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Summary

Morphodynamics, Sedimentation and Sédiment Dynamics of ; Gravel B:éach.
Daniel Buscombe, J;muary 2008.
The morphodynamics of a gravel harrier beach in Devon, UK (Slapton Sands: tang 0.15 - 0.25,
Dsg 2 - 8inm), was studied with reference to its sedimentology. Three time scales were sampled fc_)r
nearshore hydrodynamics, interticdal morpholbgies and sedinentologies. A- series of surveys were
carried out over individual tidal cycles (sampl_ing every 5 - 10mins for betweén 6 and Shrs); on
-consecutive low tides over half-lunar tidal cyeles (1 -2 cross-shore profiles sampled every-0.5 - Im,
on 2 spring - spring tidal cycles comprising 26 and 24 tides, respectively); and finally every 2 weeks
at spring low tide, over 1 calendar year {13-17 profile lines surveyed and sampled for sediment over

3.25 - 4.25km).

In order to further our understanding of gravel beaches, sediment data needs to.be collected at a
resolution similar to-that of the hydrodynamics. Innovative automatic sediment sizing techniques
based on digital images of sediments were therefore developed, and software written, to allow the

collection and analysis of high-resolution sedimment data.

The gravel beach step and berm are accretionary features, tidally modulated, and evolve under
different time scales. A new technique to determine bed wnobility from the nearshore, using
underwater video cameras, was devised. Nearshore sediment transport was suggested as heing

related to sub-incident wave frequencies.

No aspect of morphological change could be found to have.a statistically significant association
with sedimentological change, but dimensional-reduction téchniques did satisfactorily detect
association. The lack of co-variance and obvious patterns is stochastit noise, not

* parameterisation.

Over one year, the barrier underwent asymmetrical rotation over oné year, highlighting the

importance of alongshore sediment transport processes on this supposedly ‘swash aligned’ beach.

A statistical model based on the log-hyperbolic distribution of surface particle sizes was found
to be a reasonable predictor -of mean net sedimentation over individual tides. Its complicated
parameter space could possibly map onto a simpler plane based on‘traditi(mal moments. Sediment
trend vector models based on sorting alone out-performed a traditional approacli. Moments of a
surface grain-size'distribution appear to be inappropriate to characterise sedimentological change
at time-scales greater than a semi'—diurna.l tidal cycl(;. Sub-surface sampling on the intertidal zone
" on diur1-1a1 and semi-lunar time-scales is useful in assessing the dynamics of the step, itself an

important mechanism for onshore and offshore net volumetric transport.
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{upper panel). The shading Tepresents the residual bed-level change relative-to
the first profile and the contours show elevation change at Bem intervals. Temporal

profile change during selected periods (lower panels): The thick solid lines in

the upper panel represent the R2% and R80% run-up limits and the dashed lines

the cross-shore position and duration of deployment of the instrument rigs. Time
normalised relative to high ticle is shown on the upper axis. In the lower panels, tin_e
dotted lines indicate the maximum extent of the swash zone during that interval. .

Volumetric beach change. Upper panel - variation in the sediment volume over

‘the survey period at four cross-shore locations on the beachface. Lower panel -

total change i béachface sediment volume during tidal inundation. . . . . . . ...
Grouped variable scatter plots of the different morphological facets. Upper pi’mels
- evolution of the beach step compared with the nearshore and mid-swash regions.
Lower panels - berm evolution compared with the nearshore and mid-swash. The
different marker types reflect the phases of morphological change identified int Figure
5.6 and the solid circles and squares indicate the start and end points of the sampling
pei'iod, respectivel_y. Arrows iidicate the progression of the morphological change.
Sediment volume i‘s measured per unif width of beachface. . . . . .. ... ... ..
EOF analysis of morpho-seédimentological trends. (a) Cwiulative changgé in bed
elevation relative to initial profile Az {em); (b) cumulative change in sediment size
relative to the sediment size standard deviation for every cross-shore position over
the entire medsurement period AD {mm); {c) EOF-Reconstruction of the Morphgp-
logical'data in (a), using the frst 2 BOFs, which account for >90% variance; and
(d) EOF-Reconstruction of the Sedimentological-data in (b), using the first 4 BOFs,
which account for >90% variance. . . . . . . ... ... e
Morpho-sedimentary dyuamics of the nearshore region. (2) Scree -plot of percentage
explained mdrphological (pentagons) and sedimentological {circles) variance associ-
ated with each empirical orthogonal function (EOF); (b) morphological and- sedi-
mentologiéal change has an uncorrelated domain of co-variation; (¢) the sum of the
temporal devivative (solid line) of Az (em) and (dotted line) AD {mm); and (d)
contour plot of morpho-sedimentary cross-correlationi {cross-correlation coefficients

normalised so that the anto-correlations at zero lag equal mity). . . . . . .. . ..

Sedimentological change (left panel), in mm, relative to mean size profile {lighter .

shading indicates coarsening); regions of morpho-sedimentary co-variation (right
panels) - coexistence of relative sediment aceretion and coarsening (top), and. rela-

tive sediment depletion and fning (bottom). . . . . . . T
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27/09/05. Clockwise from top left morphological change (m) 1elative to imtial.
md-swash, and time of high tide, median sediment size (mm) relative fo standard
deviation of size for that sampling tume, mid-swash, and time of lngh tide, graphical
skewness 1elative to standaid deviation of size for that samphng time, mid-swash,
and time of high tide and graphical sorting relative to standard deviation of swze
for that samplmg time, mid-swash and time of high tide

10/06/06 Morphological change {m) relative to imtial, mid-swash, and time of
high tide median sediment size (mm} relative to standard deviation of size for that
samphng time med-swash and time of high tide

25/04/07 Clockwise from top left motphological change (m) relative to mtial.
tnid-swash, and fime of lngh tide, median sediment size (mm) 1elative to standard
deviation of size for that satﬁlgllllg time, mid-swash, and time of high tide, graphical
skewness relative to standard deviation of size for that samphng time, mmd-swash,
and time of lugh tide, and graphical so1tmg relative to standard deviation of size
for that sampling fime, mid-swash, and time of lugh tade

26/04/07 Clockwise from top left morphological change (i) 1elative to imtial,
mid-swash and tune of gh tide median sedument size (inm) relative to standard
deviation of size for that samplng time, mid-swash, and time of lngh tide, graphical
skewness 1elative to standard deviation of size for that samphng time, nud-swash,
and tmme of high fide, and graphical sorting relative to standaid deviation of size
for that sampling time, nud-swash, and time of Ingh tide

02/05/07 Clockwise from top left wotphological change (m) relative to imtial.
mmd-swash, and time of high fide, median sediment sizé (mm) relative to standard
deviation of size for that samphng time, nud-swash. and time of high tide, graphical
skewness relative to standard deviation of size for that samphing t;nle. md-swash,
and time of high tide, and giaphical so1ting relative to standard deviation of size
for that- samphng time, mid-swash, and time of high tide

Morpho-sedimentary bi-vanation grouped according to location Data comes fiom
the suivey of 27/09/05 groupings refer to distance cross shore {mcreasing sea-
wards) Bach hydro-kinematic region occupies a different parameter space Note
that sediment s1ze 15 1elative to standard deviation of all sediment sizes

Bivarate scatterplots of geometilc momenis for swash/berm (stars) and step (cir-

cles) sediments Solrd lines show hnear least squares fils through the step data,

123

126

127

128

130

dashed lines show dependent variable classification boundaries (Folk and Ward, 1957) 131

Magnitude-1esponse diagram for 2 The otigmal tune sertes of 15 depicted m the
upper left panel the middle left panel shows © magmtude with the mnstantaneous
directional component of velocrty retained, and the lower left panel shows {2 magm-
tude wath the mstantaneous directional component of velocity acceleration retamed
The right panel shows normalised bed ‘Ii‘lOthIl magmiude (see text) for acceleration

(black circles) and veloaity {red squares) .
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Time series of (top) cross-shore current velocity «. (solid line) and envelope func-
tion of w (thick solid line); (centre)- non-dimensional bed motion € (solid line) and
lowpass-filtered €2 {thick solid line) and (bottom) cross-correlation between the

groupiness envelope and the lowpass-filtered §2. The solid circle indicates the max-

immmn correlation coeffcient and the shaded region represents the 95% confidence

5.21
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limit caleulated as 2/ VN, where N is the number of samples. The cut-off for the
lowpass-filter was 0.05Hz. . . . . . .. ..

Spectral analysis of u and © during the four previously ‘identified phases of mot-

' phalogical change. Left panels - normalised auto-spectra of u (solid Yine) and Q-

(dashed line). Centre panels - coherence spectra (solid line) and 95% confidence
limit (dashed line); right panels - co-spectra. Frequencies wheré u and - are sig-
nificantly coherent are shown in black, grey bars indicate non-significant correlation.
The normalised auto-spectra were computed by dividing the individual spectral es-
timates by the sum of the spectral estimates (i.e. total variance of the time series).

Example time series re—cast as a TFM and TPM. The TPM may be swmmarised

diagrammatically as shown on the left of the figure.. . . . . . . .. .. ..o ... 1

Sediment transport as a Markov chain: transition probabiiity mafrix for .. (top
panels); autocorrelation functions, R, for {1, states (bottom panels}. ... ..

Poisson Model for Sediment Transport. Top left: Poisson distributions for a

Discrete-State Markov chain with A, = 0.1 — 2 (heavy line js A, = 0.85). Top

right: Steady state distributions {II) for the associated Markov-Poisson processes
(heavy lim.a is Ap =0.85). Bottoin right: mean waiting times in the queue for
Ap = 0.1 — 2. The damping ratio, gy, for sediment transport data O, is shown as
a solid straight line. Bottom left: the modelled TPM of a Markov-Poisson process
with Ay =085 and =267 . . . . ... . ...

Example time-series of wave breaker type, visually assessed using a video record.

This record is from 27th September 2005 experiment, around the time of step initiation. 146

Summary schematic of some ideas discussed in this chapter related to the semi-

diurnal dynamics of a giavel beachface. . . .. . ... . ... ... L,

Hydrodynamic conditions for the Autumn 2005 field survey. AFroni'top to bottom:
half-hourly H, and H,; T and T,; ©., and normalised wave spectral density (m
Hz™1). Dashed and solid horizontal lines-indicate mean values for the offshore and
nearshore records of wave height and periégd. . .. .. ... ... e e e s
Hydrodynaic conditions for the Spring 2007 field survey. From top to bottom:
half-howly Hs and Hp; Ts and Tp; ©, and normalised wave spectral density (m
H2z71). Dashed and solid horizontal lines indicate mean values for the offshore and
nearshore records. of wave height and period. Nearshore data to the right of the
dashed vertical line have had a linear transfer function applicd from the offshore

record. ... ... .. e e e e e e e e e e e e e e e e e e e e,
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From top to bottom tidal 1ange, surf similarity Iribarren number. groupmess
function, spectral width Varibles for the autumn 2003 and sprmg 2007 surveys are
on the left and right panels, 1espectively. Left of the dashed hne for the latter two
variables in the spring 2007 survey thete is no data available The horizontal dashed
lme m ¢, delimits reflective and mtermediate conditions, and the horizontal dashed
line m £ delinits surgmg and plungmng breakeis Dot-dash lmes i €, and £ trace
the response at Stiete .

Beach profiles for the thice data sets Top panels profiles for left to right, Strete
2007, Slapton 2005, and Stiete 2005 DBottom panels profiles stacked m Lime
{bottom to top) Dashed line on the top left panel indicates maximun depth of
distur bance over Lhe survey penod over Lhe mnterlidal profile

Morphological change September 2005 Top Slapton. Bottomr Strete Frona left
to right elevation relative to 1mtial (Am) - contours mcremented by 2x std(Am)
cross-shote averaged A m, wath averaged value maiked as Jashed line, two-dimensional
autocorrelation of A m Confidence mntervals marked as dashed hnes, sigmficantly
autocorrelated values as slars, and sigmhcantly un-autocorrelated values as circles
AMorphological change, Apul-May 2007 Top, from left to right- depth of distur-
bance (m) - contoms mcremented by 2x std(DODm): cross-shore averaged depth
of disturbance (m} and two-dunensional autocorrelation Bottom, from left to
right moiphological change relative to mitial (Am), cross-shore averaged A m
with avetaged value marked as dashed lihe. fwo-dunensional auiocorrelation of A
m Confidence mtet vals marked as dashed lines, sigmficantly autocorrelated values
as stars, and sigmheantly un-autocorielated values as circles

Change 1n sediument size, September 2005 Top Slapton Bottom Strete From
left to right sedmment size {mm) - contours meremented by 2x std{yrg mm),
cross-shore averaged size (1mn), with averaged value maiked as dashed lme two-
dimensional autocorielation of size (mm) Confidence ntervals mairked as dashed
lines, significantly autocorrelated values as stars and significantly up-antocorrelated
values as aircles

Change 1n sedment size April-May 2007 Top, from left to right sediment size
(mm) - contours mcremented by 2x std{Dso mm), ctoss-shore averaged size {mm)
and two-dimensional autocorielation Bottom, from left to 1ight sednnent
size (mm), cross-shore averaged size, with averaged value matked as dashed line
two-dimensional autocorrelation of size Confidence ntervals marked as dashed
lmes, significantly autocorrelated values as stars. and significantly un-autocortelated
values as circles - . .
Change m sediment sorting, September 2005 Top Slapton Bottom- Strete From
left to 11ght sediment soiting - contoms mciemented by 2x std(o), cross-shore
averaged sorting, with averaged value marked as dashed lme, two-dimensional au-
tocortelation of sorting Confidence mtervals marked as dashed lines signidicantly

autocorielated values as stars, and signuficantly un-autocorrelated values as circles
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-Change in sediment sorting, April-May 2007. Top, from left to right: sediment

sorting - contoursincremented by 2x std(#); cross-shore averaged sorting; and. two-

dimensional autocorrelation. Bottom, from left to right: sediment sorting; cross-
shore averaged sorting, with averaged value marked as dashed line; two-dimensional
autocorrelation of soriéing. Confidence intervals marked as dashed lines; significantly
auntocorrelated values as stars, and significantly un-autocorrelated values as circles.
Change in sediment skewness, September 2005. Top: Slapton; Bottom: Strete.
From left to right: sediment skewness - contours incremented by: 2x std(Sk);

cross-shore averaged skewness, with averaged value marked as dashed.line; two-

- dimensional autocorrelation of skewness. Confidence intervals marked as dashed
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lincs; significantly autocorrelated values as stars, and signifieantly un-autocorrelated
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Change in sediment skewness, April-May 2007. Top, from left to right: sediment
skewness - contours incremented by 2x std(Sk); cross-shore averaged skewness; and
two-dimensional autocorrelation. Bottom, from left to right: sediment skewness;
cross-shore averaged skewness, with averaged value marked as dashed line; two-
dimensional autocorrelation of skewness. Confidence intervals marked as dashed
lines; significantly autocorrelated values as stavs, and significautly un-auntocorrelated
valuesascircles, . ... ... ... .. .. ... . ., P e e s
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swrounded by maximums and minimums depicted as dashed limes. . . . .. . ...
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ment size and surface sediment sorting. Shown as variance associated with rank
mode (circles) and cumnlative variance (stars). Dashed line indicates 80% vaviance
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sigmficantly cotielated morpho-sednnentary eigemnodes (Azy, D; as ardes and Az o,

as stars) The amphitudes have been standardised to aid comparisons From left to

right. Slapton 03, Strete *05, and Stiete 07

Top rvow regression analyses botween measured and modelled offshoie wate pa-
rameters (top row, from left to nght I, T,, and &) between Oclober 2006 and
QOctober 2007 Next two rows regression analyses between measured and mod-
elled offshore and inshore wave parameleirs between April and October 2007 (H,,
T, and ©)

Aerial image of Slapton barrier. with the villages of Torcioss and Slapton indicated
The profile lines smveyed regularly as part of this study are shown n black Base
nnage courtesy of Google Earth®

The relative alongshore nniforrmty of Slapton beach Three cross-shore profiles
spaced 50m apart (0 -50 and +50m), at Strete (fowmds the noith left panel) and
Slapton (towards the south, right panel)

A 36m? planm section of mtertidal gravel beach face with no secondary morpholog-
1cal features (top left), displays a marhed variation m scdnnent‘an' characteristics
On this occesion. mean surface sediment size (top right) vanes hetween 1rum {0
@) and 9 5mm {-325 ¢) sorting (bottom left) between 1 and 3, and skewness
{bottom right} between-09 and 8 5 (based ou Folk and Ward [1957] loganthmc
graphical measures)

Schematic of the volumetric caleulations made from beach profiles, by ntegrating
under a beach profile to-lm ODN (dashed also MIIWN and MIIW_S mdicated by
dashed hnes) The vertical scale of error 1s indicated by the parallel hnes The heavy
hnes show the same pofile at different tunes

Hydrodynanne time-series From top to bottem, black sohd hnes H,, T. and
O botween September 2006 and October 2007 modelled in deep water off Start
Pomnt using WaveWatch IIT Red dashed lines H,, T, and Oy, measu;'ed by a wave
buoy 1 Start Bay between April and October 2007 The horizontal lines m the
bottom sub-panel represent due sast and due south-west, 1espectively

Jomt empnical probalihty distributions for wave height with direction (left), and
period (right) using the offshore WW3 model

Input bathymeiry and model domsain for wave propagation m SWAN All dimensions
m metires

Modelled wave parameters i 2in water depth in approxmmately the centre of Slapton
barnier. From top Lo bottom significant wave height {m), spectral wave period (s),

and mean wave direction (degrees)

7 10 Spectral density of waves in 2m water depth m approximately the centie of Slapton

barrier (m?/Hz normalised by the total variance), as a funchion of frequency (Hz)
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Modelled wave parameters in 2m water depth in approximately the centre of Slapton

~ barrier. From top to. bottom: the root-mean-squared value of the of the orbital
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velocity near the bottom. (in m/s); mean cross-shore wave stress (N/m?); mean

along-shore wave stress (N/m?); and wave direction (degrees, same as Figure 7.9,

bottom panel, for reference) . . . . . .. .. L. Lo s

2 Nearshore wave energy over October 2006 - October 2007, derived from the SWAN

model outputs in 2m water depth. Top: energy (J/hr), calculated using equation
7.5, taking into account the discrete nature of the wmodel mputs/outputs; centre:
alongshore energy flux (N/sec™1); calculated using equation 7.6; and bottom: cu-
nwulative alongshove energy flue, ... ... . e e

Bivariation in some modeél outputs, clockwise from top teft: Hj versus T, Hy versus

#, Hs versus F,and fversus A, . . . .. ... .. ... ... e e e e e
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Trends in annual means, one year being October-October, from top to bottom,
for maximum temperature; wind speed; wind divection; wind stress; and offshore
wave height, from 1960-61 to the present year. . . . . . . .. .. ... .. ... .
Profile sweep zone (top panels) and typical envelopes of variability around mean
cross shore profiles (bottom panels). Left panels show a site at the southern end
of the survey area,.and right panels a site at the northermend. ... ... ... ..
Profile changes along the barrier. From left to right: example cut-back between
4th and 21st February 2007; berm building between 14th and 30th August 2007;
and changing profile shapes over the yvear (solid- line-November 2006; dotted line-
October 2007). Three locations have again been chosen to illustrate the alongshore
variability of t;ile changes: in the southern (top row), central (middle row), and
northern (bottom row) locations along the barrier. . . .. . ... .........
Top panel: volumetric change as a function of time and alongshore distance. Dark
shading represents depletion relative to initial, and light shading represents relative
accretion. Values range between-1.0155 to 0.266 m®/m? beachface. Bottom panel:

whole beach mean volumetric change relative to initial, as a function of time, again

-in m®%/m beachface. . . . . e e e e e e

Top panel: evidence of central cut—i)ack and rdétation towards the nortl. Dashed
line is the Om contour on 6th November-2006, and the solid line is the same contour
on 12th October 2007. Bottom panel: net volumetric change alongshore (m? /m?)
over the measurement period, showing clear differences in the beach depending on
TOCBEIOM. + + v v v v e e e e e e e
A sediment budget for Slépton for October 2006-October 2007, expressed in units of
cubic metres, as a function of distance alongshore. Figures represent total net gains
and losses, therefore the beach as-a whole is in surplus by approximately 10,000 m3.
Note that the & values indicate those for the whole beach sediment budget, not the

individual accretionary or erosionary elements. . . . . . . . .. .. L.

212

213

214

215

216 °

217

218

219




LIST OF FIGURES & PLATES

720

721

724

725

726

|
o
o«

729

Contour map of cross-correlation cocfficients between the time-series of the ratio
of volume to width at the cenfral cioss-shore piofile hne (at Om}, and the 1ati0 of
volume to width at each of the rest of the profiles, as a function of tune lag (n
weeks) See text for explanation . . . .
Contour map of probabilities associated with transitions from profiles classified as
comvex (C), concave (A), or Imear {B). as a function of alongshore distance Darker
shading mdicates greater hkehhood of fransition over one time step Ifeavy ied lme
indicates t1113 0 2 contown See text for explanation

Changes . alongshore sediment size between Januaty 2006 and November 2007
Solid hnes indicate the surveys for 2006, and dashed lines for 2007. .

