each rotary sonar in turn, thereby avoiding acoustic interfer-
at the breakpoint. As will be seen, the results from the IKO6ence (the operating acoustic frequencies for the instruments
experiment are particularly relevant here. However, the sedare the MFDop, 1.2—-2.3 MHz; the ADV, 6 MHz; and the ro-
iment dynamics observations in IKO6 were limited to ac- tary sonars, 2.25 MHz).
tive layer thickness measurements with depth-of-disturbance Beach profile surveys and sediment sampling transects
rods, supplemented by pre- and post-experiment bathymetriavere carried out on a regular basis at low tide. Surficial sed-
surveys. iment grain-size distributions were determined from discrete
The present paper is concerned with processes operating.4—2.3 kg sediment samples by dry sieving, and from pho-
on storm, tidal and shorter — i.e. intrawave and turbulence -tographs of the beach face using a tripod-mounted camera

Elevation (m)
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Figure 4. The instrument frame in an energetic shore break.

The 10-12 m tidal range, and the midtide location of the
instrument platform, meant that the support structure for the
platform would be subjected to non-negligible forces during
significant wave forcing events. These forces were especially
severe when the shore break passed the platform location on

Figure 2. Fisheye view of the instrument frame, with the MFDop the rising or falling tide, as illustrated by the photograph in

transducer assembly foremost. Note the wide range of bed materie{I:'g' 4. It_ was also |mpo.rt.an.t that t_he frame legs be as thin
sizes. as possible so as to minimize their effect on the local sed-

iment dynamics. Consequently, the frame was constructed
from 3.4 cm diameter steel pipe, and each of the four legs was
Pencilbeam bolted to a 100 kg foot buried about 1 m below the sediment—

pr— rﬂw water interface (Fig3). The pressure housing for the data
M a [Mranbeam A~ acquisition (DAQ) system was also buried, to minimize the
= T b e total surface area of the exposed part of the platform. Power
0 tm and communications — Ethernet and serial — to the DAQ were
provided via buried cables.
interface 3 Results
DAQ electronics 3.1 Forcing conditions
package

Time series of the primary forcing parameters as registered
Foot by the ADV are plotted in Fig5: (a) water depthj:; (b)
' significant wave heightHy/3 = 40,, whereo, is the rms
Figure 3. Instrument frame sketch, to scale: side view, facing sea-(root mean square) pressure, in metres, in the wind wave-
ward. band Thornton and Guzad 983; (c) significant wave orbital
velocity amplitude is similarly defined a4 3 = 2o, where
v is the square root of the sum of the variances of two hor-
zontal velocity components in the waveband; and (d) the
wave angle of incidence;,. Typical peak periods were short

fixed to a plywood base. Size distributions were determine
from the photographs using the autocorrelation method de

vgloped byRubin(2009. The relatively small volume of the ~ _ between 5 and 7 s — so the wind waveband was defined to be
discrete samples, and the small ¢2@0 cm) area of the pho- 0.05-0.7 Hz, the latter higher than the usual 0.3 Hz because

tographs were such that reliable estimates of the cobble sizgf the high frequency content of the (fetch-limited) wave

fraction were not obtained. The overall average size d'smbu'spectrum at Advocate Beach. Mean currents (not shown)

tion — based on all samples from the active part of the beac'&vere weak: less than 0.25 misalongshore, and 0.07 m
face — was unimodal but highly skewed toward the Iargercross-shore. Noteworthy in relation to the results for bed

S|zets, as reflectﬁq Ey the X?I;ezmz’fs’ DdS(i, gndD 84 (per:[_ | roughness response presented later, the alongshore current
cent coarser), which were 17.2, 4.2, and 1.0 mm respective Ymaxima coincided with high tide, and alongshore currents

Further details on the sediment sampling and size analy\'Nere less than 0.08 nT$ immediately after the shore break
sis methodologies used in the 2012 experiment are given i'?)assed the instrument location on the rising tide
Stark et al(2014). '
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Yearday imagery (sedday, 2011, and references therein for data pro-