Alongshore trends in max (cncles). mean (stars) and man {squaies) of sediment
size (left), sorting (imiddle), and skewness (1ight)

Alongshore trends m standaid deviation of, fiom left to right profile elevation,
median sedinent size, soiting and skewness

Typical emelopes of valability around mean cross shore profiles for sediment size
{(top), sorting (middle) and skewness (bottom) Left panels show a site at the
southern end of the survey aiea, and night panels a site at the northern end
Time-ser1es of beach volumes (top left), mean median sedunent size (fop right),
mean geometric sorting (bottom left), and mean geometric skewness (bottom
right)

Slapton 2006-2007 Top left looking south (o Torcross, a very fine and well-sorled
beach with a coarser, more poorly-sorted storm beach deposit Top right. looking
north frion Slapton, a fine, well-sorted beachface with cleatly-defined swash mark
Bottom left following a senies of large waves, an unusually fine cenfral Slapton 1s
affected by significant gioundwaler secpage probably caused by high water levels
m the backbainer lagoon Bottom right laige waves encioach upon a rather fat
central Slapton profile, causmng sigmificant scarping

Slapton 2006-2007 Top left lookmg south to Toicross, storms leave the beach
very fine and flat The seawall, ont of shol Lo {he exireme south, 15 undeimined by
large shorelime recession and erosion Top right a satmated and very fine surface
layer conceals the comse sediments underneath, through which sigmificant volumes
of groundwater are seeping Bottom left looking south from Strete, bands of
comse matenal begin to push back onshore Bottom right looking north fiom
Strete Gate, a typical coarse band of sechments at the high tide strand lne
Piecicted net annual longshore transport ra‘ltes for Slapton Barrier, synthesising
measured data from this study (heavy sohd black line with circles), and modelled
data from four recent years pubhshed m a previous study (Chadwick et al [2005),
labelled CHO5) . . .
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Changes in the shqreline‘positiqn-(again taken as 1m QDN) relative to 23rd October
2007, for three alongshore positions, over the 200_6-'-_20[.]-7‘5111'&-133' re¢ord.. Shorelines
have advanced gome 10n; at Strete, aild recessed some 10m in the -centre 'of the
barrier ('North Slapton™. .. ... .. .. ... ... . e
Volumetric changes at Slapton, over individual months. The solid line represents
the present study. The red squares come from data publishied in Carr et al., (1982),
for a comparable data set collected over 1971-1972. . . . . . . . .. ... ... ...
Top panels: relationships between, from left to right, beach volume and Djp;
sorting, and skewness; and rélationshop between sorting and Hg, each for every 2
week period. Bottom panels: relationships between, from left to right, Dsg and
H,; Dsg and ©,,; beach volume and max. H,; and beach 'volume and @, each for

every 2week period. . .. .. L. L i e

The hyperholic shape triangle of Barndorff-Nielsen and Christiansen (1988). The
white and grey areas represent the possible and impossible areas, respectively, of the

domain of variation between [Cp5, xrr]- Some limiting cases of the log-hypetrbolic

distribution are shown in their double-log form, including the normal, exponential

and Laplace distributions. . . . . . & . . it it e e e e e e e 2

The erosion/deposition model of Barndorff Nielsen and Christiansen [1988]. Two

distributions separated by A t (top left) are related by a function which conserves

’ probability mass (top right). Erosion and deposition are characterised by some

power of sediment size (bottom left), here depicted for ¢ = 0.52 and Ly = 1 by
solid and dashed lines, rvespectively (the difference between the two is shown by

the dash-dot line). Another form of erosion/deposition is required to model the

* potential influence created by mixtures of sizes (bottom right). . ... ... ...
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Example sequence of events in the erosion/deposition model of Barndorff Niclsen
and Christiansen {1988]; as it maps into the hyperbolic shape triangle. . . . . . ..
The domain of co-variation between d; and skewness, with contours of kurtosis. The
fields of positive and negative ‘J-shaped’, bell-shaped and ‘U-shaped’ distributions
are shown. The Gaussian distribution scales as [0,0], and the rectangular as [0,0.5],

on an infinite field of distribution forins [after Leroy, 1981). . . . . . .. . ... ..

Slapton September 2005 sediment sample classification. The small circles.in the top

-and bottom left panels depict samples from a patch which had been relativly depleted

relative to initial, and stars depict samples from an area relatively accreted. The
large diamond in the top left panel shows the centroid Ixr s, Erer] position, wrapped
by a circle with a diameter equal to the standard: deviation of the deviations of the
data around that ¢entroid. The hyperbolic shape triangle couplets in the top right
panel have been contou;red acecording to the method of Hartmann and Christiansen

[1992] . oo i e e
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Strete September 2005 sedimont sample classification The small circles m the top
and bottom left panels depict samples from a patch which had been relativly depleted
relative to mtial, and stars depicl samples fiom an atea relatively accreted The
large diamond m the top left panel shows the centroad [xrz, §zu} position, wrapped
by a circle with a diameter equal to the standard deviation of the deviations of the
data around that centrord The hyperbolc shape triangle couplets m the top night
panel have been contoured accorching to the method of Hartmann and Christiansen
[1992] . . .

Stiete, April-May 2007 sediment sample classification suiface The symbols in
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INTRODUCTION

And they Il bwnld systems dark and deep,
And systems broad and lugh,
But two o tliree will neser agree
About the 1eason why

Peter Pmndar, The Three Wise Men of Gotham *

Coastal Morphodynamics

Coastal mozphodynarmes 1s defined as the “mutual adyustment of topography and flurd
dynamcs wmvolnng sedvment transport” [Wright and Thom, 1977] m the coastal zone, an
area which, on beaches, extends from wave closure depth on the continental shelf to the
upper hmit of the beachface Tlus defimtion crystallises two very important ideas: the
first 1s that coastal morphologies develop and change 1 1esponse to spatial gradients
sediment transpoit wluch are driven by waves and tides, and associated currents The
second 1s that the amplitudes and length scales, and time scales of growth and decay of
these featines, are a complex function not only of the strength and duration of flows and
the characteristics and supply of movable sediment, but also of mutual adjustments
between flow fields and morphologies These diive gradients in sediment transport and
associated spatial patterns in sedumentation, in (often comphcated) feedback loops
[Cowell and Thom, 1994].

These feedback mechamisms may erther damp/stabilise the development of coastal
morphologies (termed negative feedback, leading to selfregulation), or cause

growth/amplification of coastal topograplues (termed positive feedback, leading to
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instabilities and self-organisatior;; [King, 1970]).. The former case may be e};empliﬁéd by
the recovery to equilibrium of a beach profile following a'major storm, and the latter
may be illustrated by the coiicentration of flow induced by a 1'elziti\fely small scour hole,
which causes the hole to enlavge; or by the growth of sand ripples. irrespective of a
change in flow conc‘litions [Austin et al., 2007]. At all scales coastal systems exhibit
non-linear hehaviour [Phillips, 1992; deVriend, 1997}, thus the coastal science community
is only just beginning to unravel the complexities of coastal evolution.

The ultimate goal of the science of coastal morphodynamics (hereafter, simpi"jr called
‘morphodynamics’) is the complete prediction of the motion of the interface between
sediments and the sea, and associated changes in morphological features [Blondeaux,
2001]. There are competing views concerning the best method to acheive this ultimate
gO'aI: a ‘top down’ approach (which disaggregates observations into émall scale processes
using baéic conservation principies) versus a ‘bottom up’ (integration of small scale
processes through fo larger scales) approé.ch [deVriend, 1997]; or a deterministic
approach versus a probabilistic approach. There is little guidance 'on the required, or
acceptable, aggregation of scales [Terwindt and Wijnberg, 1991].

Terwindt and Battjes [1990] identify three approaches to the study of coastal

behaviour:

The geostatistical approach which descriptively draws.out trends from data sets.

The phenomenological approach which employs statistical analysis to parameterise
pracesses which are considered relevant, including empirical relationships drawn

without first principles.

The modelling approach which expresses fundamental_ relationships between flows and

forms as a series. of mathematical equations, from first principles..

Morphodynamics requhé all three _approac}_gs;t{ achieve its ultirnate goal. T13is thesis
will draw upon both geostatistical and phenomenological approaches to the study of
coastal morphodynamics, with a strong emphasis on the collection of field data for
subsequent anaiys'i's and interpretation. Morphodynamics relies strongly on field
observations, since the collection and analysis of measurements and observations is

crucial for the identification, classification and explanation of coastal features, and
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change 1n these features Theoietical research is then needed to formulate empatical and
numerical models capable of predicting the behaviowr of observed features Field dafa
and msights fiom field expeliments, are 1equired at every stage in the process, fiom
identification and definition of the problem at the appropriate spatial and temporal
scales, to the validation and updating of these theorctical models Coastal
moiphodynames 13 thus strongly inter-disciplinary  Geomorphologists and
oceanographers have traditionally cariied out fieldwork and statistical data analysis in
order to observe measure, document and explain morphodynamic phenomena
Engineers and mathematicians are largely concerned with practical and theoretical
advanees, 1n the form of generahised numenical models, based on the insights obtamed
hom the field data Full-scale numerical models have been developed that attempt. in
real time, to desciibe the physical processes involved 1n the interactions between flow .
fields and sediments, and thereby predict the tune-evolution of observed morphologies at
the coriect length scales Such models a1e complex and must be solved by advanced
numerical techmques [Seminaia, 1998, Blondeaux. 2001]

In general therefore, reseaich which is essentially geomorphological i natwie remains
dominated by empirical case studies, and the theoretical study of morphodynammcs 1s
paralysed until appropiiate field obseivations and measuiements have revealed the
domunant physical processes to pa1ameterise, and likely patteins of sedurentation at the
cowrect scaling. Occasionally, however a pressing societal need 1equires a re-ordering of
tlns template, where theoretical/numerical studies proceed at a pace befoie field
" observations have been documented This may be compounded by a percerved or real
logistical problem and/or technical limitation assocrated with field work and the
collection of the required data to formalise the problem and fomulate the solution An
example of this has been 1eseaich conducted into coarse-grain/gravel beach
mot phodynamics in the past two decades

Most gravel beaches are associafed with mid-high latitude paraglacial or proglacial
coasts of Europe and the Americas, which tend to be transgressive and sediment
depleted [Oxford et al, 2002] Significant gravel accumulations also occur from river
supply or reworked fluwvial gravel fans associated with mountamous env]mnmt;nts, which
are usually 1egressive and sediment rich [Carter and Oiford, 1988] Giavel beaches occur

in tectonically active areas at all latitudes [Dobkmns and Folk, 1970, and are sigmficant
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locally \vhen.e inner shelf deposits are reworked landwards [Hails, 1975] or where
gravel-rich cliffs and platforms are eroding [Carter, 1998]. In the UK alone, over 900km
of coastline is protected by coarse grain beaches [Fuller and Randall, 1988], often in
populous areas.

Interest in developing quantitative prediction of gr:a'vel beach morphodynamics is
increasing; gravel shores arve perceived as especially impértant for shore protection,
mineral extraction, and providing support for habitats. A gravel beach is a porous
structure and hydraulically rough, which helps reduce wave energy and reduce j:he

" potential for coastal damage. Th-is has prompted-their extended use in aggregate mining
and beach fills/nourishment as a sympathetic coastal defence, especially in Rugsia'
[Zenkovich and Sehwartz, 1987, tl'lé UK [Mason and Coates, 2001] and the Pacific coast’
of the USA [Komar, 2007]. Gravel beaches often contain commercially exploit_a:ble
nminerals such as gold and diamonds [Komar, 1998]. as well as serving as modern
analogues for-examining the reservoir potent;al of ancient sedimentary accumulations
[Carter and Orford, 1984; Massari and Parea, 1988].

The societal importance of gravel beaches and gravel sediment transport, and the
requirement; of practical solutions, has meant that tfle study oi"' gravel beaches has
switched from qualitative statements of early observers [Paimer, 1834; Lewis, 1931] to
highly mathematical treatments, largely without inductive studies derived from field
measurement. For example, numerical solutions have been obtained for cross-shore
sediment transport and profile evolution. [Powell, 1990; Pedrozo Acuna et al., 2006];
gravel beach planform change [Brampton and Goldberg, 1991}; crest height [Lorang,
2002]; longshore gravel sediment transport [Van Wellen et al., 2000]; and swa_éll
flows/groundwater dyfhamics [Clarke and Damgaard, 2002; Lee et al., 2007], Pefore these
phenomena have been well documented [fvaniy and Kench, 2006]. This is unconumon in
morphodynamics, and it means that there are few field data sets with which to validate -
these numerical models before practitioners begin to utilise tilem in project designs [the
potential dangers of this are discussed by Cooper and Pilkey, 2004].

Particle.sizes exhibit a wide (often bimodal} distribution in gravel bed environments.
As stated previously, variable wave/ti@e conditions drive spatial/temporal changes in
sedi-ment transport gradients, resultiﬁg in spatial sedimentation patterns and (often

complex) morphologies {Holman and Bowen, 1982]. The transport of heterogeneous
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sediments involves a secondary process of preferential selection and deposition (sorting)
according to the geometrical chmactevistics of those sediments This results in the
genelation of patterns associated with a spatial/temporal 1eairangement of grain size
distiibutions (grading), and these features are paiticularly evident on gravel beaches
Some authors beheve these sorting processes may have a morphodynamic 10le [Sherman
et al , 1993, Rubin and Topping, 2001, Nicholsoh et al . 2003¢ Gallagher and McMahan,
2006] These claims have mportant implications (see Chapter 2} but are 1elatively new

and 1eman unsubstantiated

Reseaich Objectives

The purpose of this study has been to gain 2 better understanding of morphological and
sedimentological change on natural gavel beaches Hydiodynanue, morphological,
sediment transport and-giain size-distribution data has been obtamned from a gravel

beach at a range of spatia] and temporal scales (Figuie 1'1)
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Fig. 1.1 Seales associated with measurements in this study, modified from Terunndt and Wynberg
[1991] g
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The specific objectives of this thesis arc:

s 10 present an overview of the current understanding and possible future directions

research related to gravel beach morphodynamics and sediment dynarnics;

¢ to develop a methodology which enables the quantification of sediment
characteristics at a resolution comparable with morphological and hydrodynamic -

measurements;

* to investigate morphological change and sediment dynamics on a gravel beach at a

. range of scales; and

¢ to propose a conceptual model for gravel beach morpho-sedimentary dynamics,

which establishés a link between beachface sediments and: morphological change.

| Thesis structure

This study draws primarily upon field data collection, sumnmarised in Table 1.1.

Tab. 1.1 Field Data Collection Time Line

Dataset | Data Collection Date
S1 M! October & November 2004
C1 Spilot? : April & May 2005
E1 M, 8% September 2005
E2 M, 8, H, Vpilot?, V6 June 2006 |
S2 M, 8, October 2006-October 2007
L S January, June, November 2006; February, May 2007
E3 M, S5, H,V April & May 2007 |.

l=morphological (M) mea‘surements/surveys;‘ 2=digital sediment (3) technique pilot;
3=sediment samples; 4=hydrodynamic (H} data coliection; 5=underwater video (V)
pilot; 6=underwater video data collection

’-I‘hé field work detailed in Table 1.1 was in the frst instance informed by an extensive
literature review, and secondly by a series of pilot studies which tested field equiprnent
and methods. Separating the work into a number of discrete campaigns, and
subsequently analysing and assessing the data from those campaigns, was -an essential
part of the project since each data set informed the next direction of the research.
Consequéntly a cycle of —fieldwork preparation, data collection, data analysis and

algorithm development, synthesis and writing —continued throughout the research

project.
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Fig. 1 2 An outhme of the thesws

An outhme of the thess 15 summarised m F 1gu;(; 12 Chaptar 2 summarises the
relevant hterature, synthesising pievious research mto gravel beaches mto a conceptual
framework Chaptet 3 conlalns a descuiplion of the field study sites There are five
tesults chapters each contaimng therr own methods section which pertains almost
exclusively to the data analysis in that chapter These include Chapter 4 which
documents the development of new methods without which the research would not have
been possible; and Chaptes 5 to 7 which address the same fundamental problem on a
different scale Chapter 5 looks at moiphological and sedimentological change as well as
characterising some aspects of sediment transport in the nea.rsl‘lore, over small spatial
scales at the tume scale of the semi-diuinal tide The topic of Chapter 6 1s the
morphological and sedimentological change over small spatial scales associated with the
semi-lunar tide Chapter 7 investigates the morpho-sedimentary changes over large
spatial scales over one year Bach 1esults chapter draws from measurements and msights
obtained from various stages of the project Chapter 8 investigates the utihty and

applicability of fwo distinet types of sedimentation modelling using distiibutional spatial
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trends in grain sizg distributions. These insights are synthesised in Chapter 9, which also

contains some reflection on the- conceptual framework outlined in Chapter 2, as wéll as

evaluating some of the general methodological issues raised by the research, before

chapter 10 draws some conclusions.

-




GRAVEL BEACH DYNAMICS: LITERATURE REVIEW AND
CONCEPTUAL FRAMEWORK

Whenever anyone mentions theory to a geomoiphologst.
he mstinctively reaches for lis sml auge:

Rachard Choiley, Geomorphology: Present Piroblems and Future Prospects’, 1978

Introduction

Varlous contemporary commentators have drawn attention to the disciepancy between
1ecent advances made 1into the morphodynamics of sand beaches and the comparative
lack of simular advances made 1to gravel beach dynamics [V;a.n Wellen et al , 2000, Mason
and Coates, 2001, Jennings and Shulmesster, 2002, Orford et al , 2002, Horn et al , 2003,
Pontee et al , 2004] Historically, owm insights into shoiter term gravel beach dynamices
have lagged behind ow undeistanding of littoral environments composed of sand, mainly
because of the logistical problems associated with laboratory or field expetimentation If
18 1mpoltant that this fact is redressed since 1% 15 well recogmized that gravel beaches me
one of the most efficient forms of coastal protection, with a remaikable degiee of stability
[Nicholls and Webber, 1988, Powell, 1988, Sherman 1991] Recently there has been some
revival of mterest in gravel beach dynamics, resulting in a spate of modelling efforts

[Van Wellen et al 2000; Claike et al , 2004 Pediozo Acuna et al . 2006, Lee et al

2007] Although swash-domimnated, gravel beaches are scaicely mentioned m recent
1eviews of swash zone hydrodynamiecs and sediment transpoit {Butt and Russell, 2000,

Elfink and Baldock, 2002, Masselink and Puleo, 2006] In order to 1estore the balance,
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the- intention of this chapter is to review shorter term, process-oriented gravel beach
morphodynamics, exploring a,. number of features which may be peciliar to beaches |
composed of gravel-sized sediment. Further research will uncover a unifying theme
common to all a\renue;s of enquiry: the importaunce of spatial distributions in sediment
size and shape, centred around the notion that the spatial heterogeneity of sediment

properties are both an expression and a control on gravel beach morphodynamics.

Nomenclature, Classification and Geographic Distribution

The collective noun under the Udden-Wentworth classification scheme for sediment with
a b-axis diameter of between 2 and 60 mun is ‘gravel’, which has physical connotations
understood not only by coastal scientists and engineers, but geomorphologists, geologists
and ecologists. The alternative term,. ‘shingle’, is not as inter-disciplinary or T
international [Carter and Orford, 1993; Van Wellen et al., 2000; Orford et al., 2002]. A
necessary distinction is made between gravel beaches so-classified and boulder beaches
[Novak, 1972; Oak, 1984; Lovang, 2000; Johnston, 2001; Lorang, 2002, or beaches
composed of coral gravel [Felton et al., 2000; Richmond and Morton, 2007}. '
Gravel beach sediments (Figure 2.1) have a characteristic size and shape heterogeneity
[Zenkovich, 1967; King, 1972; Carter, 1998] since the physiographic context to the
development of gravel beaches is. glacial and mountain weathering. Therefore the
geographic coverage is distinctly high-latitudinal, with long term sediment supply
dominated by continental shelf reworking of gravels supplied by terrestrial weathering
iarocéssés. Gravel beaches are particularly widespread on the wave-dominated coastlines
of Northern Europe (especially Russia,the UK and Ireland), Canada, the USA, Japan, -
New Zealand, and Latin America. Orford et al. [2002] have recently provided a
comprehensive review of the modern thinking behind the long-term, large-scale
geomorphology of gravel beaches and barriers. Gravel beaches within large regional
settings are the subjects of Isla and Bujalesky {2000) and Anthony [2002]. The structural
sedimentology of gravel beaches, including the historical interpretation of internal beach
structures/stratification (an enquiry which, incidentally, is almost wholly absent from

the process-oriented gravel beach studies), is treated in detail by Bluck [1999]. To date,

research on gravel beaches has been dominated by these longer term geomorphological
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and sedimentological studies, but few studies have attempted to carry out detailed
process measurements to elucidate gravel beach moiphodynamics and sediment
dynamics [Sheyman. 199‘1, Ivamy and Kench, 2006: Austin and Masselink, 20064] This
chapter 1eviews and discusses the dormnant processes and concepts whidh can affect
entire beach faces or sections of beach faces on laager features such as spits and bairiers
composed entirely of gravel sedument {Figue 2 1), m tidal settings which aie affected
directly by wave action This primarily encompasses ‘pure’ gravel beaches, as defined by
the classification scheme of Jennings and Shulineister [2002], and includes chffbacked and
pocket beaches, as well as barrier and spit foritages, but not back beach deltas (which are
formed and stranded by storms), lateral deltas formed by peimanent barrier breach, and

sheltered sections of spit heads

Foiin et ?%
e b R S )
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"lgr:“s".h&:.. %
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Fig. 2.1 Some wmages of gravel beaches m the UK and New Zealond, showing cheracteristic
steepness and spateal segregetion of sediment size

Pure gravel beaches are relatively nariow, very steep and 1eflective at all stages of the

tide [Jennings and Shulmeister, 2002] Wlnlst many of the concepts and processes
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discﬁssed here will be applicable to mixed éand and gravel {(MSG) beaches or beach
sections, tile dynamics of such beaches are quite distinct [Kulkarni et. al., 2{)04]; and are -
the subject of review by Kirk [1980] and Mason and Coates {2001]. Studies into the
fundamentals of gl:avel‘ beach behaviour may be best carried out on pure gravel beaches,
an ‘end-member’ in the coastal sedimentological continuuwim, without the complicating

influence of varying concentrations of sand.