ADV time series:(a) mean water level(b) significant cessing_ det.ails) —_at the instrument frame location is pre-
wave height, &,; (c) significant wave orbital velocity, ®; (d) ~ Sented in Figh. Prior to the onset on YD130 of the 4-day
wave angle of incidence. The first data points on the rising tide arevave eventg, was small, with values ranging from 0.5 to
red. 1 cm, the variations being largely due to the presence/absence

of cobbles — see Fig2 — along the 4m long cross-shore
" ) ) sweep of the sonar beam. As Fig.demonstrates, a pro-
Conditions were relatively calm until (year day) YD130, poynced increase in the valuessgf— by as much as an order
when a wave forcing event lasting 4 days occurred (803. o magnitude — occurred during the wave event. Notably, the
c). Significant wave heights and wave orbital velocities highest rms roughness values occurred on the rising tide. Af-
reached 1 m and 1n7s$ respectively, with the highest val- ior the wave forcing died out at midday on YD134 (Fi,
ues typically occurring on the rising tide in each case. Thec) o, returned to pre-event levels.
wave angle of incidence was near zero at these times, i.e. The increased rms roughness during the wave forcing
near normal incidence. _ o event was due to the formation of up to 1.5m wavelength,
A data gap is apparent in the time series in Figthere 5 tg 20 cm height ripples, as demonstrated by the pencil-
are no data for the first tide on YD133. A major difficulty in peam ped profiles in Fig.and the fan-beam image in Fi.
making measurements in the intertidal zone on a steep beacthere is a pronounced difference between ripple crest and
with coarse-grained sediments is the risk of damage to thgrgygh in the texture of the fan-beam image, indicating that
instrumentation from impacts with quite massive particles —g(ficial sediments in the crests were composed of much finer
I.e. gravel and possibly even cobbles —moving at velocitiessegiment than that in the troughs, which included gravel and
of metres per second. At Advocate Beach this difficulty is copple-sized material of up to 20 cm in diameter. The infer-
compounded by the prevalence of floating debris, includingence is that the coarse material in the troughs is a lag deposit,
lumber from undermined shoreline structures, but the mostreaied by the gathering — via wave action — of the finer-

serious risk was from logs of up to 5m or more in length, andgrained and thus more mobile sand-sized material into the
up to 30 cm or more in diameter. The top of the dune, Wh'ChrippIe crests (see Sed).

is occasionally overtopped during severe winter storms, is lit- * o indicated by the roughness time series in Figrip-

tered with this material. During the experiment, a daily activ- yje formation occurred on the rising tide. The actual forma-
ity was to walk the length of the beach at low tide to remove tio process was not captured in this data set, either because
logs and wood debris. However, at the height of the storm one rotary sonar transducers were not yet immersed in water
YD132 with the tide rising, several large logs floating nearby _ being about 0.5-1m above the bed surface (8ig- or

and nightfall descending, we elected to remove the MFDOP,ecause bubbles from breaking waves obscured the seabed.
from the frame. In making the necessary changes to the dat@ne rapid rise rate of mean water level (3 mrat midtide)
acquisition protocol the next tide (i.e. the first on YD133) pjaces a stringent constraint on the ripple formation time (see
was missed. Sect.4).

The roughness time series also indicates that after initial
formation, the ripples gradually decayed under the action
of the waves as the mean water level continued to rise to
high water and then fall. Importantly, the ripples were still
present during the ebb up until the point that the sonars could
no longer detect the bed. Figuddllustrates the persistence



A. Hay et al.: Sediment dynamics on a steep megatidal mixed beach 447

120 T T T
30 | | TIME(h)
% N A A
o 1 2.75
= 10} 80 W\/’ 23
T 60 : i %.25
i = W 15
. . . ot .
0 1 0 1 2 40 W 125
CROSS-SHORE DISTANCE (m) 1 075
20 05
Figure 7. Selected profiles of bed elevatiop, with the bed slope 0 M 8'25
removed. The numbers (in black) above each profile indicate the 1 I L
corresponding year day (see the roughness time series ifb)}rig. -2 -1 0 1 2
Successive profiles are offset by 15 cm in the vertical. Cross-shore CROSS-SHORE DISTANCE (m)

distance is positive offshore. ) o . o
Figure 9. Ripple profile time stack during the first tide on YD132.