Hydrodynamic & Hydraulic Forcing

Wave breaking

The gravel beach morphodynamic system is forced at the Boundary by ocean tides and
offshore waves, which are in turn modified by large scale landform configurations
(sub-and supra-tidal geology). Nearshore hydrodynamics (the combinatorial of waves
and secondary waves, tides and associated currents) are modulated primarily. by beach
slopes, with a secondary contirol exerted by.friction. Both are controlle.d, in turn, by
grain size and sorting which allow steep slopes (Table ?.1) and a rapid attenuation of
fluid momentum through friction (which includes permeabili.ty). Due to a high threshold
of motion, and highly asymmetric wave action on the beachface, gravels have a greater
tendency to move onshore compared with sands [Bagnold, 1940; Inman, 1949] forming
steep slopes. The gravel beach is thus the classic narrow ‘reflective’ beach morphotype
(Table 2.1} in the beach classiﬁcation-‘nomenclature [Carter and Orford, 1984, 1993;
‘Jennings and Shulmeister, 2002]. ‘

Nearshore hydrodynamics on gravel beaches are dominated by the swash zone, where
bores created by wave breaking travel and decay on the beachface in oscillatory phases
termed uprush and backwash. Short wave bores induce highly asymmetrical swash
motions at incident wave frequencies as waves break over steep slopes close to the
shoreline. Very narrow surf zones support just one relatively uniform breaker line,
quasi-perpendicular to the beach face [Baldock et al., 1997; Baldock and H;)lmes, 1999).
The rapidity of nearshore wave transformations dictate energy concentration at
breakpoint, in close proximity to the shoreline, minimising. the generation of broad-band
infra-gravity oscillations, and maximising the importance of fluid motions at incident

and subharmonic frequencies [Huntley and Bowen, 1975a; Mase, 1995; Miles and Russell,
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Tab. 2.1 Range of morphometric and morphodynamac volues obtamed from some pure grovel beach
field studies/observations.

Dataset Tide | Slope (tan) | Md (mm) £ Width (m) | Proc. Meas.
M82(s1te2}(JP) | mucro 012 43 101~ 26* N
IS02(1)(NZ) | micio 014 47 2 27 5163 N
JS02(2)(NZ) | micio 013 471 212 50.4 N
JS502(3)(NZ) | mucro 023 523 379 23 89 N
JS02(4)(NZ) | mucro 0923 522 379 25 04 N
JS02(5)(NZ) | micro 010 479 158 38 4 N
JS02(6)(NZ) | mucro 024 511 4 185 N
JS02(7)(NZ) | mucro 0720 498 3 26 28.01 N
L0Z (US) | meso 022 593" 1547 15 Y (HM,S)
HDO6(NZ) | meso 011 50 0.83* |  100-400 Y ()
HLOG (UK) | macro 017 n/fa 06-12 25 Y (HM,G)
AMOG (UK) | macio 0.15 6 09-2 100 Y (ELM,G)

* mdicates mferred or calculated values (where not expheitly stated) Ald denotes median gram
size, £ Inbarren number, and for the process measmements H denotes hydrodynamics, M
morphology, S sediment size and G groundwater M82 refers to Maepma [1982]. JS02 refess to
Jenmngs and Shulmeister [2002], LO2 refers to Lorang [2002], HDOG refers to Hartstem and
Dickimson [2006])- HLOG refers to Hoin and L [2006] and AMOS6 1efers to Austin and Masselink
[20064]

2004] Significant wave giouping nay remain at the shorelme [Ivamy and Kench, 2006],
compounded by the mteraction of successive swash events or the two phases of the same
swash event (swash-backwash) which causes a downwaid shift in fiequency fiom incident
to sub-incident [Mase, 1995] The lack of breakpoint variability, dictating a spatial
concentlation of energy, means that qitical thiesholds for sedunent transpoirt are almost
always exceeded [Carter and Oiford 1993, although this may be limited to the surf and
swash zones [Austin and Masselink, 20064].

The tade 15 crucial to beach moiphodynamics [Massehnk and Short, 1993; Davidson
et al , 1993] The role of the tide 1s to advect the swif and swash zones across the
ntertidal beachface, theiefore morphodynamic processes will differ depending on the
stage of the tide and the local slope The gravel beachface Is typically convexo-planar mn
shape. so the swash and surf zone slope and associated morphodynamic processes, at any
given powt on the serm-diurnal tidal cycle will change For example, the local swash
zone slope on the rising tide will be a compound function of the morphodynamics i
operation on the colresponding time on the previous ebbing tide (assuming the same
tidal range and 1dentical wave setup). The local suif zone bed may inherit the slope fiom

the passage of the previous swash zone An addifional control may be the 1ate of change
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of the tide- 6ver the slope [tide;I translation rate, Masselink-.?nq Short, 1993]. If and
where _thez' tidal franie ﬂi(_:tates wave breaking over a shallow sand slope immediately *
i . - ‘ ; "

seawards: ?f the gravéi_'baink, asona ‘mixfzd," beach, ﬁeafshore hyEirodyna_mics <ue
subitanti%lly diﬂ'erent.'- ] : T g

The iutefa&iég-‘between tl‘ie‘ swash and-surf zones on gravei beaches vrenhléi,n largely
unstudied. Swash is asymmetrical [Hughes et a;.l., 1997): uprus;hes on sand beaches are
typically shorter, faster, and more volumons [Masselink and Puleo, 2006]. This
asymmetry is considered key in the amount of sediment transport and n}orphoic‘i'gic;al
change wlrziich oceurs as a result of swash processes on the beachface. On gravel jbeaches, ’
relatively high permeabilities may serve to enhance éwash a.synunetric—%, with impo;:t.a_nt
implicatioz-ls for beach change [Duncan, 1;)64; Masselink and Li, 2001; Austin and
Masselink, 20064a]. Pre-and post-breaker energy fluxes may have interesting and -
important consequences for the spatial decay of énergy with wave transformation

distance, and turbulence, both locally-generated and the contribution advected from

bore collapse [Pulec and Holland, 2001; Longo et al., 2002; Jackson et al., 2004; Butt

© et al,, 2004; Pritchard and Hogg, 2005]. The potential importance of the advection of

"material convected by turbulent bore collapse into the swash zone, reported by numerous

authors in recent years [and reviewed in Masselink and Puleo, 2006) appears particularly
essential for swash-dominated lgl'avel beach foreshores. The extent to which reflection is
attenuated by the loss of fluid into highly permeable beach faces [Powell, 1990] is at
preésent unknown, as are undertow find setup; and neai-bed velocity profiles, which again
are in need of much further scrutiny.

. The neasshore hydrodynamic regime so-described allows bore theory [Peregrine, 1966]
and the non-linear shallow water wave equations [NLSWE, or simply SWE; Shen and
Meyer, 1963, reviewed in detail by Hughes, 1992, 1995; Peregrine and Wllhams, 2001], or
the *ballistic model’ [Hughes and Baldock, 2004] to be particularly applicable:. We may
assurne swash discretion (or uncurtailed individual events) with most validity .on ‘gravel
foreshores where permeabilities (and therefore fuid loss) are hjéh fAustin and Masselink,
20068]. Although swash interaction has been shown to occur naturally [Austidand -
Masselink; 20068], steep slopes and high permeabilities gratify the assumption that
individual swashes are *launched’ up the foreshore slope [Hughes and Baldock; 2004].

When using the NLS‘WE, for the nécessary formulations to hold, the fluid of the swash
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tip must mamtam very shallow depths [Peregrine and Williams, 2001] Flu1c1 Toss ~

through mfiltiation appeais to be highest on the leading edge of ;he uprush-during the
latter stages of the upiush event [Hoin et al , 2003], 1e towards the top of*the foreshore
Fluid exchanges on haghly permeable stbstrates aie po’s‘fil?le to m—‘,o‘del i‘lsiné baliis'ﬁhlc -
approaches [Clarke and Damgamd, 2002, Clarke et al , 2004, Sliz;heﬁsazzﬁd'é}: apnd”~ " "
Holmes. 2007] For all‘of these reasons, a more complicated approach such-ag;
employment of the Boussmesq equations [Pedrozo-Acuna. et al , 2006] may fﬁ)t be

necessary to model swash motions However, just like sand beach shorelines [Elfrmk and

Baldock, 2002, Massehnk and Puleo, 2006], how swash zone hydrodynamics relate to

A

- . - 2
sediment tiansport sediment sorting and moiphological change is much moie

problematical

-

Swash-groundwater hydraulic exchange & sediment transport

A mavel beach 1s an unconfined agquifer which 1s aftected prunanly by tides, waves and
terrestrial sources of water, and the permeability of the beachface, defermined by grain
size and sorting. The transmussion of fluids thiough granular interstices. an:@i;:sn'asli_ﬂow
modification as a result of differential groundwater 1esponses over the varying seal;nents
of a gravel foreshore, have interesting and under-studied mmpheations for Sedmﬁ%
transport and mmpholggma.l change on gravel beaches [Massehnk and Li, éOOl, Austin
and Masselink, 20060]

Hoin {2002] attributes the farluwe of vaiious swash zone sediment transport models to

the over-sunplification of swash hydiodynamics with respect Lo swash groundwater flows

(hydraulics) On a gravel beach, pexmeabilities and hydiaulic conductivities are

generally ngh [Horn et al, 2003] Hydiaulic conductivity shows a sensitive dependence
on 1) sedunent size (Figure 2 2), so the spatial cistiibution of surface sediment size, and
2) veitical size distributions, o1 the variation in sedunent size with depth, ate
parbiculaily sigmficant on gravel beaches with 1espect to hydiaulics The quaitative
behaviow and importance/magmitude of these features may be pecubar to gravel
beaches, and their study may be more difficult in the field for three crumal—leaspns
Fustly, the magmtude of swash-groundwater exchanges is greater [Holmes et al 2002,
Hown et al, 2003] Secondly, air encapsulation within groundwater sediment mc:zf::n‘ees,

hitherto considered meffectual for sand beaches, may be important for poious gravel

-
-
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substrates [Horn, 2002). Thirdly, the high seepage velocitics under swash flows [reported
by Holmes ét al., 2002; Horn et ak., 2003] implicates a non—]ﬁaxcian flow regime, or a
nonlinear groundwater (hy&lraulic) th;'dugh-ﬂoxxr vélocity dependence on hydrostatic
pressure‘ﬁelds, explicating fhe sensitive nonlinear relationship bej:wpen— scj.'g:‘i;i:;pent:size and_
hydraulic conductivity where permeability is high (a hotion which has remained latent
until very recently). Accordingly, instantaneous swash hydrodynamics and Iiyc]raulics (or
simply their combinatorial, ‘h.}rdrq—hydraulics’)i have taken-on a new dimension .and
renewed impetus for gravel beach dynamics [Masselink and Li, 2001; Horn ot al., 2003,
Clarke et al., 2004; Isla and Bujalesky, 2005; Austin and Masselink, QOﬁGb],r}ifhere the
hydrostatic forces of vertical water exchange are potentially so exacting. -
Numerical models for gravel profile development [Powell, 1990; Clarke and Danigaard,
2002; Clarke et al., 2004; Pedrozo Aéuna et al., 2006; Lee et al., 2007] acknowledge the
importance of a 1'igorous- groundwater module to account for infiltrational (parcélation)
effects over highly porous media. The next stage will be to allow for a r‘an'ge of sediment
sizes, and spatial variability in sediment size, as will be needed in gravel beach. ‘sedimeﬁt '
transi:aort calculations. Derivation of mean boundary shear stress, used to describe the
effect of bed roughness on swash flow characteristics, may be obscured by the ttenlinear
interaction of stress inherited from wave breaking, boundary layer development and
micro-topographically induced acceleration and deceleration. Grain mobility, roughness
to flow and infiltration may bé inherently stocha-lstic, dependent on the sta:tistical
distribution of sediment size and shape (facies) through time and space. The bulk
— (porosity, permeability, hydraulic conductivity) and transport-specific (sediment effective
weight, surface tension and fluid cohesion, in/ex-filtration) parameters are potentiz?lly a
complex function of size, shape, packing, orientation and vertical/horizontal gradation.
Assessing the importance of groundwater dynamics in swash zone sedimént transport
may involve -quantification of boundary layer c-levelopmenl:= the contribution of fluid
exchanges to ‘friction’; stabilisation/destabilisation [Turner and Masselink, 1998; Butt
" et al, 2001; Nielsen, 2002]; and measurement of the form of swash lens [Baldock et al.,
2001; Horn et ?,1., 2003; Baldock and Hughes, 2006). It must be noted that ‘friction’ is a
term employed‘loosely for roughness or ‘skin friction’, but in reality additionally
encapsulates the instantaneous dissipatio;l of potential energy associated with turbulent

structures, and the loss of fluid mass, both of which may be more important in gravel
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sechiment transport and piofile dynamics [Masselink and Li, 2001] Separation of the

relative frictional and mfiltrational contributions to shea stiess for'sediment 'traﬁspmt '
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formulations will be mote difficult for gravel beaches than for sand (and pevhaps most

difficult tor nuxed beaches)

On gavel beaches permeability (which-has a sensitive positive n
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sediment size and sorting (Figwe 2 2)

50

e
o
T

s
=]
T

(]
tn
T

[#]
=1
T

¥

Moderately well sorled
$=T1

(]
(=]
T

Hydraulie conduchvity K {m 5™}

-
[
T

101

Very well sorled ¢= 35 ]

0 - 10 20 30 40 50 €0
Mean secdiment size (mm)

Fig. 2 2 Nonhnear sensitunty of hydiaulic conductunty K (m 5~ to size) to mean gran swe (m
mm) and sorting {in &), derwed from Lnear empiricel formulge [Krumbein and Monk
1943] Horn [2002] however, notes that coarse and muzed size distmibutions may not

show this dependence because flows may not strictly be Darcian.

Transport mode

Saltation, traction-bedload and shestflow domuinate the nearshore of gravel beaches

Transport mode will be a durect function of swash hydrodynamies and hydraulics, but

mdvidual clast motion will be dictated by a number of imcro-mechanical factors

attiibutable to size and shape vanation over a heterogeneous bed Transpoirt mode may

have direct influence on the gross nature of sediment sorting, sediment transport and

morphodynanuc feedbacks Gravel 1s laige, so occupies a geater proporbion of the

volume of swash flows relative to sand Sheet flow 15 theiefore likely to he unportant in
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gravel beach dynamics, especially on fuid-thin backwashes. Sheetflow is poorly d(-‘,ﬁn_(—:d,
taken by some authors to mean any co].lision—domiﬁated sediment slurry where —
fluid-momentum forces flow but sediment concentration is high [Savage, 1984]. Others
define it in terms of the Shields parameter [e.g. Vi-’ilson, 1987 defines sheet flow as ¢ >
0.8]; and others in particular reference to dispersive pressures which arise through gféin
collisions, resulting in inverse gradation or ‘shear sorting’ [dispersive pressures are
greai;er on larger grains than small inthe same horizon of flow, causing largerigrains to
migrate llPWa;de; e.g. Bagnold, 1954; Inman et al., 1966; Ciifton, 1969; Saﬂeng_'ér, 1979).
Finally, it may be defined in speciﬁc_refereilce o hindéred settling effects. Baldéck et al.
[2004]. demonstrated that particle settling velocity may reduce to 10% of clear Wat.e.r
settling velocity within sheet flow. At present the nature of sheét flow in the nearshore
(e.g. contact stresses, pressure dispersion, inter-particle collision and hindered settling) is
poorly understood [Seminara, 1998; Dra}{e and Calantoni, 2001], especially for coarse

sediments.

Sorting & grading

Gravel is not only larger, but usually varies over sevéral orders of magnitude greater
than that for I:'neach sands. In consequence, gravel beach sedimeuts.are spatially
differentiated in terms of both size and shape to-a greater degree [Bluck, 1967).
Therefore textural zonation is more obvious on gravel beaches than sand beaches
[Dabkins and Folk, 1970; Jones, 1971; Orford, 1975, forming mosaics of relatively fine
and coarse sediment. The step, cusp horns, strands and berms ave composed of larger
sedime.nt than foreshores, although a nuwmber of levels of textural zonation within this
general case may be discernible as sediments are redistributed. continually (the level at
which sediment zonation becc_:mes important jin terms of the morphodynamics of the
beach is cm;ceptually interesting, and dis;:ussed later in this chapter). Sediments which
are selectively entrained congregate as ‘sediment structures’ or ‘afssemblages’ [Bluck,
1967; Dobkins and Folk, 1970; Jones, 1971; Bluck, 1999] whereby the difference between
a sediment strycture and a packing framework is the difference between a planimetric
and an altimetric pattern (or horizontal and vertical grading) by virtue of their

similarity in response to the prevalent hydro-hydraulic regime. In order to understand

these processes, we require command over this notion of ‘hydranlic equivalence’
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[Rittenhouse, 1943] This condition 1s mamfest through a whole suite of “emergent’
sedimentary prope1ties acquired thiough the mutual association of individual grains in a
mixed population In other words, mdividual grams acquire these plopeltiies only in
context to ‘backgiound’ populations of collections of grains These emerge'nt properties
include packing arrangements (hence porosity, petmeability and hydraube conductivity)
angle of pivot (hence 1elative flow protiusion, shadowing); shape-confiolled imbrications
and angulai-intetlocking, and angles of internal fiiction Moss [1962 1963] invoked the
idea of paiticle 1¢jection/acceptance to explain gradation phenomena through differential
response to swash phase Particles smaller than backgiound size filéer into the interstices
of the lmige {a process known as kinetic sieving) and large paiticles overnde and outrun
the small [called ‘overpassing’, e g Car, 1969, King, 1972 Bnd, 1996; Allan et al , 2006]

That different cross-shoie size-shape zonations exist on gravel beaches (F';gule 23)is
verihed by numerous authois [Flemming, 1964, Bluck, 1967, Oiford, 1975 Willhams and
Caldwell. 1988, Petrov, 1989 Isla, 1993], although the 1elative smportance of size and
shape 1n sorting 1s yet to be resolved Bluck [1967, 1999] postulated on the tendency of
dise and blade-shaped parficles to be preferentially transported upslope acting like a
hydrodynamme ‘wing’, and for spherical and roller shapes to be transported downslope
[echoed by Wright et al , 1979, Willhams and Caldwell, 1988. Petiov, 1989, but not
supported by the ﬁndmés of Carr, 1971, Jackson and Nordstrom, 1993; Allan et al |
2006] It 1s not clem whether sorting by size, and sorting by shape, are achieved by two
fundamentally different mechamsms, or what aspect of amisotropy s imporfant (‘shape’
18, hydio-hydraulically, mult:-faceted, [Wmkelmolen, 1982, Tllenberger, 1991: Le Roux,
2002], so varymng measmes of two-dimensional sphelicity, aspect 1atio and elongation,
and the axially less domunant third dimension, o1 ¢-axds, may produce different responses
to flow, individually, and as part 6f mixed beds)

A multi-size-fraction approach s tequired to model spatial soiting on coarse clastic
beaches such as taken by the sediment transport module of the numerical n:tgdcl
developed by Lawrence et al [2002] which mcludes a multiple size fiaction sorting
algorithm The mean diameter of a sediment sample 15‘m0re than a record of fud power
expenditure 1t 15 a cumulative 1ecord of gram size filtering at successive i)OSltlonb along
the sediment t1ansport pathway This 1s true both of sand and gravel beach sediments.

but perhaps only on beaches composed of the larger clastic fractions does the material
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being transported exert positive feedback control over subsequent transport events, and
hence marphological change. If sd, even multiple size fraction sediment transport and
sorting formulae will not be enough to describe and account for observed changes in

morphologies. This notion is developed further later in this chapter.

The géormetry.of iixed beds - particle selection and
Tejection ledding to.dveipassing, armourihg.and sediment
zonation.
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Fig. 2.3 Diagrammatic portrayeal of selective overpussing and armouring phenomena, ezpressed in
terms of tronisport siresses on individual grains in mized-size beds [after Carter, 1995/,
where overpassing occurs in the longshore fe.g. Bird, 1996] and armouring occurs in both
long-und cross-shore directions fe.g. Isla, 1993].

Longshore sediment transport

" The principle of ‘overpassing’ (Figure 2.3) has been used to explain the existence of both
cross shore and alongshore grading, the latter perfectly illustrated by gravel barriers such
as Chesil Beach in the UK, and Hawke Bay Beach, New Zealand {Carr, 1969; King, 1972;
Bird, 1996]. Overpassing is the process by which, the large scale alongshore segregation of
smaller and larger 'se-.:limeni'J occurs as a corollary .of differential transpdrt rates through
acceptance or rejec;cion into background material. A éreater ratio between individual
large gr'ains and mixed beds increases the propensity for mobility since greater boundary

layer flow projection is thought to concentrate fluid drag about the angle of pivot,
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causing the preferential selection and tiansport of lmger gramns and proximal-distal
coarsening. In contiast, a duminished 1atio between mmdividual and background sediment
would perhaps impede transpot tation thiough hiding effects Jand inverse-grading, see
Isla, 1993] Net or time-averaged grading may be wiewed as a ‘null point’ axgument
[Cornagha, 1877, Bowen, 1980], as 1eviewed by Miller and Ziegler [1958]. and Hoin
[1992]. for every grain size theie exists a unique alongshore position where the
coarse/fine ratio grades perfectly alongshoie

Field measmements of longshoie sediment transport on gravel beaches aie diflicult and
often give statistically umehable results [Lee and others, 2007] Alongshore giading
occws witinn the swash, not as the result of longshme curients sensu stricto The
longshore movement of material mn the swash of gravel beaches, aptly terined swash
‘grazmg’ [Sherman and Nordstiom, 1985] 1¢ the subject of a comprehensive ;e'new by
Van Wellen et al [2000], who mmply that 50-70% of longshore sediment tiansport of
material occurs 1n the swash [also Allan et'al | 2006] This has importance not only m
terms of overpassing and grading, but in the long teim health of beach systemns,
sediment leakage, and planforms Masselink and Puleo [2006] have 1ecently suggested ‘
that the longshore component of cross‘shore domnated swash flows may be more
important than previously realised, although there are few published measwiements of
longshore sediment flux and hydiodynamics in the swash [Elfnnk and Baldock, 2002]
Van Wellen et al [2000] note the particulax shortage of lugh qualty field data on -
longshore sedunent t1ansport/velumetric changes on giavel beaches and spits, especially

during storms [Chadwick et al  2005], wiich has 'severely hampeied progress in this area

Accordmmg to Masselnk and Pulec [2006], the same 15 also true of sand beaches

Morphological features

Bem

The sediment volume contained under a particular beach swface 15 a function of present
processes, as well as past suifaces whlch'ale a function of past processes [Sonu and
Vanbeek, 1971, Caldwell and Willams, 1985] Reflective beaches aie typically
two-dimensional, which should make 1t 1elatively straightforwaird to classify and

characterise gravel beach profile shapes, however the moiphodynamics of secondary
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morphological features imay prove to be more problematic. One reason for this is that it
appears that absolute morphological cha.nges appear larger on coarse grained beaches
than on sand beaches over comparable timescales, even under low energy conditions
[Van Wellen et al., 2000; Kulkarni et al., 2004; Austin and Masselink, 2006a; Horn and
Li, 2006]). Another is that it appears gra.m size exerts some control over the development
and morphometrics of these forms. v
Austin and Masselink [20064] show that watertable outcropping is highly dynamic on

natural gravel foreshores, suggesting that infiltration at the swash-limit contribiites
swash asymmetry, onshore sediment, transport and berm formation. Berm building and
on‘shore ‘migration provides an additional mechanism for maintenance of beachface
reflectivity. Grant [1948] and Duncan [1964] observed that larger foreshore sediments
tend to move -onshore, forming strand lines and berms, whilst fine material congregated
further downslope. This seemed counter-intuitive since the velocity 111a;gnitude (and
therefore flow competency) decreases landwards. Duncan [1964] explained it thus:
toward tfu? limit of each uprush, velocity is insufﬁcieﬁt to retain sediment in transport
because water vélumes undergo increasing diminution through inﬁltratioﬁ. Larger
material stranded af the landwards extent of run-up lacks a mechanism for its-removal
since infiltrational losses have weakened backwash with respect to uprush, although some
fine material is downcombéd by backwash. In this way, a lens of sediment is pushed

" onshore over tidal cycles through cut-and-fill and berm building {Eriksen, 1970; Waddell,
1976; Horn et al.; 2003; Austin and Masselink, 20068; Weir et al., 2006]. Masselink and
Li [2001] modelled the dependence of foreshore slope on swash infiltration, finding a
critical sediment size of 1.5 mm beyond which infiliration-enhanced onshore flow

asymmetry caused significant profile steepening.