Red indicates rising tide, green high tide, blue ebb. Cross-shore dis-

tance is positive offshore.
YD131.22

periment. As indicated by the time series of photographic es-
timates of mean size (Fidl0), a pronouncedninimumin
the median grain size of the surficial sediments — averaged
over the lower two-thirds of the beach face — coincided with
the wave event. Grain size based on the sieve analysis indi-
cates a similar fining of the surficial sediments during more
energetic wave forcing. The gravel and sand size fractions
by weight, based on samples collected along the same cross-
shore distance interval as the photographic results inlig.
and the Udden-Wentworth scale, were 74 and 26 % respec-
tively on YD125 (10 samples), and 48 and 52 % respectively
on YD131 (8 samples).
TROUGH:A / Thus, perhaps counter-intuitivelgnergeticwave forcing
led tofining of the beach-face material. This result is surpris-
ing, as finer material is typically removed from a beach dur-

26 2 15 1 05 0 -05 -1 -15 -2 -25 ing the initial stages of a storm and during the winter storm

Along-shore distance (m) .
season (e.gkomar, 1998 Sect. 7). Given the bed roughness

Figure 8. Rotary fan-beam sonar image, showing metre-scaleresults in the previous section, the clear inference is that the
wavelength ripples formed on the rising tide. Note the pronouncedfining of the surficial sediments was associated with the oc-
textural difference between ripple troughs and crests, and the cobeurrence of the ripples. In Seet.the fining is attributed to
bles of up to 10-20cm diameter in the ripple troughs (e.g. atinfilling of the troughs with the fine material in the crests as

lower right). Lighter shades of gray correspond to higher amplitudepart of the planing-off process by the shore break and swash
backscatter. Cross-shore distance is positive offshore. during the falling tide

Cross-shore distance (m)

of the ripples, with little change in wave length despite the 34 MFDop results
decay in ripple amplitude. Note too the slight offshore mi-
gration — by about a 1/4 wavelength — during the hour af-
ter the first profile. This short duration, short distance mi- One of the main goals of the Advocate Beach experiment was
gration — also observed in the fan-beam images — was typithe deployment of the MFDop in the field for the first time.
cal: migration distances longer than half a wavelength wereA primary scientific objective was to measure the vertical
not observed. structure of the wave orbital motion, including the WBBL,
because of the pronounced difference in the theoretically pre-
dicted vertical structure of the wave shear stress above a
sloping bed in breaking and non-breaking wave conditions
Significant changes in the grain-size distribution of the sur-(Rivero and Arcilla 1995 Zou et al, 2009.

ficial sediments were observed during the course of the ex-

3.4.1 \Vertical structure

3.3 Beach-face grain-size response

www.earth-surf-dynam.net/2/443/2014/ Earth Surf. Dynam., 2, 443-453, 2014
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(positive up) is evident; i.e. close to the bedandw are in TME®)

phase, necessitated by the bottom slope and the condition efigure 11. Waveband velocity profiles from the MFDof&) cross-

no flow normal to the bed s@ = vtang (8 being the bed shore velocity, positive onshoré) vertical velocity, positive up.
slope). Farther from the badandw tend toward quadrature The bottom is the zero-velocity band starting at about 83 cm range.
(Fig. 12a) with shoreward velocity leading, as expected Note the transition in the vs. w phase relationship with range,
for shoreward propagating waves. The magnitude of the Corj..e. from quadrature far from the bed to in phase close to the bed.
responding wave shear stress is shown in ERy: the near- I?ata are fror_n YD130.E_34, i.e. wht_en the bed was qgasi-flat prior to
bed peak due to vertical turbulent momentum flux within the fipple formation (see Fig). See Fig13for the meaning of wi2.
WBBL, and the decay ofvw) as height above the bed in-

creases, are both consistent with theoretical predictidos ( 60 ! K 60 .
et al, 2006. =65 a . : 65/ b ':.

The data in Fig11 correspond to a time of weak wave =70 \ 70 :-'
forcing when the bed was nominally flat (Figs.7). As the 2 s | Lot 75 X
existing theory has been developed for a flat bed only, how- £ Lot K
ever, the development of the large-amplitude ripples during 80 - 80 . v

i iti i - -1 1 2 2 4

energetic conditions has so far precluded comparisons be O ARE LEAD (%eg) 0 OWAVE gAND <VCV)V> (szé‘;gz)

tween theory and experiment under breaking waves within

the context of this data set. Figure 12. Vertical structure of the phase and magnitude of the

waveband cross-shore shear stress. YD130.64.
3.4.2 Wave bottom boundary layer turbulence

The MFDop is designed to be turbulence-resolving in orderload material — and ultimately the bedload transport. The
to obtain estimates of the Reynolds stress in the WBBL. Thepoorly sorted nature of the bed material at Advocate Beach is
vertical velocity spectral densit,w, at 3cm height above such that estimating the transport was not tractable. The ve-
bottom is plotted in Figl3. Three spectra are shown. Be- locity of the bed material was measured, however, asIHg.
cause of the five-transducer geometry of the MFDop (Big. demonstrates. Plotted in Fify4 are (a) net along- and cross-
three independent measurements of the vertical velocity arshore bed material displacements — i.e. the time integral of
obtained: one from the centre transducer, and one from eacthe bed velocities from the MFDop — over the 260 s length of
of the two opposed outboard transducer pairs. The specthe record; (b) the time series efandv outside the WBBL

tra in Fig. 13 exhibit a well-defined inertial subrange. The as registered by the Vector ADV; and(c) the cube of the en-
noise level in the spectrum for the vertical beam is notice-velope — i.e. the amplitudey — of the cross-shore velocity,
ably higher: this is because the signal level from the centreobtained via the Hilbert transform efin panel b. There is
transducer is attenuated by the transmit/receive switch in the clear relationship betwearg and the times of significant
analog electronics. cross-shore displacement of bed material.

3.4.3 Bed material velocity

The MFDop was also developed to measure the velocity of
material moving on the bed surface —i.e. the velocity of bed-

Earth Surf. Dynam., 2, 443-453, 2014 www.earth-surf-dynam.net/2/443/2014/
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107 The rate of water level rise at midtide was 3 mthso the
wi2 length of time between mean water level arriving at the frame
w56 location and then rising to the 1 m height of the pencil-beam

< 107 /\ w33 1 sonar would have been 20 min. Thus, no more than 20 to per-
z § - - --53 haps 30 min were available for the ripples to form.

2 1071 Orbital-scale ripples — sometimes called vortex ripples —
£ are characterized by wavelengthsJinearly proportional to

m? the near-bed wave orbital excursiafy, i.e. A = Kdp. With

107° Uop being the near-bed orbital velocity amplitude afdthe

peak wave perioddg = UpT, /7. For newly formed equi-

107 librium orbital ripplesK is typically between 0.6 and 0.7

(Nielsen 1981 Clifton and Dingler 1984 Traykovski et al,

f (Hz) 1999 many others). The steepnegg s — with 5 being the

ripple height — is ca. 0.2. The characteristics of the ripples in

Figure 13. Vertical velocity spectra at 80cm range — i.e. 3cm the present Study are listed in TaldleThe values of. and
above the bed — illustrating the well-resolved inertial subrange in,70 are from the first bed profile on the rising tide, and are
the WBBL. Green indicates from the centrt_e transducer, red and |)55ed on a minimum of four contiguous ripples in each pro-
bluew from the two orthogonal outboard pairs. YD130.64. file. Data are listed for only those rising tides for which the
within-profile variation in ripple wavelength was less than
20 %, as indicated by the standard deviations in Table 1. Also
listed in Tablel are the forcing conditions — i.e. the wave
peak period (from the peak in the cross-shore velocity power
spectrum) and orbital velocity amplitude — corresponding to
the first ADV measurement on the rising tide, i.e. the red
points in Fig.5.