. Step & foreshore

The step is a relatively small and steep feature at the base of the foreshore, a submerged
break of slope at the base of the swash zone which appears to adjust to nearshore
hydrodynamic regime [Hughes and Cowell, 1987], characteristic of reflective sand and
gravel beaches, and composed of sediment which is coarser than the sediment

immediately landwards or seawards. Beach steps, which are felatively under-studied,

_ have been reviewed by Bauer and Allen [1995]. "The step is distinet from the scarp
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{Sherman and Nordstiom, 1985] which 1s a subaerial (upper swash or tidally-stranded)
featme The steep seawards facing slope 1s,0f the order of 20° and 32° [Short; 1984,
Larson and Sunamwa 1993] Wave-breaking 1s thought to be forced and modulated by
the step, a moLphodynamc relationship possibly related to wave height [Suniamura,
1984], or surf simlarity parameter Bores develop, shoal, and collapse immediately
followmg bieaking over the relatively shallow (shp-)face of the step at the base of the
foreshore [Austin and Masselink. 20066] Being permanently submesrged. th_e step is
technically not a featine of the swash zone but mitiation and maintenance 1s thought to
have as much to do with swash processes as wave breaking undeigomg dimensional
alteration 1n response to mcreases in wave height at breaking {theiefore wave breaker
type, Sunamura, 1984, Hughes and Cowell, 1987, and changes in swash 1egime, Larson
and Sunamuta, 1993] As such, steps serve to highlight the importance of tim
mterdependence of the pre-and post-breakpoint flind motions on steep beach dynamics
Matsunaga and Honp [1980. 1983] demonstrated that superciifical flow conditions
arrived at by strong backwashes curtailing strongly asymmetrical incident bores can
create a hydraulic jump and associated backwash vortex, under vaalous wave breaker
types that could be responsible for the formation of the step Takeda and Sunamara
[1983] and Larson and Sunamura [1993] developed these ideas into a dynamical model
for step hydro-and sediment dynamics, postulating on the importance of the step m
swash zone flows, slope development, sediment transport and sorting mechanisms
According to this interpretation the step gradient is maintained by the upward stroke of
a backwash vortex which mmpedes avalanching and allows for deposmor; on the crest
The comncrdence of an unstable turbulent boe with an immediate antecedence of
sediment entrained by a backwash vortex may cause advection of material onshore This
process may piovide a mechamsm for preferential slope bwlding and supply the hiberated
coarse matenial for berms and cusp horns

Step dynamics are likely to have consequence for swash zone sedumentation through
convective-advective entramment and transport on the uprush (see also the section on
hydrodynamics and sediment transport) and foreshore adjustments For example, a
recent laboratory study {Lara et al , 2002] found that turbulence associated with
breaking had a sensitive sediment-size dependency, where larger g1avels induced an

merease 10 the vertical velocity gradient and hence larger mstantaneous shear siresses.
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This ﬁnding would suggest that .;,edimont would be convected at the step [where very
coarse grains tend to concen‘tra-té: ¢.g. Short, 1984],- to be advected by ‘
onshore-asymmetrical bores shoaling over the relatively flat step crest. Austin and
Masselink {20064] present a time-series of step dimensional adjustments on a gravel
beach, showing the step to' respond to wave height. The step may [Ivamy and Kench,
.2000] or may not [Austin‘and Masselink, ;2006a] migrate with the tide. Backwash
vortices shiould be most energetic when resonance occurs between wave period and swash
“duratioh [Kemyp, 1975]. Less clear is the requirement for backwash uprush interaction at
the base of the foreshore to force supercriticality. Beach steps may thereby be qentral (#4]
our understanding of the modulation of foreshore adjustments in response to
swash-swash interaction and frequenc;- downshifting {Kemp, 1975; Mase, 1988, 1995;
Baldock et al., 1997; Holland and Puleo, 2001; Erikson et al., 2005]. Indeed, the-role of
the step appears crucial in gravel beach morphodynamics, beiﬁg a dissipative feature
perhaps analogous ta a sand beach bar, and is discussed in detail lat'er in this chapter.

Gravel beaches commonly support slopes in excess of 10 degrees {Longuet Higgins and
Parkin, 1962; Williams and Caldwell, 1988; Austin and Masselink, 2006q]. The relative
importance of nearshore hydrodynamics, sediment characteristics and beachface -
hydraulics, in the mai.nt'enance of reflectivity is unresolveci. Hughes and Cowell [1987]
emphasised the importance of the step in maintaining steep slopes, hypothesiéing that
‘the morphodynamic adjustment of step dimensions to wave height acts in the same way,
or has an analogous morphodynamic role as a dissipative surf zone: Step maintenance
aﬂoxys waves continue to shoal in deep water close to the.shoreline; the energy of wave
breaking 'forced by the step face is spatially concentrated, providing the conditions for
step maintenance and for reflective 'con'ditions to persist. As stated previously, step
height tends to incréas:a with wave height, so surging breakers would flatten the step,
and plunging breakers steepen the step face. As wave heights increase, the dominan-ce of
uncurtailed backwashes would provide the backwash strength required for interaction
further downslope (i.e. at the base of the foreshore), vorticity generation and step
building. Swash zone asymmetries therefore appear to satisfactorily resolve both the
Matsunaga and Honji [1980] hypothesis for step formation and the Hughes and Cowell
[1987] hyf;othesis for beach face reflectivity.

Bagnold {1940] famously stated that beach face angle depends only on the size of
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gams, and was mdependent of wave height Kemp [1975] also thought that there was no
relationship between wave energy and beach face grading Under the Hughes and Cowell
[1987] hypothests, foreshore slopes become less sensifive to mcident wave eneigy simce
the step forces energetic breaking and bore collapse (as stated previously, the step is
therefore the morphodynamic equivalent to a sand bar} The wave energy independence
stated by Kemp [1975]. theiefore, 15 a direct 1esult of dimensional alteration m response
to an mciease in wave energy. up to a certain tlueshold. It 1s unknown the extent to
which beachface sediments mnteract with flows of the {wo swash phases how this affects

swash mteraction modes and therefore beachface morphodynamics

Cusps & Rhythmic Bedforms

Cusps are small quasi-rhythmic crenulations formed at the shoieline by swash flows,
composed of coarse horns and fine bays They are a common ephemeral featuie of steep
beaches, signatory of a 1eflectrve morphodyname state (Iigure 2 4). Accordingly, cusps
are a common occuirence on gravel beaches {Kuenen, 1948 Longuet Higgins and Parkm,
1962. Bluck, 1967, Williams, 1973, Bluck, 1999. Nolan et al., 1999 Sunamwa and Aoki
2000]. but gravel cusps differ fiom sand cusps 1n that they are less of a coherent
morphological form, and more of a collection of loose sedunent structures, more obvicusly

sorted by size, and often forming *bands’ of material down the foreshore (Figure 2 4).

a rmore coherent form {back "'wall')
with a dislinct “erchitecturs*
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Fig. 2.4 The processes of cusp formation on gravel beaches ilustrate the role sediment may hove
i the morphodynarics of those beaches building and mamtarvng morphology through
Jeedback mechanisme to an ertent never matched by sedunents comprising sand beaches
Sand cusp photo courtesy of Dr Peter Cowell
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Bluck '[196.7, 1999] and Sherman et al. [1993] detail a wide range of potential couplings
(facies) between shape and size and associated h}rdraulicaliy équivalént ;sedim'ent
structures which may exist in relation to gravel cusps. Since the size variation of beach
gravels is in general greater, the differentiation of coarse ﬁo_rns and fine bays is even more
ﬁog.iceable. Beach cusp formation hypotheses have been reviewed extensively elsewhere
[Guza and Inman, 1975; Inman and Guza, 1982; Komar, 1998; Coco et al., 1999]. The
developients and discussion of the two dominant 1‘110<-lels, namely the edge wave
[hydrodynamic template, Huntley and-Bowen, 1975a; Komar, 1998} and the -

. swash—circulation/self—organisatioﬁ [Werner and Fink, 1993; Masselink et al., 1997;
Masselink and Pattiaratchi, 1998a, b; Coco et al., 1999, 2001; Massél.ink et al., 2004;
Coco-et al., 2004] hypotheses, have proceeded almost without reference to grgvel Cusps.
Huntley and ELowen [1975a] attribute the formation of cusps on a gravel beach to.
zero-mode edge waves; however, the importance of wave refleetion and associated
standing wave forms on gravel beaches requires much greater scrutiny. Masselink et al.
{2004] has shown that the assumption of edge waves during (or at least to initiate) cusp
formation may not be convincing: energy within the edge wave band for a particular
wave frequency Ir;ay be the product of a whole suite of nearshore processes [Baldocic

et al., 1997], and the only satisfactory method of edge wave detection involves an array
of sensors measuring both the cross-shore and long shore {ferticai structures of the -water
column. Masselink et al. [1997] state that cusp re-formation may be as much the-product
of antecedent morphology as hydrodynamics. One potentially interesting topic may be
the formation and maintenance of cusps in the light of various swash-interaction modes
and associated spectral [Mase, 1995] or frequency-distribution siénature. 1t is clear that
gravel cusps pose numerous interesting and unstudied avenues of enquiry, which may

shed light on the nature of selective sorting at the shoreline.

Storm Beach

Swash-aligned gravel barrier beaches are tliought to migrate onshore over time through a
mechanism known as ‘rollover’ [Carter and Orfofd, 1993), whereby onshore sediment
transport during storms throws material landwards to form a coarse storm-stranded lag, .
or storm beach. The relative altitude of this storm beach to spring high water level is

remarkable, and can only be explained by storm-induced set-up superimposed upon a
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Ingh spring o1 high astronomical tide The material 1s effectively lost fiom the active
beach system, since it lacks a mechanism for removal {offshore transport) during celme
conditions Elevated groundwater levels and bed fuidisation comncident with high enaigy
plungimg breakers is thought to cause seawards-dnected transport, but the seemingly
paradoxical nature of onshore storm sedimentation 1s fa from resolved Indeed, the
mechanism for landwaids sedimentation proposed by [Orford, 1977], mvoking the
formation of a breakei-bar to force wave-spilling at tidal extremities, 1emams the only
mterpretation forwarded thus far Since analysis of high-magnitude stoam events on
gravel beaches 1s exceedingly rare [Sanders, 2000, Orfoid et al , 2003, Cooper et al ,
2004, explanations are necessarily heuristic The Orford [1977] hypothesis remams to be
verthed: mdeed, the foumation of a bat’ (step) would 1equire substantial resistance to
planation [Orfcid et al , 2003] The periodicity and nature of storm sedimentation may
be studied using the mternal stiucture of storm beach sedimentation/spill-over featuies
[Orford et al, 1988. Bluck, 1999], which have good pieservation potential, although the
magmitude of assowiated beach sediment removal offshore, and the effect of this on the

long-term health of the beach, 15 much more difficult to defermine

Relationship between Motphology and Sediments

Morphodynanncs in Heterogeneous Sedimentary Enviromments

Thus chapter has reviewed gravel beach morphodynamics and 1t seems that m these
environments sediment characteristics are, as least conceptually or based on qualitative
observation, central to virtually all tenets of morphodynamics Morphology

{Longuet Higgins and P,érkm, 1962, Austin and Masselink, 2006a] sediment transport
[Kidson et al , 1958: Carr, 1971 Voulgans et al , 1999, Lee and others., 2007]
hydrodynamics and hydraulics {Huntley and Bowen, 19752, Austin and Massehnk, 20065
Horn and L1, 2006)] have erther been shown o1 are considered conceptually to be gram
size/so1ting dependent. It therefore seems more than surprising that, to the authors’
knowledge, the concmirent and co-located measurement of sedirnentology and one a
more of the above attributes over short term and small (process) scales, in a
process-based study with similar sample resolution, has never been attempted on pure

gravel beaches One reason for this may be that measuiements of gran size distributions
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are slow and laborious: It is currently not possible to quantify acourately grain
attributes on a time scale even close to fnorphological' and hydrodynamic measurements.

A handful of p;:e\'ious studies have alluded to the fact that sediment size and
morphological change have a co-variability which may reinforce individual distinet
morphological features, and sediment transport characteristics through those féat;ures,
throxigh feedback processes [Slherman et al., 1993; Tolman, 1994; Rubin and Topping,
2001; Gallagher and McMahan, 2006]. In other -words, if grain size and morphologi-cal
change have a correlated domain of joint variation (i.e. temporal structure) this would
support the suggestion that sediment characteristics may reinforce the evolution of
morphological features. Sensitivity to spatial variations in sediment size is another
dominant theme, with respect to, for example, vertical velocity profiles, morphological
(step, cusp, berm) and textural mosaic dimensions, kinetic sieving (acceptance),
overpassing (rejection), and emergent sediment properties such as hydraulic conductivity
and pivot angle. Larger sediment helps to dissipate and spatially concentrate energy ab
the step, forming a lag where infiltrational fluid losses are ;g“rea.test.

The rest of this chapter develops the potential role of sediments in gravel beach
morphodynamics into a conceptual framework. Carter and Orford [1993] state that the
emergence of sorting patterns thrf)ugh selection, rejection and acceptance tend to create
patterns which resist further movement. In other words, the fornf.mtion -of textural
mosaics and morphologies would progressively have fewer configurational possibilities,
which would lmit further re-organisation. ’i‘herefore, gravel foreshores tend to become
more organised, creating mosaics of sediment which have a distinct form [the sediment
structures of Bluck, 1967, 1999}, which are able to withstand and control transport [or
Limitework éone —'tl;i_s notion is disc’ussed' in terms of ‘entropy’ by Carter and Orford, 1993
and briefly by ‘Cowell et al., 1999], where sediments diffuse to eliminate work gradients.
The wide range of size-shape structures reported in the literature [Bluck, 1967; 1999;
Orford, 1975; Sherman et al., 1993] are interpreted as the produet of this process,
although it is far from clear which sediment assemblages represent periods of stability or
order, and which assemblages are the cumulative product of periods of relative disorder,
and indeed to what resolution one must measure. These claims are based almost wholly
on qualitative observation, but require emplacement within a morphodynamic

framework. Only an extensive data set of concurrent: morphd-sedimentary measurements
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will support, or otherwise, the veraaity of thesé claims

Gravel morphological featuwres would perthaps appeat to confrol the flux of energy and
matter through themselves In other words, gravel beach aichitectures may act as
mechamsms themselves which 1ecycle sediment selectively [Evans, 1939 Longuet Higgins
and Parkin, 1962, Sherman et al 1993, Bluck, 1999], so, cffectively sorting may beget
sorting Sherman et al [1993] cogently aigues that sediment-structures heterospatially
but not stochastically ananged have a distinctive form which ‘survives’ or ‘consistently
appears’ as distmct irrespective of location, due to thew propensity to either migrate in
response to changing conditions (through hydraulic equvalence) or withstand or indeed
even control local process varations-and dynamics either through flow diversion o
constraint, or spatially differentiated hydio-hydraulic properties

The perfect example of such a 1elationship is a gravel cusp (Figure 2.4) This
potentially self-organised system 1s likely to be governed by mternal (infrmsic) dynamics.
and not exclusively by external hydiodynamic forcing it remains dissipative (ie 1t
requires continual eneigy tiansfer), but as 1t grows and becomes a more ordered, stable
form The formation of sediment structures may provide system memaory or templates
for moiphological change, as 1mitial unpatterned (unoirdered) sediments form patterned
(chsordered) states. Time-lags between morphological adjustment (relatively long-term
responses) and hydrodynanucs (relatively short-texm 1esponses) in beach dynamics aie
common smee sediment must be transported to mvoke morphological change [Weine,
1999] Energetics-type models [Bailard, 1981] treat sediment tiansport as "woik done’ by
a hydrodyn'a,mlc machine these sediment tr;mspmt models may have to be adapted n
light of the previous discussion, since sorting unplies the stovage of energy which cannot
be used to do work Sediment soiting may either be progiessive {ie occurs upon
deposition) o1 wstantaneous {1 e occws on entrainment and transpcut) The former
may be 1elated to mixed bed sediment geometry and the processes of selection and
rejection, and-the latter may be more related to flow competence and power Thé
challenge will be m the separation of the signals from the two components which aie

acting 1n concert to sort sediment
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-Bedform Surrogacy

On gravel beaches, why are coherent nearshore bedforlms such as crescentic, longitudinal
and transverse bars, and swash bars_, absent? There may be several contributing factors.
The hydrodynamic boundary .conditi_pns inhibit flow field instabilities [Dodd et al., 2003]
associated with nearshore circulation, rips, shears and infra-gravity motions. Incident
obliquity and longshore sediment flux, or bedload and sheetflow load dominance,
obscures developing bedforms. Bgdform initiation or maintenance requires low angles of
internal friction. One might speculate that perhaps sorting forms g;raded |
sediment-structures, morphologies and mosaics of texture instead of bedforms. In other
words, they draw physical resemblance to bedforms, or are bedform ‘surrogates’. The
explication of scale hierarchies between barely-perceptible and easily-perceptible
seclliment structures and packing frameworks, textural mosaics, and morphological
features, could be nained ‘bedform surrogacy’.

Beaches must absorb enormous quantities of energy to maintain their structure and
characteristics. Sedimentary and morphological reconfigurations and continual
adjustments, through sediment transport, facilitate this energy dissipation. The features
created are specific to available sediment size, and sediment size variation. For example,
as reported earlier, as a dissipative feature forcing wave attenuation, the step may be
-analogous to a bar; and sand and gravel cusps may be morphodynamically equi-final. -
Size-sorting in discrete mixed bedsis a function of relative transportability, whereas
sedimént sorting on bedforms is controﬁed by the passage and recycling of sediment
through the bedforms. Both cohérent bedforms and gravel mosaics and sediment
structures share in common a certain rhythmicity. Considering gra.velr‘feature-s as
surrogates for Quasi—reg;ula’r and coherent nearshore bedforms may uncover analogies for
bedform spatial dimensions and wavelengths; n}igration rates and propensity; alignment;
local ﬂoyv and transport mode modification; and stability fields. Potentially, this idea i]aS
implications for the i‘elative contributioﬁ of form drag to total shéar stress [11311a1iy

) pro.duced by the pressure field -associated with flow over bedforms, JLmt which may
equally have a gravel analogue in the form of coarse sediment patches), and skin friction,
produced by iudividlial grains. Accordingly, textwral mosaics may yield information on

vectorial dispersal and spatial energy gradients over larger areas [the use of grain size
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characteristics 18 an approach common 1n coastal sedimentology, e g McLaren and
Bowles, 1985, Gao and Collns, 1992 - see chapter 8). Equally, sediment structues may
be non-repeating in fine o1 space The ephemeral nature and migiation rates of bedform
sunogaj‘;eS may aid the quantHication of sedunento-morphological relaxation and mertia
Sediments must be tiansported to 1nvoke morphological change. s0 sediment transport
leacing to the spatial distiibution of sedimentary vanables may provide the system
memory ab the heart of many geophysical time lags Textural mosaics, molphologies and
hydrorhydraulics may be developing over discordant time-scales Werner [1999] describes

this phenomenon as ‘slaving’. wheie fast variables aie “slaved’ to slow vaiiables, for

example mn the long-term motion of grams slaved to the migiation of bedforms
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Fig. 2 5 Conceptual morpho-sedunentary-dynamics diagram for the gruvel beach face (modified
from Musselink and Puleo (2006, their Fig 1), which should be used as e gwde o
lusirate the conceptual differences between the-two morpho-types)
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Morpho-Sedimentary-Dynamics

Gravel beaches have-distinet dynamies, which may be explained not only through the
mubual association between fluid flows and morphological change mediated through

sediment transport, but extraneously on the particular controls sediment variations may
exert on nearshiore processes. It has become increasirlgly clear that the morphodynamic
model first proposed by Wright and Thom [1977] can only partially explain gravel beach
dynamics. Morphodynamics is a type of dyadic interaction; 1vhere a cluster of behaviours
doiminates the meaning of each member’s behaviour. Morphodyn'amics is st.ron,‘gly |
non-linear, whereby synergistic qualities may appear which cannot be predicted from a
knowledge of the properties of the iﬁdividual components of a system. No single
behaviour can be separated from the cluster for analysis without losing its meaning in
the sequence. ‘Morpho-sedimentary dynamics’ (MSD) is defined as the mutual
association and feedbacks in operation between flows (hydrodynamics and hydraulics),
and forms (morphological architectures and textural mosaics), mediated through
selective sediment transport mechanisms acting ﬁpon_ the mechanical, hydrodynamié and
hydraulic properties of sediments. It represents a modification of the morphodynamic
domain, applicable where textural differences are so great that traditional
morphadynamics are incapable of accounting for the apparently complex time series of
beaéﬁ geometries and morphological behaviours. An MSD approach treats sediments,
and the spatial heterogeneity of sediment characteristics, not as a Boundary condition
(along with, for example, tidal range, offshore wave height and physical obstructions)
but as a fﬁndamental and integral aspect which permeates through morphodynarics,
which may act as both an expression and control on gravel beach behé.viour'.(Figure 2.5).
There are a number of extraneous interactions and feedbacks between system
components, and more degrees of freedom (the number of parameters which may be
independently varied).- MSD therefore is about complexity,ri.e'. collective and emergent
behaviour through nonlinear interactions, although at this stage we may only postulate
upon h‘ow..v MSD may be implemented within approaches specifically adapied to account
for these interactions, especially over larger temporal and sp;Ltial scales.