The observed steepnesses are ca. 0.13, so somewhat low
but within the expected range for irregular wavekelsen
1981). The observed wavelengths were comparable to — but
longer than — the expected equilibrium value, the values of
K averaging to 0.81. However, the ADV was located 68 cm

(m/s)

('7';; c
% o2h | above the beach face (Fig), and may therefore have been
S out of the water or suffered from bubble contamination dur-
% s 0 o0 200 250 ing the initial stages of ripple formation. Thus the values of
Time (s) Up appropriate for ripple scaling may be higher than those

listed in Tablel. In principle, linear wave theory could be
placements, from the time integral of the MFDop velocities at the invoked to correctlo using some mean water depth at the

range corresponding to peak backscatter from the seéije@iross-  Lime Of ripple formation, but neither is this time known, nor
shorev and along-shore velocities outside the WBBL, from the IS it clear that such a mean water depth would be meaning-

ADV. (c) The cubed envelope of(see text). ful. The 20 min formation time and 5s typical wave period
correspond to only 240 wave cycles, and during this time
the wave orbital velocity at bed level would not have been

4 Discussion quasi-steady due to the rapidly changing water depth. Con-
sequently, the ripples were unlikely to have been in equilib-

We now return to the connection(s) between grain-size segrerium with the forcing during formation, possibly accounting

gation during ripple formation and the decrease in the mediafor the somewhat low steepness and long wavelength, though

diameter of the beach-face sediments during energetic wavgye gravel lag in the troughs and other mixed grain-size ef-
forcing. There are eight main points to consider: (1) the rip-fects are likely important (Note that recent measurements in
ples formed rapidly; (2) they are orbital-scale ripples; (3) the an oscillatory water tunnel b@ummings et al(2009 have

energetic shore break; (4) the very broad sediment size disshown — for equilibrium vortex ripples — that whik ~ 0.6

tribution; (5) the always planar beach face at low tide; (6) thejn fine sandx ~ 0.4 in coarse sand. Thus, if the representa-

O(10 cm) thickness of the fine sediment veneer; (7) the contjve value ofU during ripple formation at Advocate Beach

stant mean elevation of the beach face at the frame locationjere to be significantly greater than 1 msas suggested

and (8) the constant height of the pencil beam above mea@hove, the corresponding increaselgnwould bring our es-
bed level. timates ofK closer to theCummings et al(2009 value.).

Figure 14. (a) Cross-shorey and along-shore bed material dis-

www.earth-surf-dynam.net/2/443/2014/ Earth Surf. Dynam., 2, 443-453, 2014
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Table 1. Ripple properties and associated wave forcing parameters.

YD A no Crests  Troughs ng/A Up T, do A/dp
(m) (cm) (ms1) () (M)

131 1.30+0.13 18t£0.7 3 4 0.14 0.82 57 1.47 0.89

132 124022 17+2.7 4 4 0.13 1.04 42 141 0091

133 0.90:£0.16 12+2.0 5 5 0.13 0.89 49 137 0.65

the best fit are shown in Fid.5b, indicating that the local
» | bed slope remained essentially constant at i8 @verage
o8l % . i value prior to the storm, and changed by at moSt during
: : : : : : the storm. The data points in Fig5a demonstrate that the
height of the pencil beam above mean bed level remained es-

& 100t

PB hab
¢

_J ‘ ‘ ‘ ‘ ‘ _ . v sentially constant, varying by less than 1 cm even during the
g =zt me ==, LI rippled bed interval, YD130-133. Simulations (not shown)
agl T Tees T . — with 1-1.5m wavelength, 20cm high sinusoidal ripples
124 125 126 127 128 120 180 131 132 133 on a 4.6m long 6.5slope centred at =0, andz =—1m
YEARDAY — indicate that the 1.cm variations in height an8°Ovaria-
Figure 15. (a) Pencil-beam height above mean bed level. The tions in bed slope during the storm interval can be attributed
dashed line indicates the 98.8 cm pre-storm average h¢ighto- 0 the non-integral number of ripples within the 4.6 m long

cal bed slopeg, from the pencil-beam profiles. The quantization profile. The implication is that — to a first approximation —
of the 8 values within a given tidal cycle is due to the 0.22%- sediment was locally conserved; i.e. the ripples were built up
tary sonar step size. The dashed line indicates the @&storm  mainly from local sediments and then, when later planed flat,
average. the troughs were infilled mainly with the sediments from the
nearby crests.

The fact that as little as 20 min are available for ripple for-
mation indicates that the fine-grained material in the ripple
crests could not have come from elsewhere. The source had

ST
to be the local beach face. Thus, as illustrated in Eégand
described below, a four-stage scenario is indicated involv-
ing: (1) non-size-selective sediment mobilization by the shore

- break, (Il) ripple formation, (lll) partial decay, and (IV) era-
sure. (I)Mobilization it is highly likely that the intense shore
break played an important role, generating forces sufficient
to produce movement of the larger stones as well as the finer

a
e
material. We do have evidence — from a second experiment

Figure 16. Cartoon illustrating the sequence leading to the surficial .
fine-grained sediment layer via the development of vortex ripples.In October—November 2013 — of the swash and shore break

Cobbles and stones are black, finer sediments br@aymitial state ~ diSPlacing stones and cobbles. It is also possible that a step
at low water.(b) Rising tide, larger particles displaced/dislodged in the beach profile —a common feature at the shore break on
by the shore break and swagh) Rising tide after passage of the steep beaches (e Buscombe and MasselinR00§ — was a
shore break and swash, finer sediments have been gathered into ripontributing factor in the development of the ripples (see last
ple crests, leaving a stone and cobble lag in the trough$alling paragraph, this Section), although we have no direct evidence
tide, ripples planed flat by swash and shore break, creating a veneyf a step being present. Regardless of the presence/absence
of fine sediment(e) Final state at low water. of a step, the physical picture is of the shore break advanc-
ing rapidly up the beach face with the rising tide, and mo-
ilizing sediment of all sizes. (Il)Formation after the pas-
age of the shore break, the ripples would have started to
orm. Typically, vortex ripples develop from smaller ripples

The height of the pencil-beam sonar above mean bed Ieveg
is plotted in Fig.15a. Each point represents the vertical dis-
tance from the sonar head to the least-squares best-fit straig agnold 194§ Sleath 1984 many others). Once the lee
line through the ped prqf lle W|th!¢2.3m of the sonar’s vortex forms, growth continues as the vortex sweeps mate-
cross-shore location. (This best-fit line was subtracted from., o+ of the troughs toward the crests. In our case, mate-
the measured profile to obtain the bed elevation profiles Withrial t00 big to be mobilized by the turbulent stresses'in the