The dominant processes in gravel beach dynamics have been reviewed, highlighting

some common themes which unify tlie various components of the gravel beach system,
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the 1epercussions of which impart on how gravel beach dynamics might be understood
conceptually In particular, gravel beach dynamics are thought to be lughly dependent
on the temporal and spatial varation tn giain size and the continual adjustments made
by an active beach step, both of which act not only as the expression of changing
morphodynamic conditions, but also as a controlling influecnce Morphodynamics, the
notion that the exchanges on beaches between the hydrodynamics. sediment f1ansport,
and morphological change takes the foim of reciprocal 1elationslips which are mediated
thiough feedback mechamsmé (1n such a way that they cannot be thought of o1 studied
independently) 15 not a new one Yet 1t appears that for the gravel beach,
morphodynamics must be re-defined to describe conditions whewe variations m sedunent
size are thought to deserve parity, 1ather than as merely a sequent entity or boundary
condition ‘Morpho-sedimentaiy-dynamics® is a phrase comed to intuit such cause and
effect, detailing the co-evolution of morphology, hydro-hydiaulics and sediment
propetlies whilst acknowledging causative pluralism, feedbacks and multipler effects
Tlus is the recommended conceptual fiamework withm which to ciystalhise thought and
orgamse further resemich for the gravel beach. Essentially, 1t increases the muumum
number of parameters needed to describe the state of the gravel beach as a physical
system Theiefore. 1t 1s advised that simpheity will be most expedient in ow future

modelhng efforts, if complexity 1s to be adequately encapsulated
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[2.7) Summary

(i) Studies into the fundamentals of coarse grained beach behaviour may be best
. carried out on pure gravel beaches, an ‘end-member’ in the coastal sedimentological
continuum, isolating the behaviour composed of one sedimentological clags without

the complicating influence of varying concentrations of sand.

(if) On gravel beaches, permeability has an important role in deﬁniﬁg morphodynamic
relationships. The best proxy for permeability, which is difficult to measure en situ,

is sediment size/sorting.

(iii) The mean diameter of a sediment sample on a gravel beach is more than a record
of fuid power expenditure: it is a cumulative record of grain size: filtering at

successive positions along a sediment transport pathway.

(iv) Absolute morphological changes appear larger on coarse grained beaches than on

sand beaches, even under low wave energy conditions.

(v} The dynamics of secondary morphological features may be controlled by
fundamentally different morphodynamic rclationships compared with sand beaches.
The presence and dynamics of these features on a graded gravel beach may be as®

much a funetion of the variable sediment characteristics as forcing hydrodynamics.

(vi) It is currently not possible to accurately quantify granular attributes ona
time-scale even close to morphological and hydrodynamic measurements, but this

is required for the study of gravel beach morphodynamics to advance.

(vil) Various authors have suggested that sediment-properties exeft some cantrol over
suhsequent beach evolution. These claims have been almost wholly subjective and
require not only detailed and diligent verification by field measurements, but also

emplacement within the morphodynamic conceptual framework.

The spatial segregation of sediments on gravel fc;reshores may draw more than
physical resemblance to bedforms found on sandy beaches. Sorting patterns may
be surrogates for bedforms,' and further studies may uncover anaiogies for bedform
attributes and tl.1e processes responsible. Sediments must be transported to invoke

morphological change, so the development of spatial distribution of sédimentary
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variables as bedform surrogates may be phase-lagped to instantancous

sedunentation gradients

(1x) Spatial heterogeneity of sediment properties can be thought of conceptually as
both an expression and a control on gravel beach mo:phodynamics, howevel, it has
not thus fa1 been convincingly demonstrated that morphological change leaves a

parametensable sedimentological tiace on beaches of any composition.
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'_gw.;anules with minor quantities of interstital éoa.rselsand: up to 80% s quartz flint and
quartzite, with small amounts of rh-;,z'olit;e, felsite and granite [Mottershead, 198-6; Job, -
1993]. This remaining 20% reflects the variable cliff and catcliment lithologies. The
gravel which makes up the modern Slapton Sands extends to 200-400m (increasing
southwards) seawards of the low tide shoreline [Job, 1993], beyond which the Bay is
composed primarily of medium-fine sands and muds rich in shell fragments [McManus,
1975). Sediment sizes present on the harrier fall in the 1-64mm range, with I‘I.IOSt
sediment between 2 and 16mm. For a gravel bap'ier in the UK, this is wnusually well
sorted and fine. The primary reaéon is that it is a closed sedimentary system, and
presumably has been for some time. It is also probably I?ecause the barrier position has
remained so steady, meaning that the gravels have been reworked by waves for more
than 3000 years. ']..‘here is little published data on abrasion rates for marine ﬂint‘s,

‘ although Latham et al. [1998] concluded that it would take 2300 years for a 90%

reduction in volume for flints. Tt would therefore suggest that the sedimentary size range

at Slapton was in the regim'l 10-640mm some 2300 BP. Contemporary Slapton Sands is
graded both cross-shore and alongshore, although this is highly variable. The thickness-
of the barrier deposits (Figure 3.3) varies between 5 and 11m, and in most places overlay
brackish and marine muds [Chadwick et al., 2005]. The composition of gravels lain at
depth are remarkably similar to modern day intertidal sediments in terms of shape, size
and lithology [Kelland and Hails, 1972; Hails fat al., 1975]. Central Slapton Sands is
composed of some 11m depth of .gravel, resting on marine muds whose surf_ace lies at
approximately -5m ODN [Mottershead, 1986]. It has been esimated that Slapﬁon Sands
has a total volume of 6.9 million cubic metres, some 69% of the total material comprising

the beaches of Start Bay [Morey, 1933).

Wave & Tide Climates

The tidal regime is semi-diurnal and macrotidal, with a mean spring tidal range of 4.6m
at Start Point [Carr et al., 1982]. Tidal levels for Slapton Sands are detailed in Table 3.1.
The directional wave field is bi-modal, dominated by south-westerly Atlantic swell, which
is attenuated by the la,rge expanses Of shallow water in Lannacombe and Start Bays,

refracted by inajor headlands and subtidal shoals and banks [Holmes; 1975}. Higher




Wave & Tide Chrnates 42

enelgy waves genelated over smallet fetches to the east are less frequent [Holmes, 1975]
but can be significant geomorphological agents often causmg a marked reduction in
beach volumes [Job, 1993, Chadwick et al 2005] This 1s perhaps due to the headlands
at exther end of Slapton Sands bemng sufficiently spaced, and the bairier has suficient
central curvature (indentation) to disallow sigmficant sheltciing ‘end cftects’ fe g Klain
et al, 2002] theiefore the beach 1s subject to some exposure The strongest wave eneigy
18 thought o be at south-central portion of the Bay at Beesands, because of 1efiaction
effecis caused by Skeinies Bank [Holmes, 1975] on easterly stormi waves, however these
conclusions aic at odds with HydauhesResearch [1991] wluch stated that northeastely
waves undergo minimal modification

There has been little published work on the wave chimate of Stait Bay, aside from the
modelling efforts of Holmes [1975], HydrauhcsResearch [1991] and Chadwack et al
[2005] The shorelines of gravel beaches such as Slapton are commonly thought to be
dominated by subharmonic energy [Wnght and Short, 1984] and indeed 'subharmonic
edge waves (a speaal case of reflected long wave trapped at the shorehne, with a period
exactly twice that of the mmadent waves), which are lustorically grven special 1mpot tance
by gravel beach researcheis [e g Caiter and Orford, 1984, 1993, Sherman et al, 1993),
wele first 1dentified in the field at Slapton [Huntley and Bowen, 1975a] Subharmomnic
edge waves are commonly associated with the formation of cusps {Wright and Shoit
1984, Sherman et al , 1993, which are geneially absent at Slapton Austin [2005],
through a serics of detailed field cxperniments at Slapton, showed that subhaimonic
energy at the shoreline of subordinate importance to incident eneigy, thus challenging
the commonly-held belief that subharmonic edge waves are an mmportant component of

the nearshiore hydrodynamics of Slapton

Tab. 3.1 Tudal levels, from Burt [1993]

Level Elevation (m, ODN)
Once in 100 years tide level 315
Higest astronomical fide 285
Mean High Water Spimgs (MHWS) 22
Mean High Water Neaps (MHWN) 1.0

Pumarily for the purposes of Chapter 7, thiee principal souwrces of secondary

hydrodynamic data have been used (in addition to the nearshore wave data obtamned as




Fl
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part of iudividﬁal monitoring campaigns-see:chapters 5 and §). The first, and longest,
record was that of'M;at. Office st.ation 6210-:3 Channel Lightship, part of the UK Marine
Automatic Weather Station network. Wind speed (knots), wind direction (in degrees),
siéliiﬁcaut wave height (m) and mean wave period (s) data was available hourly since
12th May 2003. Signiﬁcant wave height (hereafter, I,) is defined as the average height of
highest one third of waves in the rmeasurement period. The second source of
hydrodynamic data was the outputs from the WAVEWATCH III (WW II¥) model
[Tolman, 1991, 2002¢g], a third generation wave mod(:aI developed at _NOAA (National
Oceanic and Atmospheric Administration of the United. States). r.[“llis deep wat-er
(>15m) model outputs have been logged every 6 hours, from 19th January 2004, for a
model node at Start Point at [50°Lat., -3.75°Long., Figure 3.4). The data consist of wind
speed (ms™1) and direction (in degrees), H, (.m), Tonean (8)y Tpeak (8), and wave direction
(°N}. The final hydrodynamic data source was an inshore Datawell Mk I1T directional
waverider bugy within Start bay, in 10 water depth, located at approximately at
[50.29°Lat., -3.61°Long., Figure 3.4]. Data is telemetered by radio link to a nearshore
base station and then made available by the Channel Coastal Observatory {CCQ). Data
have been obtained every half hour, from 5th April 2007, consisting of H, (m); maximum
wave héigl_lt (Hinez, m); peak wave period (Tpeqr -Wave period at which the highest wave
energy is centred, s); zero-crossing wave period {T, s); mean wave direction (direction of
the—waves of period Tpeqt. in degrees, measured clockwise from magnetic north); and
-wave spread (the distribution of energy around Tpeak, in degrees. Low values indicate a
narrow-banded seﬁ and high values indicate a broad-banded sea).

Daily weather records have been collected by staff at Slapton Ley Field Studies Centre
since the spring of 1960 [Ratsey, 1975; Burt and Horton, 2001]. A climatological station
was designed and set up with the assistance of the Meteorological Qffice to measure a
suite of meteorological variables at 9am each day by a Met. Office trained individual.
This ste;.t-ion is located to the north east of the Field Centre at an altitude of 32m (Figure
3.4) and is reasonably wei-l exposed. Of primary interest to the present study, primarily
chapter 7, were records of temperature, wind speed and wind direction, as indicators of
E'stcu.-miness’. Annual means have been taken of daily weather records collected by FSC
Slapton Ley, and these are charted in Figure 3.5. A linear Ieasi;—squares fit through the

wind speed data indicates a general decrease since 1960; and wind directions have shifted
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slightly to the south and west. Temperatures and rainfall are increasing,
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Fig. 3.5 Annual means in, clockwise from top left: mex. and min. temperature, rainfall, wind
direction, and wind speed.
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Contemborazy Pressures & Management Issues

It is.predicted that sea levels will be some 0.5m higher than today by the year 2100
[IPCC, 2007], “’hiCi’l will make extreme water levels more <£0111n10n, subject larger areas.to
more frequent (and more damaging) coastal flooding, and: cause more frequent breaching
and failure of coastal defences. Tide gauge measm:eme,nts at Newlyn near Penzance in
Cornwall show a 25cm rise in sea level since records bégan in 1915 [Gehrels, 2006), at a
'1.'ate, of 1.7mm/year [PSML, 2006]. The UK Climate Impact Programme predictions for
the southwest for the year 2080 und;ar a low-emisgsion scenario are a relative sea level rise
of 16em (revised to 20em by Chadwick et al. [2005] to take into account local isostatic
readjustments). The central shorelines of Start Bay (Slapton Sands) experience perhaps
the least wave energy, however it is here where the integrity of the barrier is perhaps
most threatened, due to either an alongshore drift divergence [Chadwick et al., :2005] or

because of the thinning influence of barrier curvature. Pethick [2001] calcilated that
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central Slapton Sands has suffered aveiage annual retreat of 0 8m/year between 1972 and
1995 and that the bairiel 1s decleasing in width by 15m per centmy There 15 no
evidence of contemporary sediment supply fiom offshoie to sustain the baruers of Start
Bay. although there 1s hkely to be a long-term redistuibution of sediment between
individual baniel systems For example, there 1s anecdotal and histaical evidence for
beaches at the extiemes of the bay (towards Strete and towards South Hallsands) to be
miutch more de‘p]eted or accreled than today, suggesting vervy long term beach 10taiions
Job [1993], for example, suggests that the net littoral pathway was southwards in the
nineteenth cenbury, the opposite of today, pomting to the very healthy beaches at South
Hallsands during this time Beach losses and crest cut back 1n the winteis of 1995/G and
2000/1 suggest a negative sediment budget, but this 1emains speculatory

Figure 3 6 shows a map of Slapton from 1890 oveirlamr onto a modern aenal
photograph Recessions m low tide shoreline are m evidence for the entire length of the
barier, and are marked onto this figure shaded m 1ed This shorelne 1ecession wedge
significantly thins northwards. and at least quahtatively, supports the figure of 15m
shoirehne recession pel century at Slapton, quoted by Pethick {2001], 1n 1esponse §o
barrier rollover under mereasing sea-levels Chadwick et al {2003}, who cainied out a
shorehne analysis for Slapton for the years 1999 to 2002 using a longshore sediment
transport and one-contour shorelme model, stated that shoreline changes up to 45m
could be possible at Slapton over a 4 year period Job [1993] notes that the
accumulation of material towards the north may have been .a 1elatively recent
phénomenon, and that there 1s map evidence which suggests the during the nimeteenth
centwy net drift may have been southerly (a theme elaborated upon in Chapter 7) At
the present time the subject is unceitain, a lot of the evidence being anecdotal A
detailed historical analysis of shorelines within Start Bay warrants fuither study

Eleven cross-shote lines have been smveyed by the Field Studies Council, Slapton Ley,
between 1972‘and 2003 The intervals in tiune are wiegular, however, for eight of these
profile lines a total of 32 swveys were carried out mn these 31 years, so data from these
were deemed to have sufficient temporal resolution fo carry out an analysis of shoreline
positions through the past three decades The bearings of these profile hines 1ange
between 100 and 120 degrees 1elative to magnetic north, and the surveys were pertormed

using a dumpy level Twenty-tlnee profiles from eyght locations spaced approximately
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and overtopped. _As a result, an important war memorial had to be resited, and a 250m _
section of road re-built (indeed, set back-) which pr(;mpted the closure of that road, a
vital local transport route, for more than 3 1-110nfshs. As a direct resm;lt of the
inconvenience caused by the storm, especially to road users, a local interest group called
the ‘Slapton Line Partnership’ was formed comprised of local councils and conservation
bodies to make a decision on the future of the area with specific reference to the road.
The decision is not Strajéht forward, since the barriers natural response-to storms and
sea level rise is to transgress landwards [Pethick, 2001; Orford, 2001]. In addition, both
the barrier and its hinterland are nationally protected (SSSI, AONB, NNR, HC, GCRS)
natural features [Barne et al., 1996). :In 2002 the Slapton Line Partnership commisonned
Atkins consultancy to carry out a scoping study, and later Scott Wilson consultancy to
carry out a detailed study on the future of the barrier [ScottWilson, 2004; Chadwick

et al., 2005]. In 2007, another consultancy (Roval Haskoning) reported its findings from
another major study into the possible ¢consequences of coastal breaching and flooding for
Slapton Sands.

Bight cross-shore lines, spaced appi'oximately 300m alongshore between Torcioss and
Strete, which were surveyed before and after a major storm which hit the ban:ier on
26-2Tth October 2004.. The surveys were carried out on the 26ti1 and 28th October, and
again after a spring-spring tidal cycle on the 12th November, using an electronic total
station. This data set was used to study both the behaviour of the beach in response to
extreme storm conditions and the rates of its recovery, and also to draw comparisons
between the changes measured fortnightly during 2006-2007 and the changes during a
onv—frequéncy, high-magnitude event.

The data collected surrounding the October 2004 storm is a good example of the
profile response from an unusually severe storm. The storm that hit Slapton on the
27-28th October 2004 consisted of a coincident south easterly gale (maximum offshore
H, in excess of 5.5m) and high spring tide, resulting in a 0.75m storm surge, and
overtopping waves. Gravel and debris deposited on the road immediately behind the
beach frontage, both of which were closed for a short time, although overall no
significant damage was caused. The storm induced crestal cut back, beach lleaq;l erosion,
and a new steeper post-storm beécl-l profile. The measured profile changes are ‘the

subject of Figure 3.8. The magnitude of change during one storm event can be greater
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than the net changes ovel an entne year, although the ci1oss-shoie location of change 15
crucially different, being confined to a nairower zone closer to the shoreline under noimal
wave conditions As well as significant erosion (and some upper beach accretion due to
over-washing), Figure 3 8 also shows that the beach can 1ccover very quickly-the black
dashed hine representing the profile one spring tidal cycle after the stovm shows that the

beach had regained a lot of matenal after just two weeks of calm conditions
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Fig. 3.8 Profile change as o result of the October 2004 storm (increasing northwards from the
left to Tight of each row) Measured profiles from 26th October (solid lmes, prior to the
storm); 28th October (dotted, tmmediately after the storm), and 12th November (dushed,
after one spring-spreng tidal cycle)

These repoits have all mghhghted the need for (especially experimental/field work
based) medium-short, term morphodynamic studies at Slapton Sands to complement a
literature of mare extensive and longel term geomorphological history of Start Bay

[PosfordDuvivier, 1998, Ortford, 2001, Petluck, 2001. Halcrow Group, 2002, ScottWilson,

2004]. These 1eports highlight the uncertainties surrounding moiphological change and
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_ Morphodynamics of Slapton Sands

.Slapton Sa;nd's is an ideal location for the scientific study‘ of gravel beach
morphodynamics. It is a pure gravel beach wikh very minor quantities of (un_desitlable)
sa.nd (Chapter 2). Nearshore wave conditions are energetic enough to drive significant
morphological change over all scales of interest (Chapter 1), and the beach experiences a
large range of sea states over a given year. Profiles are strongly two-dimensional, and
so-called swash aligﬁed. In addition, there is a long tradition of scientific studies-at
Slapton [Burt, 1994, for example Slapton Ley field studies centre have carried out
discontinuous monitor‘ing of various profile lines since 1972 [Chell, 2002], revealing the
dynamic nature of profile adjustments], and renewed impetus into studying its dynamics
in recent vears, in part reflected "by an Argus camera systern installed in July 2005; a
directional waverider buoy installed by the Channel Coastal Observatory (CCO} in April
2007, and recent initiation of a profile monitoring campaign by the CCO [Bradbury,
2001]. Most importantly, it is a beach pereeived to be at risk, and knowledge of its
dynamics is likely to inform management decisions made in the near future. SCOPAC
[2007] stated that a detailed sediment budget is required for Slapton Sands, as are a
profile monitoring campaign and a detailed study of the beach’s sedimentology.

Sediment modification, loss or supply from in-situ weathering is thought to be
negligible. For example, cliff recession is slow: analysis of cliff weathering rates just to
the west of Start Point, [Mottershead, 1983, 1989, 1998, 2000] suggest that weathering
products are removed by solution. Fluvial and aeolian transport are not contributing
significantly to the nearshore littoral sediment budget. Contemporary offshor-e and beach
mining is absent, and the only beach replenishment that has taken place at SIapton

' ‘Sands was the one-off creation of four *bastions’ in the central portion above MHWS in
2002 using material from Strete in the north. Hard artificial coastal structures are
limited to Toreross, and impact minimally on the dynamics of the beach.

There are a handful of coastal process studies which have been carried out at Slapton
and the remainding paragraphs of this chapter is devoted to briefly summarising their .
findings. In a sediment transport study, Carr {1974] provided evidence that relatively
small pebbles travelled the maximum alongshore distances, in contrast with similar

studies on Chesil Beach, Dorset, attributed to the phenomenon of overpassing [see
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Chapter 2, and Cair, 1971] Carr [1974] and Gleason et al [1975] report tracer
measurements mdicating a weak net noitheily drft PosfordDuvivier [1998] calculated a
net northward alongshore transport rate at Slapton of 61.500m? /yem, although these
results were calculated usmg a sediment transport model which has not been validated
for gravel sized sediment, prompting Chadwick ef al [2005] to re-evaluate alongshore
transport direction and rates using the formula of Van Wellen et al [2000] which had
been validated for coarse grains Tiley also found net northwards movement for
1999-2002, m the region 25 000-75 000 m3/yea1 In a cross shote sediment trapping
study Austin and Masselink [2006a] found that even low energy swash transpoifed
significant sediment volumes (up to 20 kg per unit metre beachface) As yet. no
statstically significant coirelations have been found between net sediment drift (as
determined from tracer expeliments) and wave parameters [Gleason et al , 1975, Carr
et al . 1982]. Carr [1974] and Gleason et al. [1975] both 1eport that Slapton 1s generally
graded alongshote, fining northwards, but also that reversals in grading can occur over
the shoit term Indeed, Job [1993] axgies that Slapton coarsens nothwards No studies
have been able to shed hight on whether the sediment budget for the beach as a whole 15
in balance.

Austm and Masselink [20064] noted highly sariable spectral widths, indicative of a
highly variable wave field composition Huntley and Bowen (1975) concluded that
secondary wave generalion associaled with refllection may be sigtificant, although Austin
[2005] downplayed the sigmficance of these standing wave forms Both Austin and
Masselink [20065] and Horn and L [2006] report measurements of groundwater responses
to swash flows, concluding that groundwater dynamics were important factors in
observed morphological changes Austin and Masselink {2006¢] found that the active
beachface m the centre of Slapton Sands was 1eflective, with a mean slope of tanf=0.2
and a mean grain size of approximately 6mm. moderately to well sorted, echoing Gleason
et al [1975], who also noted the hmited extent of a storm beach, indicative of frequent

mundation of the back beach, as well as a hmited range 1 available gran sizes
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Summary

.Slapton Sands is, desp.ite its name, a pure gravel barrier beach thought to have been
formed by Holocene marine transgression and to have remained in approximately the
same position for 2-3000 years. It is well sorted and graded both cross shore and
longshore, although this is highly variable. Tt is distinctly two-dimensional, however
morphological changes can be substantial over several time scales of interest. It is
unknown whether the beach has a positive or negative sediment budget, and the extent
to which material is exchanged between nearshore and offshore under a range of
conditions. It is possible beach rotation, and exchange between itself and neighbouring
beaches within Start Bay, occurs on decadal to éentennial time scales. The local
hydrodynamics are poorly documnented, howevér it is clear that wave ficlds are strongly
bimodal with respect to direction, and highly variable over an average year. Due to a
long term landwards transgression and an apparent accelerated rate in sea level rise,
Slapton Sands is considered under threat from breaching and overtopping, although the
effects of storms on the barrier are poorly studied, and depends critically on the ability
of the system to maintain a sediment supply. The local importaice of the beach cannot
be understated. Slapton Sands is an ideal location for the study of gravel beach
morphodynamics primarily becausé it is relatively devoid of human interference, and it

contains barely significant quantities of sand.




SEDIMENTOLOGICAL INFORMATION FROM THE

PROPERTIES OF DIGITAL IMAGES OF SEDIMENT

The least movement 15 of importance to all nature The entue ocecan 15 affected by a pebble

Blaise Pascal (1623-1662). French Scientist & Plulosopher

Chapter Summary

The autoconelation technique for estimating grain-size from digital images of sand beds
has been extended and validated for use on coaise sand (0 7mm) and gravel (up to
~20mm). A number of aspects of the techmque have been explored and some potential
improvements suggested Autocoirelation 1s just one smtable statistical method sensitive
to the grain-size of sediment in digital images, four additional techmgues aie presented
and thelr 1elative ments discussed A collective suite of techniques applicable to the
general problem of grain-size estimation fiom digital images of sediment mght broaden
the applicabihiy to more sedimentary environments, as well as improve its accuracy
These are compared using a large data set from a gravel bariier beach m southern
England Based on over 180 samples, mean gtain-size of sieved and imaged sediments
correspond to within between 8 and 16% Some theoretical aspects of the spatial
arrangement of image intensity i digital 1mages of natural sediments aie addiessed,
including the fractal nature of sediments in images, which has potential implications for
dervation of gam-size distributions trom images of sand-sized mateiial through

segmentation and thiesholding These may also find application 1 further uncovering the
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geometric structure of these beds, as well as in the simulation of sedimentation processes.
A new technique to estimate the graiu—éize distzibution from a digital image of
sediment is proposed, advancing the applicability of a suite of sedimentary
‘look-up-catalogue’ approaches originated by Rubin [2004]. The o'utput;s of an automated v
procedwre to estimate the grain-size distribution from digital images of sediment arve
examined with reference to the distributions qbtained from manually sieviig the
corresponding sediment samples. Measurés of grain-size obtained from the imaging
procedure correia_te very well with grain-size measures derived from the mass-frequency
curve. Using the new distribution estimation technique, more realistic distributions are
obtained than previous metheds. The shape is not always mimicked exactly, however the
percentiles obtained from the cumulative distribution compare well with those from
steved distributions, which allow for the first time computation of sbrting and skewness
which are accurate reflections of those measures obtained for sieved samples. Thus for
the first time, it has been demonstrated that an automated technique based on the
statistical properties of digital images of sediment is able to provide a realistic grain-size
distribution. A realistic Grain Size Distribution (GSD) allows accurate estimates\of GSD
percentiles, w_hich in turn allows the graphical parameters for sorting, skewness and
kwrtosis to be calculated. The values obtained for sorting and skewness were reasonable,
which broadens the applicability of rapid, remote and automated quantification sand and
gravel sediment for use in sediment trend and transport modelling, and detailed studies
into spatial and temporal sedimentation in a number of sedimentary environments.
Indeed, it is now possible to measure grain-size nearly in real time in the field and in
the laboratory, enabling enormous spat\ial and temporal coverage and resolution. Data
collection can be very cheaply set up so as to be almost fully automated, and continuous.
High resolution grain-size information may thus allow a new generation of sediment
transport and morphological models with time-varying grain-size and associated/derived
parameters, including temporally and spatially updatable shear stresses, friction,
porosity, and transport efliciency terms. Work such as this promises to revolutionise field
and laboratory studies where grain-size, and spatial/temporal- variations of grain-size,
respond or reflect the close kinematic coupling between bed composition and flow fields,
which in turn drive both further changes in flows, and changes in landforms [Rubfn and

Topping, 2001; Gallagher et al., 2003).
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Drivers for Research & Intioduction

Gramn-size mformation from natural environments is traditionally obtained using
methods such as sicvimg laser difftaction, and sctthng The slow and labour-intensive
nature of these methodologies has hited the spatial and temporal resolution with which
one can collect grain-size data, which 11 turn has hindered our detailed understanding of
sediment transpoirt and geomor phological change Indeed, studies of system dynamics,
where gram-size 15 considered an important parameter are fundamentally himited by the
difficulty of sampling for sediment at the requned fiequency One additional
disadvantage is that sedmment must be manually sampled, therefore physically removed
fiom the environment under scrutiny, potentially altering subsequent system
developm:ant Only remote sensing methods can measure grain-size at a resolution

comparable to measurements ot hydiauhe, hydiodynanue and

morphological /topographcal conditions

{a) Typreal cross—secton threugh fine and coarse sediment (b} 2mm Sediment S00x500 pixels
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Fig. 4.1 The nature of miensity variations w tmages of sediment cross sectronal profile through
wnages of 2mm and 16mm sediment (panel a, solhd and dashed line respectwvely), and
magnified poritons of the same wmages, with scale {panels b and ¢)

The problem of derving sediment size information from digital images of sediment has
been approached using two different famuhies of techniques The fixst is based on edge

detection and image segimentation principles [Butler et al , 2001; Sime and Feiguson,

2003, Graham et al, 2005] Such techniques rely on marked 1mage-intensity contiasts
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between grains and gaps between grains (mtelstlces) makmﬂ tluesholdmﬂ‘ possﬂ)le to
discriminate grains from the background mtensu,y lev els [Slme and Felguson 2003], to
discern individual grains. These methods are thus far only suitable for instances where
thé overlapping of individual grains, or the apparent coalescence of adjacent grains due
[;6 indistinguishable similarities in colour and texture, are negligible. Such images are
much more likely to be found in the larger sedimentary Iractiox-ls, such as coarsé gravels,
cobbles and boulders, or surfaces composed of_:' sand/clay and gravel mi'xtures,- where cne
is ableto apply thresholds to remove entire classes of grains. Imd“'e& of coa1se sands and -
fine sands are compused of comphcated objects that are difficult to segment: they have a
much greater number of individual grains per image (Figure 4.1, b and c) so the
potential for errors associated with grain overlap and grain coalescence, which have the
effect of making the collections of grains appear larger than they really are, is sig’niﬁcan;c.
The second approach is to treat grains within an image not as individual objects, but
as a collection of ‘textures’. With reference to Figure 4.1, sediments of varying sizes have
recognisably different textures, for example the spatial arvangement of greyscale
intensities is much more variable in images of smaller sediment (Figure 4.1). In such
‘cases, accurate grain-size information of natural sediment surfaces may be derived
through the statistical properties of those images, based on the notion that:. intensity
values in any cross-section of digital images of sediment (Figure 4.1} are more similar
over space in coarse sediments than in fine. Rubin [2004] showed that the ‘
a;.itocorrelat;ion function, used as a measure of two dimensional spatial (in-) dependence,
¢ouid be seﬁsitive to the size of grains within images of sand, and thus, given careful
calibration, could be used to derive a rapid, yet accurate, measure of sediment size. This
makes it possible to use remote sensing.to measure grain-size nearly in real time in the
ficld and in the laboratory, enabling enormous spatial and temporal coverage and
resolution {Gallagher and McMahan, 2006; Rubin et al., 2006; Mustain et al., 2007;
Ruggiero et al., 2007]. Data collection can be very cheaply set up so as to be almost fully
automated, and continuous. Work such as this promises to revolutionize field and
laboratory studies where grain-size respond or reficct the close kinematic coupling
between bed composition and flow fields, which in turn could drive both further changes
| in flows, and changes in landforms [e.g. Rubin and Topping, 2001; Gallagher and

McMahan, 2006). High resolution grain-size information may thus allow a new
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generation of sediment transport and morphological models with fime-varying gramn-size
and associated/derived parameters, mcluding temporally and spatially updatable shear
stresses, friction porosity, and transport efficiency terms.

The purpose of this chapter 1s to develop and vahidate a methodology which will give
1ehable and rapid estimates of gran-size distributions from digital images of sediment
beds, using reliable and inexpensive methods The present study 1elies on the numeiical
and computational methods employed for the estimation of gramn-size distribution
parameteis to be sound, for although the present work does not solely rely on automated

gramn-size analysis using cameras, 1t does to a large extent The objectives are therefore

thheefold

To develop and test a suite of statistical routines for giamn-size estimation on use on

coarse sand and gravel sized sediment
To 1mprove upon and validate existing algorithms for gramn-size distiibution estimation,

To explore the suite of techniques employed here 1 oider o give them a sounder

theoretical basis and make them more broadly apphecable

This contiibution extends the statistical approach of Rubin [2004] in two ways Fhstly,
by designing and validating a field image-collection methodology for use with
g1avel-sized sediment Secondly, and more importantly. the general problem of obtaining
an estimate of gram-size from an image of sand/gravel is put on a firmer theotetical
basis by extending the theoretical/algorithmic work of Rubin (2004}

After a detailed mtroduction to the general problem of obtainmg an estimate of
grain-size fiom a digital image of sediment, termed ‘look-up cataloguing’ (LUC), fowm
new numetical methods are mtroduced, three of which are prompted by the suggestion
that the two-dimensional (Fast) Fouriet tiansform (heieatter referred to as 2D-FFT)
may be a viable alternative to the spatial autocorrelation 1outine to derive gram-size
mfoimation from digital images of natural mixed beds [Rubin, 2004 p 160] The
2D-FFT algorithm has been apphed to images for denvation of variograms, power
spectra, and fiactal dimensions The fourth numencal procedue is an autoregiessive
model, which quantifies serial conelation and thus 1s 1n the same family of methods as

the autocorrelation function It is found that sunilar results aie achieved using a number
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of differcnt numerieal techniques. Some examplé research applications are presented from
a gravel beach, and the relative merits of differént methods to obfain grain-size féom
images of sediment are evaluated. Theoretical considerations of the LUC apbroach, as
well as the use-of both statistical and segmentation methods in practice, are discussed
before conclusions are drawn.

Several techniques have been utilised b-eca.use they allow the nature of spatial
variability of grey-level intensities withiﬁ images of sediment to be explored theoretically.
They may therefore provide ._a starting point to the rapid, automated and quantitative
" description of additional sedimentological traits such as grain orientation, shape, sorting,
bimodality and mineralogy, which should be possible using the techniques presented in
this paper for sizing. In addition, the use of these techniques may be usefu] in artificially
modelling grain surfaces for use in sediment t1:ansport simulations and elsewhere.
Researchers working in a wide range of environments are more accustomed to certain
Fechniques than others, so the adoption of statistical sedimentological techn,ique;; is
facilitated by exploring and suggesting a range of acceptable alterl_lati;res. Finally, since
at present the primary advantage of LUC methods for sediment size is sample processing
speed, a number of methods. have been suggested who’s speed or accuracy may depend

on the software or (high-level) programming language used.

The principles of Sedimentary ‘Look up cataloguing’

A standard red-green-blue (RGB} digital image is transformed into a ‘greyscale’
(intensity) image by eliminating the hue and saturation information, while retaining the
luminance. The resulting two dimensional matrix is composed of 8 bit values which score
shades of grey (intensity)} in the visible spectrum on a 0:255 point scale. F:igure 4.1
demonstrates the nature of variations in intensity between relatively fine and relatively
coarse sediments. There are algorithms which are sensitive to either the serial correlation
of numerical values represented by such images, or the nature of ‘texture’ within the
images (i,e. statistical properties which tell us something about the two-dimensional
distribution of grey levels within an image).

The numerical technique should operate on the information within the entire image or

a large proportion of the image (two dimensions), not a single pixel line, to retain the
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— —- ——desired-spatial-ai1 angemené-of miensity within the image This technique quantifies the
size information obtained withm the sediment wmage Calibration images are taken of
sediments which have been sieved into a number of size fractions, and the chosen
numerical procedwme is applied to each 1mage to build up the catalogue The number of
observations must equal the number of observations 1n the calibration catalogue, so the
calibration catalogue will consist of n obser vations multiphed by m cahbration sizes
The procedure then involves ‘looking up’ the elements of the sample in the calibiation
catalogue and, based upon then location returning output values interpolated within
the elements of the catalogue The catalogue becomes a look up table’, a data structwe
used to find solutions based on several pre-computed solutions This general procedure
may be termed sedimentary “look up cataloguing’ (LUC) Note that the use of several
calibration catalogues is hkely to enhance the accuracy of the estimated sizes these
cahibration 1mages must be based on sediment sizes derived from sieving, and not the
outputs (t,rf previous LUC application to images of sediment to avoid propagation enors.
The calibration catalogue used may be similar to the (much simphfied) table below,

which contains typical values associated with the autocorielation method

sample 40mm  20mm  10mm  Smm m calibrationsizes

09938 ( 09966 09953 09958 O 9950
09911 9889 (9843 09859 090826
09770 87186 09691 09720 09642
0 9586 08666 09511 09546 09409
09448 28587 09314 09338 09136
09111 09403 09108 09106 08833
0 8956 09269 ©@8901 08854 08513
08743 09136 0 8692 08550 08182
0 8632 09005 08486 08319 07849
0 3477 03876 08288 08044 07517

n lags

The values highlighted 1n bold are those in the calibiation (within brackets) which
. most closely match the sample (on the left) at every lag. so this ssmple example would
have a gramn-size array of X = [5, 40, 40,40, 40, 20, 20, 20, 20, 20] with mean value 26 5mm
(note that mn reality several more lags, and several moie calibration sizes would be

required, as would interpolation between sizes as explained below)
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wildly inaccurate using these-distribution estimation methods.
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Fig. 4.3 A Comparison of G8Ds and cumuletive GSDs obtained from sieving (solid line), and
imaging the sume sanple (Figure 4.2). Dotied tines indicaie the GSD derived using o
linear least-squares and histogram opproach; and dashed lines indicote the distribution
obtained from e linear least-squares with non-negativily constraints dppreach. Horizentel
lines indicate commonly used percentiles (10, 25, 50, 7% and 90).

A very different class of approach is to arrive at the vector solution A using a
least-squares approach, then to use X to compuie a smooth probability density funection

(PDF) using a non-parametric kernel density estimation routine (otherwise known as.a

Parzen method), which takes the form:

1 X L— b
”(”:NB;F( 5 ) | (4.2)

with kernel T', bandwidth B, and number of points N. The centre of the kernel is placed
over every data point, and the influence of the datum is spréad about its neighbourhood,
depending on the shape of the kernel. The contribution of each datum is then s.ummed
to an overall eséimate, thus removing the dependence on the end points of the bins-. The
kernel can take on several forms (similar to wavelets or digital filters}. The bandwidth
(or ‘scaling factor’) controls how far the probability mass is spread around a datum,
thereby controlling the sroothness of the probability density estimate. In othe; words,
replace each observation ¢ by a copy of the function T, shifted so that it is centreci at ¢,
and scaled by a factor B. Kernel estimation 1s conducted using 110n-11egétivit}r |

constraints by provided a bounded support where only positive values can be recorded.
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A lot, of research has focussed on the optimal value for the bandwidth parameter
[Sheather and Jones. 1991] since the quality of a keinel estimate generally depends less
on the shape of the I' than on the value of its bandwidth In numerical tnals 1t was
found that the ‘generalised cross entropy (GCE)’ method of Botev [2006] to be most
1eliable, closely followed by the {computationally much simpler) ‘rule-of-thumb” formula

suggested by Bowman and ‘Azzalini [1997]
4 1/3
B=[-— :
(55) o (43)

where ox 15 the standaxd deviation of the histogram of X. Trials using different kernels
on sample images in this study deemed a ‘nomal’ or Gaussian’ kernel to be suitable,

gven by [Bowman and Azzalini, 1997]. given by

D) = exp””zf( 20% 44)

1
axvan
A non-parametric approach such as this 1s nnportant because 1estricting an estimator
t0 a cerbain parametiic family can potentially miss sigmificant features in the data Thus,

a kernel density estimate can be more effective than a parametric curve fit when the
distribution 1s multimodal The dwstiibution estimated by the keinel density method may
be seen 1 Figuie 4 4 (dashed line) with reference to the sieved sample (solid line) The
shapes closely agree, as do the percentiles in the cunmlative distiabution Accordingly,
the derived parameters from the distribution estimated by the kernel method are in
better agreement with those derived fiom the sieved distribution, as detailed 1n Table

4 1, which shades the value m closest agieement with the actual value for each
parameter On this cecasion, the kernel method performs better for size, sobfing and

kw tosis (but not for skewness, because 1t underestimates the coarse tail) Note that this
sample was chosen at random some fits ate considerably better than this, and others

maiginally worse (see Figwwe 4.14 for a comparson of all samples used m this study)

Autoregressive Techmques

The autoconelation function (r), and the Yule-Walker AR model (7o)}, may be classified

broadly as ‘autoregiessive’ statistics. This class of statistic 18 designed to uncover the

nature and extent of serial correlation in data, or the tendency for successive values o be
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Fig. 4.4 A Comparison of GS5Ds and cumulative GSDs obteined ﬁ‘oﬁz steving (solid line), and

imaging the same sample (Figure 4.2). Dashed lines indicate the distribution obteined
using o kernel density estimation approach on the lncar least-squarcs solution wvector
Horéizontal lines indicate commonly used percentiles (10, 25, 50, 75 and 90}

Tab. 4.1 The parameters obicined from the sieving and imaging of the sample in Figure 4.2. Doy

denotes the sicved GSD; Disnonneg denotes the least-squares with non-negativity GSD;
Dy denotes the least-squares GSD; and Dyy denotes the GSD obtained using the kernel
density method. Shaded velues represent those closest to reality (i.e. Dorig)

Parameter Dori_q Dlsnomzeg Dy Dig
Ds(mm) » 1.64 1.41 2.39
Djg(mm) 2.15 3.36 | 2.331-
Dys(mm) 2.39 2:07 3.45 -
Dos{mmn) 2.793 | 2.331 |[-3.825 ,
Dso(mm) 4.91 3.398 4.53
Drs(mm) 6.24 7.775 5.07
Dgq(mm) - 7.60 13.77 | 5.69
Dgo(mm) 8.90 14.6 6.09
Dgs(mm) 10.1 15.26 6.22
Do/ Do 2.9 3.79 1.58 2.7 )
Dzs/ Das 2.23 3.33 1.39
Dgg - D]_() (mm) 4.09 5.72 1.95 3.99
D75 — Dog(mm) 3.45 5.44 1.49 |
Graphical sorting? | 0.569 | 0.4350 | 0.7634 | [N |
Graphical skewness® | 0.2948 | -0.2178 | -0.0642
Graphical kurtosis® | 0.598 | 1.1686 | 0.1293

Folk and Waxrd [1957] graphical measures, 1= (¢gq4 — ¢16)/4 + (hos.— ¢5)/6.6;
2= (16 + $s4) — 2s0}/2(sa — d16) + (&5 + Pos) — 2(s0)/2(Po5 — b5);
3=(¢o5 — ¢5)/(2.44(dw5 — d25))
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similar

Kent et al [2006] define spatial autocorrelation r as ‘. the tendency for random
variables to co-vary as a function of their locations in space.” Positive spatial
autocorielation is the tendency for objects closer together to be more simular than
objects fuither apart Taking image mtensity as a 1andom (spatial) variable, the extent
to which information within images is independent may be quantified using an
autocorrelation function. If values sepatated by a lag of [ me similar, the airay will have
an autocorrelalion coefficient r — 1. sigmifying senal dependence/conrelation {Figure
45) If1 — 0, the sequence 15 1andom or serally uncorrelated, and if the signal is
petiodic, so will the autocorrelation function be if the signal s period is covered by the
number of lags over which the function 1s computed For mmages of natural beds, pixel
patches covering larger gramns ate more sumilar for a longer distance than pixel patches
covering smaller grains The spatial autocorielation between an 1image and a copy at

offset 15 given by [Davis, 1986]

(£ U - 1) (1) ~ 1D s
(V=) - 107 (Ve - 1007

T =

where I(z,) and I{y,) are the greyscale mtensities of each individual pixel i the
coiresponding positions m the two unages, and I{Z) and I(§) are the mean intensities
Spatial autocorrelation as a function of inciemental offset distance (lag) produces a
cutve a corielogram If the coirelogram slope is 1elatively shallow, there is more
sinularity between consecutive values (Figure 4 5, panels a and b) Rubin [2004]’s method
for caleulation oi_ the autocorrelation sequence was used wibth a modification being one
ple-processing step which rescales the mmage values to lie between 0 and 100 (rather than
0 and 255) and 10und these values to the nearest mteger Tlus was found to enhance the
differentiation between sizes by removing some short-wavelength noise m the images
thus removing the tendency for the correlogram to fluctuate around zero at larger offsets
The Portmanteau statistic {also called the @ or Box-Pieice test) is a test for higher
order serial coirelation in 1esiduals from a regression [Brockwell and Davis, nd |, and 1s
conventionally used to separafe homoscedastic from heteroscedastic signals by testing for
autocorrelation m the residuals iom that regression The 1egression 1s a ‘self 1egression’

of localised values in a sequence, testing the ability to predict the next few values in that
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(a) Comefograms for various sized sadiment (b} r coefficient al 10 and 50 pixel lags
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Fig. 4.5 The autocorrelation (v) technique. Panel a (left)-correlograms for werious sized sed-
iments; panel b (right)-r cocfficients associated with the [0°" and.50'* lags of the
corvelogram, for different sedimenl sizes.

sequence. The residuals are the discrepancies between those values and the prediction,

and instead of testing at each discrete lag, it tests over a number of lags (Figure 4.6).