the s_Iopg removed in Fig, and the rms bed rou_ghness val- lee vortex would have remained in the troughs, creating the
ues in Fig.6.) The values of bottom slop@, obtained from
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cobble lag seen in the sonar images. At this point growthtion within the sediments due to the upward flow of ground-
would have stopped, providing an additional reason for thewater out of the beach face.
somewhat low steepness, i.e. crests starved of sediment sup- A mechanism is required to account for the disappearance
ply. (1lI) Decay as the flood progressed the ripple ampli- of the fine sediment veneer as the wave forcing waned at the
tudes gradually decayed, by as much as 50 % @)igThis end of the storm. The data in Figj0 indicate that this pro-
decay was due to depth-controlled reduction in wave forc-cess occurred within a tidal cycle. One possibility might be
ing at the bed — the associated near-bed orbital excursiothe Brazil nut effect, in which smaller particles fall down into
would have been incompatible with the scale of the ripplespores created when the sediment is shaken bodily, forcing
— and the background turbulence associated with the wavekrger grains to rise to the top. However, it is not obvious that
and mean current (which peaked at high tide). The ripples didhis effect would operate when the forcing is a shear stress
not rebuild on the ebb. (IVErasure as the swash and shore applied at the top of the sediment column. We suggest in-
break passed the frame again on the ebb, the ripple cresstead, as a hypothesis, that infiltration on the rising tide may
were planed off, and the troughs infilled with fine sediment, play a key role. One possibility is that finer-grained material
resulting in the layer of fine sediment on the beach face. Thas suspended in the swash and then drawn with the infiltrat-
observed thickness of this layer was 5—-10 cm, consistent withing water into the spaces between the now-exposed coarser
the 20 cm trough-to-crest height of the ripples. grains. It is also possible that the finer grains are drawn di-
Laboratory studies of vortex ripple formation in het- rectly from the surface of the beach —i.e. without being resus-
erogeneous sediments have been carried ouEdty and  pended — into voids within the sediment matrix as the com-
Blondeaux(1995 FB95) and byRousseaux et al2004 paratively still water at the top of the uprush infiltrates the
R0O4). Binary mixtures of sand-size (glass) particles werebeach.
used: 0.65 and 1.5 mm diameter (FB05); and 0.15-0.355 mm Finally, we return to the question of the presence/absence
(RO4). The finding in both studies was that coarser-grainedf a breakpoint step at Advocate Beach. In themy and
material accumulated at the ripple crests, not in the troughsKench (2006 study of an MSG beach, a pronounced 1m
However, the larger and smaller particle diameters differedhigh breakpoint step persisted throughout the 9d duration of
by less than a factor of 3, compared to the factor of 200 bethe experiment. The step migrated shoreward on the flood,
tween the millimetre-sized sand and 20 cm diameter cobbleand back to its original position on the ebb. The migra-
at Advocate Beach. Itis clear that the coarsest sediment in thgon distance was proportional to the tidal range — i.e. the
FBO5 and R04 experiments was mobile during ripple forma-14 m maximum observed onshore migration corresponds to
tion, whereas our observations indicate that the stone/cobblehe 1.4 m maximum tidal range and the roughly 1:10 beach
sized material was likely not (i.e. certainly not once the shoreslope. IKO6 measured depths of disturbance exceeding 0.5m
break had passed the frame location at least). at the step, definitive evidence that the breakpoint on a steep
Segregation of fine/coarse material in the crests/troughs obeach is a region of highly active sediment transport, consis-
dunesin unidirectional flow — i.e. “downward coarsening" — tent with the mobilization phase here (i.e. Figb). Intrigu-
dates back to Bagnold in 1941, and was recently investigateéhgly, IK06 also mention bedforms seaward of the breakpoint
in a flume experiment bBlom et al.(2003. Three pointsre-  on the rising tide: “Visual observations showed this process
garding the latter study are particularly relevant here: (1) thegenerated undulating bedforms of mixed sand and gravel to
grain-size distribution was broad, a factor of 10 separatingthe limit of breakpoint step migration (Fig. 10a, b)". The
the large and small particle diameters, and so more com*process” IK06 refer to is the migration across the beach face
parable to Advocate Beach than the FB05 and R04 studiespf intense sediment reworking in the breaker zone. The IK06
(2) coarse-grained layers formed at trough level beneath théeach was exposed to Pacific Ocean swell, so waves were
migrating dunes; and (3) sweeping of finer material from thebreaking on the beach even between their two wind-wave
troughs by turbulence in the lee vortex was suggested as avents, and hence the ever-present step. In contrast, Advocate
contributor to the coarse lag in the dune troughs. Beach faces the fetch-limited Bay of Fundy/Gulf of Maine
We briefly consider the possible role of hydraulic conduc- system and is therefore seldom subjected to ocean swell, and
tivity, which Mason and Coatel2001) considered “perhaps was not during the 2012 experiment (as indicated by the low
the most distinctive property which distinguishes a mixed waveband orbital velocities in Fig). Thus a step was not
beach". In the Advocate Beach 2012 experiment a pressurpresent at low tide level during the time periods with weak
sensor was buried in the beach at the instrument frame locawind-wave forcing. Although we have no direct evidence of
tion. The data (not shown) indicate a pronounced flood/ebla step being present during the storm, it is conceivable that
asymmetry such that, on the ebb, elevated pore pressures pame was — but possibly nascent given the rapidity of the shore
sisted for O(1 h) after the mean water level had receded padireak advance up the beach face — and passed the frame lo-
the frame. This asymmetry is due to slow exfiltration of the cation before the sonars were able to detect the bed. If the
groundwater which had penetrated the beach face on the prék06 undulating bedforms are taken to be orbital (vortex) rip-
ceding flood. We speculate that a contributing factor to rippleples, their visual observations suggest that the ripples at Ad-
erasure during the ebb might have been reduced internal fricvocate Beach might have formed in the wake of a (possibly



nascent) step associated with the shoreward-migrating break This work was funded by the Natural
point. Then the usual initial stages in vortex ripple develop- Sciences and Engineering Research Council of Canada, the At-
ment from a flat bed — the formation and subsequent coalantic Innovation Fund, and Nortek. Richard Cheel, Walter Judge,
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migrating (nascent) step being the initial perturbation of an

otherwise flat bed, vortex ripples would have formed muchgdited by: G. Coco

more rapidly than otherwise.
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