The statistic is given by:

. L
Q= VN 42, ;'v(_”l] (46)

=1
where r2({) is thé squared autocorrelation coefficient at lag | (the coefficient is squared so
the negémtive and positives do not cancel each other out), L is the number of lags (defined
by the operator), and N is the sample size (number of pixels within the ime;ge). This
definifion is the standard Box-Pierce [Box and Pierce, 1970] test with the Ljung-Box
[Ljung and Box, 1978] correction which adjusts the statistic by its asymptotic variance,
bypassing problems associated Witil (potentially) small sample size. Qrp at lags 1:L
gives a sequence which increases in value as residuals in the input series become more

independent, until a sill is reached where increasing ldag does not produce a

commensurate increase in indeperidence (Figure 4.6). Here, the statistic is not used in its -

" classical ‘hypothesis testing’ sense, rather as a signal generator which is sensitive to the
degree of serial correlation in an image. If one takes the first derivative of an image, and

vectorise it (stack successive columns of tlie image on top of one anather to form an

-
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array), 1t becomes suitable for analysis using the Portmantean statistic The first
dexivative is 2 proxy of the fiequency of the umage s singularity fronts, where the largest
changes 1 mtensity occur [Grazzini et al , 2007], 1 e at grain boundaries, thus enhancing
the differences between the grains and gaps Because the method tests for mgher-order
scuial correlation, 1t 1cqunes far fewar offset lags than autocorielation, thus aiding
computational efficiency Tiials showed that the natwal loganithin of sample size is an
appropniate lag with which to calculate the Portmanteau sequence (@rz), so for the

subaenal 1mages used in tlus study of dumensions 2048 x 1536, L=log(2048 x 1536)=15

{a) Porimanleau Sequences {b) Q coefficent at
x10*  forvanous sized sediment x10° 1 and S pixel lags
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Fig. 4.6 Portinanteau techmque Panel o (left)-portmanteau sequences for darwous swzed sedi-
ments, and penel b (right)-Q coefficrent at 1 and 5 puel lags, as a funchion of sedument
s1ze

The Portmanteau sequence (Qrg) may be mterpreted as the degree to which values in
any moving window can explam successive values beyond that window This alnhty
scoies relatively low, 1s enhanced 1n highly autocoirelated signals, and theietore 1s typical
of larger sediments (Figure 4 G) Theie is a strong linear relationship between values at
sequence lag and sediment size (Figure 4 6).

The evolution of an autoregressive (AR) process can be described by a weighted sum
of its previous values and a (white noise) error term Foiecasting is possible since at any

pont the value 15 hnearly ‘regressed’ on previous values of sself to locally predict the

next few values 1n the sequence |Brockwell and Dawvis, nd] The size of that moving
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window depends on the order of the model. The general form of an AR model is:

Y, =0ar +o1Yi1 FoaYoa 4. .+ 000+ 4y (4.7)

where ¥} is the timme or spatial series, A; is white noise, o, are the autoregressive
coeflicients, and dap = (1 — >°7_; wi)iy, with uy as the mean and o as the (user

defined) model order [Brockwell and Davis, n.d.].

{a} Yule=Walker (AR} log spectral {b) spectral density at
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Tig. 4.7 The AR-PSD technigue. Panel o (left)-power spectral densities, in units of image
intensity-sqiuared per normalised anguler frequency in radians (normalised so it sums
to unity), for various sized sediments, calculated using an AR-model (7,), order 20. The
sedithent takes the general form 8%, shoum as a heavy line; panel b (right)-spectral
density associated with the 10" and 50" fregencies, jor different sediment sizes.

Power spectral density (PSD) is estimated using the Yule-Walker method, which, using

a moving window, fits an autoregressive model to each successive portion of signal by

minimising errors associated with extrapolation (in a simple least-squares sense;

[Priestly, 1994]). The natural log transform of the PSD is sensitive to the size of grains

in digital images (Figure 4.7). The Yule-Walker equation can be expressed as:

0
Yo = Z Prry—i+ Ufl +d (4.8)

i=1
where 7, is the autocorrelation function of the input signal, y; are the autoregressive
coefficients; 4 is the standard deviation of the input error (noise), Jo is the Kronecker

delta function, and where o is the (user defined) order of the model, at any point
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dictating how many previous values have an effect on the 1egression from the curient
window of values [Box and Jenkins, 1976] Smece the last part of the equation is > 0 only
when 0=0, the Yule-Walker equation 18 usually solved as y-+1 simultaneous equations of

the form [Priestly, 1994]

it Yo T Ty-1 #1 Wi
vz | ! o - Ty-2 P2 w2
Y Ty-1 Yy-2 Fo Py Py

The Yule-Walker model 15 used as a parametric spectial estimation method, solved
using Levinson-Durbin 1ecursion [Kay 1998] instead of a penodogram (calculated using
a Founer transform. thus decomposing the data mto a 1egular trigonometrical series)
because it produces a smoother power spectral density, and because order specification
allows geater computational flexabihty In thuis study, the oider ot the autoregiessive
model used for 1mages of natural seduments is =20 The spectral density wmts are the
squaied magmsude of the frequency response of this model oider [Kay, 1998)

The AR model {(v,)} signature may be interpreted thus for 1mages of natural
sediments, pixel patches covering larger gmains are more similar fo1 a longer distance
than pixel patches covering smaller grains, therefore power spectial density for any given
frequency will generally be higher for images of smaller sediment, because there is more
variance associated with that frequency (Figure 4 7) There 1s a strong conelation

between percentiles of power spectral slope and sediment size (Figuie 4 7)

2D-FT Techniques

‘Textwie’ may be thought of as repetition of a basic stiuctural pattern. In image
processimg these repetitive basic elements are known as ‘texels’. and 1t has been shown
that ‘texture’ may be quantified statistically by using frequency transforms [Tuceryan
and Jamn, 1998] These uncover the nature and separation of repeating patterns and
texture within that image, represented 1n a space whose coordinate system has an
mterpretation closely related to characteristics of texture Because the contents of the

entire image are mapped as eneigies at all frequencies and orientations, angular and
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radial bins in the Fourier domain detect and characterise image texture directionality
and the rapidity of fluctuation [Davis, 1986). Operating in the non-spatial dorhain, each
Fourier coefficient depends on all pixel loeations, thus enhancing the computational
efficiency (without compromising the validity) of traditionally spatial operations such as
the caleulation of the variogram. In images of natural sediments, textural patterns are
scaie—dependent phenomena, requiring appropriate statistical techniques such as fractals.
The type of Fpurier transform applied on the images in this study is for an aperiodic',

discrete signal, with a continuous spectrum given by the Fourier pair:

CF@VY= 3 3 Ieylexpmintteettine (4.9)

L=—00 Y=—00

I[z,4] = U_lt; /0 v fo 4 FU.V) expj21r(U.-,;.‘;=a+Vy?fa) (4.10)
" where %, and 1o are intervals in space between signal in the z and y directions. U and V
are reciprocals of x, a.nd.ya U=1 /a:o.aud V = 1/y,) and represent both sample rates in
2 directions, and also the period of the spectfum F(O,V). -

Semivariance is a measure of squared difference in DN (intensity) value between a pair

of pixels located at a distance or lag, given by the classic equation in the spatial domain

' [Davis, 1986]:

E{(I(z) +h),,I(z;)}
7(11):[ {(( )_+2,_), (=)’] @

where the numerator is the mathematical expectation E of the quadratic increments of.
pixel pair {(I(z + h)),;, I(z;)} values separated by distance h, a vectorial function which
varies with the modulus and angle of h between pixels 'I (z + h) and I(x) [Gringarten
and Deutsch, 2001). Imaée detrending is a necessary pre-operation. Semivariance () can
be thought of as related to an inverse measure of spatial autocorrelation at specified
location vector, at a certain lag in a given direction. A plot of semivariance (7) as a’
function of lag distance is-called a (semi-) variogram (Figure 4.8). The variogram has
been used by researchers, for example, in the field of remote sensing to characterise
te'xturaI properties of satellite imagery [Lark, 1996; Chica Olmo and A};arca Hernandesz,
2000]. The use of the variogram for use on images of sediment is valic'i with respect to

Tobler's Law [Kent et al., 2006] becanse the correlogram is positive for all lag distances.
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Sermvariance magnitude 1s binned at all fiequencies and orientations The variogram
computation 18 performed using the algoiithm detailed 1n Maicotte [1996], which uses a
spectial 1ather than (traditional) spatial domain approach This affords greater
computational speed and efficzency, which 15 crucial in 1mage processimg where files are
large and memory is at a premuum The complexity of operations 15 dictated by the
numbel of pans at all lags, @, given by w = (2r — 1) % (2y — 1) x logy(2y — 1} for an FT
approach, and w = (m—f;’)':’- for a spatial approach, wheie © x 4 a1e the dimensions ol the
image For example on a standard digital unage of 1536 x 2048 puxels, this equates to
145 680 000 and 4 947 800 000 000 mdvidual operations for spectral and spatial
approaches respectively (the fiequency approach is “sunpler’, in tetms of operations, by a
factor of 34 x 10%) with identical outputs To avoid excessive mathematics bere the
variogram of a two-dimensional 1image using a spectral approach 1s defined by first

defiming a precursor, v,

(412)

_ ExF"xF’—?,chxF
= N -2

whete F, 15 the complex conjugate of F and F, 1s the complex conjugate of F, and where
F, F* and F are defined as the two-dimensional Fourier transforms of I I? and I,
respectively, 1 1s an mage of dimensions ¢ X y, Jy 18 an ‘mdicator’ matiix of zeios of
dimensions 2 x y, and N 1s the number of paus at all lags The semivariance « 1s then
given by the two-dimensional mverse Fourler transfoim of v, shifted so the zero
frequency component is at the centie of the spectrum [Marcotte, 1996).

Images of laxger grains have smaller mean semivanance values for a given lag than
mmages of relatively small grains (Figuie 4 8) Coaiset sizes yield smaller senuwvanance
values because the light-shadow pattern 1s larger, therefore the image’s singulanty fronts,
whete the lagest changes in intensity occur, are larger Images of smaller sediments
yield lager semivariance values because the image intensities vary less as a vecto
function of lag than as a function of mdividual pixel values

Modelling apphcations ate facihitated if the theoietical variogiam model of an unage
surface 1s kmown As previously explained, sermivaliance quantifies the sum of squares
differences between data scparated by lag [ Semivailiance between zero lag lgp, and the

lag at which semivaiance does not mcrease with commensurate mcrease 1n lag (Igs, the
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Iig. 4.8 The variogram lechnique. Penel a (left)-semivariance {7y} sequences for various sized
sediments; normelised so they sum to unity; and panel b {right}-mean semivariance ()
as a function of sediment size.

sill) may be classified using models with known mathematical properties, such as the
spherical or exponential models [Gringarten and Deutsch, 2001]. Tt was found that
digital images of natural sediments corresponded well with a spherical (also called

‘circular’} model which is given by:

v =loo+los(.5(l/a) ~ 05(l/af*y 0 < K a
Qifi=.0

log + Lo otherwise

where a is a tuning parameter required for model fit. Figure 4.9 shows circular model fit
(an_d associated values df @) to the empirical spatial semivariograms for different sized
images of sediment (calibration images for 1, 2, 4.75, 11.2 and 16mm sediment,
;:espectivel'y). Note that for relatively large sediment {= 4mm), the spherical model is
cubic (i.e the second term, I/a®, becomes dominant) where [/a = 1. In contrast, for
relatively fine sediment (< 4mm), the two terms (linear and cubic) arve equally dominant
since I/a # 1, meaning a composite linear least-squares fit is required.

Some natural surfaces have a quasi linear log-log po“«;er spectra, in units of distribution

of power per unit frequency. Images of natural sediments are such surfaces, and ordinary
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Fig. 4.9 A theoretrcal crreuler model (solid hines) fitted lo emprrical semivariograms derwed from
digital wmages of vartous sized sedinents (black markers)
2D-FT power spectial estimation, when a log-log (magmtude-frequency) transform 1s
applied, is sensitive to the size of sediments within images (Figure 4 10) The
zero-frequency component of the image 1s shifted to the centie of the spectrum and a
two-dimensional disciete Fowier transfoim 1s carried out on the detrended zero shifted
mage A linear least-squares polynomial 1s fit to the data in the log-log plot of the phase
magnitude and frequency, which finds the aveiage slope (Figuie 4 10)

When spectial slopes are quasi hnear, Voss [1988] demonstrated that the
Hausdorf-Besicovitch or ‘fractal dimension (Dy) can be calculated from the log-log
transform of the image’s power spectrum In: such cases the fiactal dimension has been
shown to be an appropriate spectral estimator of texture [Chaudhuri and Samkar, 1995]
The fractal dimension of the suiface 18 g@iven by 2 plus the slope of a tegression hine
thiough the data [Smith et al , 1990, Bartlett, 1992] Fractal surfaces have a dimension
greater than the topological dimension of an image, which equals 2 Plotting the log of
the magmtude in all directions agamst the log of the contespondng fiequency
[Richardson plot- Mandelbiot, 1983] yields a linear :elationship from which the fiactal

(Hausdo ff-Besicovitch) dimension 1s derrved by the relationship

A
Dy=2+ Iog(Z% (413)

wheie s 15 the spectral density and f 15 fiequency [Whalley and Orford, 1989] The slope
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Fig. 4.10 Panel o (left)-power spectral exponents for various sized sediments, in uniis of image
intensity-squared per normalised angular frequency in radians, derived using ordinary
2D-FT (5) for various sediment sizes; panel b (top right)-mean log power spectral ()
slope as ¢ function of sediment size; and panel ¢ (botiom right)-log power spectral (s)
intercept as e function of sediment §ize.

(As/Af, always negative), fractal dimension (Dy) and intercept of the spectrum are

highly correlated to grain-size (Figure 4.10) : the higher the fractal dimension (Dy), the

more variable or ‘rugged’ the grain surface, and the smaller the grain-size. The power
spectrum is the Fourier transform of the autocorrelation function [Blackman and Tukey,

1958]. The fractal output may be interpreted thus: images of smaller grains have smaller

scale invariance, or less self similarity in image intensity through the image, than images

of larger grains. The variation of texture within the image, detected and quantified by
its Fourier transform (F), has a scale dependency which may be characterised by its
fractal dimension (Dy). Like the PSD estimation using the Yule-Walker (v,) technique,

images of smaller sediment has larger energy associated with smaller frequencies than

images of larger sediment (Figure 4.7).

Field Methods and Calibration

Image Collection Guidelinies

With reference to Figure 4.11; the general procedure begins with a large sample of the

parent material, which is manually sieved into size fractions (preferably at ¢/4). Samples
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for calibiation in the gravel size 1ange have been collected according to the
recommendations of Gale and Hoare [1992] for coaise clastic sampling, where >2 kg of
mater1al 1s believed sufficient for well sorted material up to 20mum diameter, where the

la1gest stone is <5% of the total mass

Digital
Image
Manual
Sample _ \l(
Textural
Signature
Digstal Textuial
-
Image Signature \
Dry Digatal _)_Textural Look
Sieving Image Signature > Up
: [Catalogue
Digital Textural
Image ")'Slgnat;ure
Sedment
Size
Estimate

Fig. 4.11 Schemaiw diagram of the stages mvolved m the flovk-up cataloguing’ procedure

A chgital image 1s then taken of each Haction, and a statistical procedwe which is
sensitive to the size of sediment on the greyscale complement of the image 15 then
apphed to the unage In this way a calibration ‘catalogue’ of numetical values for each
sediment size 1s obtained The collection of that image 15 crucial to the technique, and
the field, images of sediment are taken and then analysed using the same statistical
techmque used previously to cieate the calihation catalogue (Figure 4 11} Calibiation
and sample images have sufficient grains to have variation in colom and nuneralogy, and
images of gramns have suffictent resolution so that the smallest grain in the image is
larger than one pixel. 1 order to prevent aliasing problems (the largest grain-size hikely
to be encountered 1s smallet than the largest size catalogued by cahbration to avoid
numerical etrors caused by hnear extrapolation} Calibiation ensures transferability to a

range of sizes, shapes, lithologles and packing configurations and 1s carried out whenever
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any of these changes significantly. The calibration is carried out again if camera type or
settings are changed, or if sediment sizes fall out of the range of the sizes used for
calibration. In general, this approach is designed to be site specific for tlhe rapid
quantification of sediment size across local space and/or time. .

For coarsé sand-gravel ‘beds, a method has been designed which ensures that images
are taken at a constant height above the surface. U_sing an off-the-shelf digital camera
with 3.2 mega pixels, it was found that as a rule of thumB imageé should be taken at a
height in centimétrés equal to the largest likely encountered grain in millimetres. The
camera’s focal plane is parallel to the object (surface) plane, and the camera’s settings
are manually adjusted so the focal plane rests the same distance above the ground as the
camera (in some cameras an automatic adjustment may be made). The problem of.
non-optimal Iexterior lighting suffered by thresholding techniques is overcome by
incorporating lights into the camera’s housing [Rubi'n et al., 2006; Barnard et al., 2007).
A constant illumination angle and magnitude should be maintained by ensuring the only
light source is from the camera flash, thereby ensuring shadows are at a constant angle
and shading magnitude, removing false intra grain edge noise and not biasing the
statistic used. Items and markers are not placed inside thé image. The camera’s field of
view was known, so the area represented by each- image was also known, and this was
heldl constant. Note that results are unaflected by variation caused by lens distortion,
since the same distortion is within the calibration catalogue if the same camera and
camera settings are used for both calibration and sampling. Images are inspected by eye
for over-or under-exposure, or using a simple algorithm which flags images above and
below thresholds of image ‘noise’ associated with exposure problems. The spatial
heterogeneity of gravel si_z_t.ad sediment is likely to be greater than sand, and spatial
averages of sediment size ave strongly recommended [see Barnard et al., 2007]. The
camera settings used in this study are detailed in Table 4.2.

The footl;l'inb of the image, in millimetres per pixel, may be found by:

o =
)

where f is the file size in bytes, and r is the resolution in dots-pér-inch (dpi). Using

(4.14)

this formula, the image collection technique outlined above with a resolution of
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Tab. 4.2 The same camera settings, detoded here, were used for all the wnages feken w this study

Parameter Value
area photographed | 100 % 130mm
pixels 2048 x 1536
pixels per mm 15 54
exposule 1/60 seconds
focal length 17 dmm
flash Yes
apeituie f/48

0.0788mm /pixel, which 1s, 1n terms of pixels per millimetre, equivalent fo 12 68 times the

1equired 1esolution the size of grams under scrutiny (/¢1-20mm).

LUC Size Outputs and Size Outputs from Sreving

The size outputs fiom the traditional (three-dimensional) sieving method and the
(two-dimensional} look-up catalogue technique are not directly comparable, which must
be factored nto sieve size - image se (omparisons when differences exist Imaged
output cannot be directly compaied to sieve data because a correetion factor must first
be apphlied, which requnes both the mtermediate and smallest axis diameter [Giaham

et al , 2005] No umage analysis routine can gratify the latter, and procedures based on
the statistlv:‘:al attributes of whole images of course cannot provide either measure A
two-dimensional mmage may under 1epiesent larger grains whose prunmy axes are
hidden the image measures of size mnclude the effects of overlapping mmbricated grains
The 1mage method is non-mtrusive, therefore the spatial arrangement and packing
configurations of all gramns 1emain, and are destroyed by manual sampling Sieved data
oubput 15 usually mass-frequency 1ather than number-frequen(‘:y Conversion factors exist
but require that all grains have the same shape Sampling should also be cartied out
with care, tor the contribution of subsurface particles to the sieved samples but not the
imaged sediment may account for a certain amount of discrepancy This 15 due to both
human errar, and the availabihity of adequate volume of material at point upon the
smface Sieving generally produces sizes wluch are underestimates of the sample, caused
by int1a-sieve sedment variability on the mesh, the apeiture size of which is necessanly
a ‘lower bound’ Therefoie larger clasts contribute weight to the propoition of the

sample on the sieve which 18 then all counted as the lower bound size. This inherent
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problem is due to the l_ogari‘thmic spacing of sediment sizes: the problem is therefore
neglible for sand and sma.llmz gravel;.s, but a potential préblem for la-rger gravel sizes, as
size spacing increases with sieve size [Ferguson and Paola, 1997]. As a consequence, the
‘imaged size is consistently larger than the sieve data mean size, because lar:ge clasts
vesting on sieve meshes contribute weight and therefore relative proportionality, whereas ~
in contrast all clasts within an image contribute fo the size.

The numerical errors associated with the linear interpolation were found to be
negligibfe. For example, unconstrained solution errors [norm(bX = C) — b) or
[(b~CX)T x (b-CX)—b], where ' is the calibration catalogue, b is the vector input,
and X is the output solution, were typically < 0.0003 for the‘ autocqrrelation techinique,
which equates to a maximum 0.03% error at zero lag (and less than 0.01% elsewhere).
Usi;1g the least-squares solution \:trit.h non-negativity constraints, solution errors
[((b— CX)T x (b — CX) > 0) — b], were typically less than 0.03, or a maximum of 3%
at zero lag (and less than 1% elsewhere).

Rubin {2004]’s size ‘distribution’ of length rn, which assigns a proportional weighting
.to each ‘size’ represented by the f:alibration, may yield an additional measure of size
which is calculated as the sum of the product of each element of the ‘distribution’,

di . ..dm, and the corresponding size in millimetres, Dy ... Dy, given as:

&
Dagsp = Z dp Dy - (4.15)

m=1
" for example, {0.25,0.6,0.15,0], corresponding to sizes [40, 20, 10, 5jmm, yielding a
‘distribution size’ Dggp of [(0.25 x I4O) + (0.6 x 20) -+ (0.15 x 10) -+ (0 x 5)] = 23.5mm.
The distribufion may also be the solution to b x X = C by Gaussian elimination, if the
solutions are normalised so they sum to one. The size associated with the ‘mode’ of the
distribution is 20mm. Of course, the more calibration images the better the size
-approximation, so sieving at ¢/4 and taking an image of each fraction is recommended.
Trials h;awe shown that in practice there is little difference between the size values
found using the two-size measures, however on closer inspection there may be more
tendency for the latter ‘distribution’ size to be more stable. This is because each value of .
the ‘distribution’ represents the proportion of non-negative least-squares variance, and

the explained similarity attributable by the corresponding size fraction in the calibration
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catalogue, therefore the size measwe proposed above only accounts for the frequency of
the size classes present in the image and not those absent By contrast, the main-size
array (X, iom which the mean or median size 15 found) could contam negative elements.
which 1s physically impossible (which is why a size distribufion may not be obtamned in
this way by histogram binning obtamed values mto size classes) An additional
(potential, and mnot) problem with the ordinary least-squares method 15 as follows
because sizes may be found by Iineai 111'(811;01&{“.1011 at offset/frequencies which are nat
within the onginal calibration catalogue theie may be discrepancies associated with
logarithmically spaced size classes Using the ¢ scale sieve mesh diameters in the gravel
range fo1 cahbration, the larger the sediment the greater the potential errors caused by

hnearly mmterpolating over logarithmically spaced classes

Validation

A total of 181 samples were collected manually from Slapton, and two images taken of
each before they were sieved mto 17 classes in the ¢/4d size 1ange between 1lmm and
16mm The maphical {Folk and Waird) mean of each sample was compared to the
‘distribution mean size’ derived fiom images of those samples The 1mages (1536 x 2048
pixels, 100 x 130 cm) used in this study were collected with a Pentax® Optio 530 32
mega pixel digital camera Barnard et al (2007) have 1ecently shown that better size
estimates are obtamned if the size outputs from several images are averaged In a sumilax
veln, better size estimates were obtained by averaging over the values obtamed fiom two
different 1mages and methods

The results are summansed m Figure 4 12 close agreement 1s found even without
avelaging over several images (R?=0 82-0 86, mean absolute deviation less than 1mm)
The dashed lines indicate £1mm from the sieved sizes (solid hne)-the majority of
samples he less than 1mm fiom the sohd hne. These 1esults are impioved upon if
averages from different techniques are taken (R2=0 88-0 92). Accuracy was determined
as the mean percentage deviation m imaged mean size fiom sieved mean size Relative
accuiacy was determuned as the ratic of accmacy aclieved by a gmiven method {or
combination of methods) and that achieved by autocorrelation Smmilaily, relative speed

was Judged as the 1atio of the time taken for a computation (usmg Matlab® version 7,




Validation , _ , 33

2 Aulocomrglalion Yule-walker *
g1 R*=084 7
E 1o %,=1404 7,
ko af sp=038
E AC=104 ¢
e ] !"
s }
E 4
B
2 2
a
2 0
1] 5 10
° Auto + Vario Auto + Frac Vario + Frag
)
2 10| R =090 2 10} R¥=092 < 0| RP=068 z
£ - / % =811 %, =111~
“F 8 B gp=2m
g - Ac=083 .
g 6 6 “
= A%
g 4 4
s
2 2 2
3 o i)
= ] 5 10 0 5 10
° Varid +Yule . Frac + Yule All methods combined
2 10| R*=088 Z 10| R?=002 < .
£ % =1/ % =874 7
£ 8f 55=186 % 8 s=372
E | Aem0ss,. 5 o 27085,
x L
g 4 4
5
o
z 2 2
2
=0 1] -
o 5 10 0 5 10 o 5 10 o 5 10
Mean dameter (mm), sleve Mean diamelgr {mm), sleve Mean diameler {mm}, sieve Mean diameter {mm), sieve

Fig. 4.12 Comparison between average grain-size {mm) determined from 181 samples imaged .
twice, and the graphical mean size {mm} determined by treditional sieving for that sam-
ple. Dashed lines indicate +1 and-Imm depariure in size. All values ore Folk and Ward
[1957] graphic mean.

with a >2GHz dual processor) of a given method or combination of methods relative to

the autocorrelation routine. Regression coefficients, accuracy, relative accuracy, and

relative speed for eac:.h technigue are scribed into the top left of the sub-panels in Figure

4.12. A schematic summarising the trade-off between relative speed and relative

accuracy for the methods used in this chapter may be seen in Figure 4.13.

A further fifty-four sediment samples were collected from a range of sedimentary
sub-en‘.f.ironments on a gravel beach, and subsequently dried; imaged, and sieved at $/4
between 1611'1111 and Imm. Calibration catalogues were compiled for the autocorrelation
and Ytﬂe—\JV'a.lker techniques with images of sieved sediment in the corresponding sizes.
Sieved distributions were analysed for various graphical measures of size, sorting,
skewness and kurtosis, using graphical methods. Images were analysed using a variety of
methods to obtain a GSD, and the same meas-ures of size, sorting, skewness and kurtosis
were obtained for each image.

In a series of trials it waé found that optimal distribution fit was obtained by averaging

the distributions obtained from the kernel method from histograms obtained,. using both
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Fig. 4.18 A schematu summanrsmyg the accuracy and speed of the technigues used m thes study,
based on 181 samples and relatwe fo those oblained by the eutocorrelation method Speefl

wnereases right to left of the plot, and accuracy wmereases top to bottom

the autocorrelation and autoregressive techniques Although this effectively doubles
computation time, an 2MB rmage of 2048x 1536 pixels will be processed m 1 mun 40 sec
on a > 1GHz processor, so batch processing 1mages 15 still remarkably quick. and the
averaging can significantly enhance estimated GSD precision

The cumulative distributions obtained for each sieved sample were compared to those
obtained by kernel density estumation on single images of the coriesponding sample,
using the ‘hybrid’ method explawned above Figue 4 14 shows that the cumulative
distitbutions obtamed are in close agreement (note that 1t 1s the cumulative distribution
which 18 moie important than the fhequency distribution, since the primary aim of thus
exer<ise is to find close agicement 1 the percentiles for calonlation of accurate graphical
parameters)

Bach derived parameter from image and sieving methods were analysed for
dependence Table 4 3 hsts correlation coefficients (r) and squared corielation
coefficients (R?) for each parameter set, as well as the slope and mtercept values of the
Linear least-squares best fit thiough the data The statistical significance of the

correlation coefficients were determmed using a t-test to examme
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Fig. 4.14 A Comparison of cumulative GSDs obtained from sieving (left panel), and imaging us-
ing the keriiel density method (right), for all 5] samples. Values on the colourmaps
represent contours for ‘proportion finer’ the corresponding size indicated by the bottom
ozes.
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Fig. 4.15 Measures of sorting, skewness and kurtosis Clockunse from top left DqsfDos(c)
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In addition, a one-way analysis of variance was cariied out to determine the
equivalency of each of the derived parameters obtained fiom the imaging and sieving
methods F was tested at the a=0 05 (5%) level with v1=53 and v,=>53 (a critical value
for F of 1 57) The results of this analysis may also be seen in Table 4 3 out of those 26
parameters tested, 22 had statistically siguficant equivalency in their means

Table 4 3 shows that 1n general estimates for size and sorting are far better than those

for skewness and kutosis (indeed there are no significant relationships found for
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Fig. 4.16 GSD percentiles of kernel image method compared to corresponding sieved distributions.
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' Fig. 4.17 Geometric sorting (¢, left) and skewness (right} for the kernel image GSDs, com-
pared to corresponding sieved distribution measures. Autocorrelation techniques shown
as circles and Yule-Walker technique as stars.




Vahdation

88

Tab. 4.3 F {ratio between variation within and varance belween samples), SS5T (total sum of
squares vartation), sgnificence (F'=true F=false) at a =0 05 level slope and micreept
are the velues for a bmear equaiion through the date Parameters shaded wn black have

swmificant correlation coefficients

Parameter r 85T sigmf (T) r R- t{r) sigmif(r) | slope | intercept
Arrthmenic F mcan | 6633 | 22456 T 083 | 070 | 1111 o1 099
oments sort ng 3L T3 3279 T 017 003 131 r 021 167
R — 1063 | 1429 T 050 | 025 | a2 T 041 004
Furtous 8959 | 0056 T 010 | oot | o7 F 00s 312
Geometric | mean | 3682 | 20246 by oo | osr | 1529 T 075 067
moments 217 254 T 038 | 014 | 206 T 061 069
skewncss 026 | 1as5s T o5 | 034 | 521 T 062 062
kurtaus 156 45 | 168 30 T 026 | 007 | 1908 F 058 139
Logarithoie m 428 15 67 T 085 | 072 | 1175 T 031 -1 25
tmoments w 142 175 F o4z | 012 | 341 T 063 30
Loganthmic [‘mean | 4115 | 226 80 T oov | osr{ 1541 T 077 058
Graphieal 252 308 T 042 | 012 ] 338 T 0 69 057
skewness 112 115 F 016 | 602 | 121 F 017 021
Kurtoss G 87 706 r 016 | oo | 100 F 041 147
Graphieal = 465 | 1723 T 0ss | o072 [ 1188 T 083 021
m 166 216 r 047 | 022 | 301 T 078 024
Percentiies 992 | 12102 T 095 | oo | 2112 T 085 020
6551 | 25420 T 086 | 07d4 | 1224 T 0TS 104
24522 | 10164 T 062 | paz | 575 T 052 321
g64 | 1327 T 050 | 024 | 527 T 058 110
so7 | 1778 T 081 | 066 | 1014 T 076 -0 47
296 | 2520 T 093 | o8 | 1975 T 103 043
Ratias 039 19 P 088 [ 070 | 1405 T 137 _a21
and Ranges 1218 | 1382 r 047 | 022 | aas T 077 059
(D75 / D25) {(3) 054 142 F o7e | 061 | 917 T 121 018
(D75-123) () sor 895 T 031 | oos | 228 F 033 054
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kurtosis). These trends are underlined by Figure 4.15, which plots'some of the better
co-variations for given parameters on the 54 samples tested in this study. ‘Note .t:hat 'the-
non—dimensionality.of skewness and kurtosis dictates that logarithmic skewness. and
kurtosis have the same values as Geometric skewness and kurtosis. Simialrly, logarithmic
-graphical and graphical skewness and k_ilrt:osis are identical. Further comparisons are
shown in Figures 4.16 and 4.17.

Following Sime and Ferguson [2003] and Graham et al. [2005], the performance of the
10, 50t and 90 percentiles estimated from the image distributions was assessed using
mean error, niean—squai‘e error and irredicible random error, defined below where puggp
and puryc denote the percentile value for the sieved and imaged distribution (in 9 units,
or-¢), respectively, and N is the sample size (numbel.' of images multiplied by the

number of percentiles tested): ’

pe =1/NY (pvasp ~ prrvc)
e =1/N> (pvasp — purve)’

e =2 —pl

which yielded values of 0,2097, 0.1940, and 0.15 4 respectively. Thé irreducible error is
greater tha.r; the values quoted by Graham et al. [2005] (0.0691-0.089 1), but smaller
than those quoted by Sime and ‘Ferguson [2003] (0.253-0.26 ), in their studies utilising
image object detection algorithms on much larger gravels.

‘ The best available commercial package for the estimation of grain-size distributiohs
from digital images of sediment is the .‘Digital Gra,veIOméter’@ detailed by Graham
et al. [2005]. The package uses sophisticated image processing to segment grains out of
an image, and returns the grain-size distribution based on the area of pixels r.epresex;ted
by each segmented grain in a calibrated image. Calibration is required of the user for
each Image so it is not a completely automated procedure. However, once images are
loaded and calibrated (one-by-one), actual processing time is comparable to the
automated statistically-based techniques described. in this chapte; (0.75-1.5 minutes per .
image). As a final vailidative procedure, ten samples were taken at random from the
data-set, and the grain-size distributions obtained by the three methods (sieving,

automated imaging using look-up catalogues, and the ‘Digital Gr’avelom_eter’© ) were
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compared using three p_ercéntiles (25, 50 and 75) -and two parameters (b75 — D5 .and
D5/ Dss). The ‘Digital Gravelometer’@ was used under a',"21-day trial licence agreement
and the image collection and analysié guidelines detailed in the pirogram’s documentation
(see http://www.sedimetrics.com/index.html) were closely followed. An example output
is seen in Figure 4.18: note that the seémentation procedure has tended to split
individual grains up into several smaller grains. This is typical of the routine on these
fine gravels: it is very difficult to segment small grains which vary in colour and shape
'using automated ssgmentation principles_such as these. The consequence for this study
is that grain-size distributions and estimates of mean size are always finer than reality,
an observation which motivated the development of the new suite of techniques detailed
in this chapter. ‘_I‘he look-up catalogue out-perfomed the Digital Gravelometer®© on

these images, having a closer value to reality on 44 out of 50 comparisons (Table 4.4).

On images such as those uised in this study, the best available commercial package

performed poorly, -consistently producing under-estimates.of the distributions and

associated parameters and petcentiles.

Tab. 4.4 Ten sieved samples chosen at random from a mueh larger data set were compared to au-
tomated image anolysis of digital stills of those samples (LUC image processing, ‘Digitel

Gravelometer

). Five parameters were compared for the ten samples using the three

methods: the value closest to reality (sieved) is shaded in black. The LUC method came
-closest 44 times out of 50 compersions.

Sample Dgs(mﬂl) D50 (mm) D75 (mm) D75 - Dgs(mm) D75 / D25
1 141 (EKEY, 0.52) | 1.56 (220, () .| 2.00 (2.80, D | o0.59 (1.15, PR | 1.42 A, 3.09)
2 1.85 (EEEY, 0.47) | 2.84 (B}, 0.96) | 4.54 (PEYY. 1.75) | 268 (BXEY 1.28) | 2.44 (BRYY 3.72)
3 1.95 (EXEY. 0.42) | 2.65 (EXED, 0.91) | 3.34 (B 1.81) | 1.38 (133, BB | 1.70 (FE, 4.29)
4 4.56 (EXEY, 0.41) | s.00 (EXFA. 0.89) | 9.45 (B 1.68) | 480 (BXHM, 126) | 2.07 (EEH, 4.07)
5 3.65 (EXIY, 0.48) | 5.36 (EEEY, 1.01) | s.76 (EEEY 1.79) | 510 131 | 2.39 (BB, 3.66)
G 4.21 (FESY. 0.51) | 7.24 (ERY, 1.02) | so1 (X, 171) | 470 (B 121) | 211 (EER, 3.37)
7 317 (B, 0.47) | 4.56 (] 0.93) | 707 (EEEY. 1.79) | 380 (PN 1.32) | 2.22 (EXH) 3.81) .
8 2.62 (EXY, 0.56) | 5.23 (EXO, 1.02) | 8.53 (XY, 1.69) | s.01 (EEY 1.13) | 3.25 2.05, FX))
g 4.0 (BXE. 0.62) | 6.46 (PE, 1.14) | 861 (BXEY, 100 | 451 (XY 1.28) | 2.10 (3.25, )
10 3.06 (B3N, 0.49) | 4.95 (PR 0.99) | 6.50 R, 1.75) | 374 (EE, 1.25) | 2.22 (PERY, 3.52)

Discussion

Currently the major disadvantage of an LUC approach to grain-size from digital images
is that it is not transferable between sites unless a calibration is performed which

accounts for potentially significarit variations in size range, colour/mineralogy, etc. The
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techniques outlined mn this paper potentially allow the qucker construction of a more
robust calibration catalogue when so desned Thiesholding-segmentation techniques will
still be an attiactive option fo1 sedimentologists workung m areas where repeat-suiveying
is not requued, and/or where few samples (<100) fiom that environment ate needed

However, a key pont is that unless a threshold-segmentation method peifectly
1dentifies the penmeters of each individual gram, 1t will disaggregate some, and
aggregate others Measuies of mean/median size fiom the reéultmg Slze-1ass
distribution are still a function of the random false agmegation o1 disaggregation of
grains within the image, but if the offects aggregation and disaggregation are equal, the
mean s12e 15 a good approxamation of the truth Segmentation-thresholding techmgues
currently work less well for sand sized sediment as opposed to gravel perhaps because
gran aggregation becomes more common than disaggregation, thus mean/median sizes
are usually over-estimates The fact that images of natural sediment beds have fiactal
scaling 18 a potentially unportant ﬁndlilg for developments in segmentation-thresholding
of mdividual gramms The sum length of petimeter m an mmage of natural grams 1s 1elated
to some powel of the average aiea (that power being the gran’s fractal dimension), so
relatively small reductions in area cause disproportionately large 1ncreases 11 sum
perimeter length That the length of perimeter which must be successfully segmented in
an 1mage of natural grains wncieases as some power of grain aea (thus diameter holding
shape constant), and because cunent thresholding techniques are not peifect. collectively
mean that the number of nusidentifications increases disproportionately with 1educing
gram-s1z¢ The above imples that there may be some practical lower Inmts to the size of
mateiial successtully identified by applhcation of segmentation-threshold methods, and
that lower hmit is considerably higher than that cuirently for an LUGC approach

It is important to remembel that giam-size derived fiom sieving and from an LUC
method are unhkely to be equivalent because of the two-dimensional nature of the image,
s0 better calibrations may be made by point-counts of gram n images (eg Barnaid et
al., 2007) A test was performed to see whether the fiactal nature of unages 1s dependent
on the method employed to calculate the fiactal dimension Remembeiing that Dy 1s
inversely propoitional to sediment size (in mm), 1t was suspected that fractal dimensions
found for coarser sediments using 2ZD-FT weie over-estimated (larger) because of the

‘hiding’ of portions of the larger grains within the three-dimensional fabiic of the
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sedirhent bed, both within mixed beds and calibration images, using the 2D-FT (F)
method. This causes larger sediments to plot in fractal space as finer than fhey dre in
reality. Using this method, coarser sediments.should differentiate from finer sediments by
more shallow slapes: spectral densities associated with coarser sediments are therefore
either higher at low frequen.-::ies, or lower at high frequencies, than they ought to be.
This may be because spectral densities are measured in .uuit-.s of sguared intensity,
whereas in reality the importance of absolute intensity magnitude is of subordinate
relevance to relative intensity magnitrude across local space as a function of frequency. In
é.ddition', spectra contain divectional inforimation which may complicate the estimation of
" fractal dimension. A fractal estimation technique was sought which is less sensitive to
absolute magnitude of image intensity at varying frequencies, more sensitive to the
general shape of the inteusity trace through images of sediment, and non-directional.
The classic approach is to caleulate Dy by ‘chord fitting’ by measuring the length of
data with different sized chords, baséd on the notion that the distance measured will
depend on the size of the chord used [Mands_albrot, 1983 cites the classic case of
measuring the length -of the UK coastline with different sized rulers]. This, where ® is
the number of times a measurement is taken (or thve number of ‘rulers’ used) and @ is the
length of chord used to measure the distance (or the ruler length}, may be expressed as:

1
Dp= —8% (4.17)

_ log(1/@)
Morphological opening, using kernel operators (structure functions) of differing lengths,

was applied to images fepresenting different sized sediments. A linear structure function
appiied to an image preserves regions which have a similar shape to that function, whilst
destroying regions which do not [Radhakrishnan and Dinesh, 2006]. As the length of
that fiinction increases, less image detail is presel'\ied after the operation. Figure 4.19
(panels a, b and c¢) shows the progressive loss of detail (smoothing) when structure
functions of increasing length (5, 50, and 100 pixels respectively) are applied to an image
of 1.dmm sediment. The details of the sediment are progressively 'missed, tantamount to
‘removing objects’ from the data stream, and analogous to the lengthening of the ruler
with which the ‘aistance’ covered by the data is measured. Figure 4.19, panel d, shows
this effect on_a short (400 pixel) section of data, with the same 5, 50, and 100 pixel

structure functions. Sections of images of finer sediment contain more detail than
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corresponding sections of images of coarser sediments the efiect of removing objects by
morphological opening is theiefore discordant and a function of sediment size within the
mmage {Figwe 4 19, panel ). Tllllere 1s therefore an inverse relationship between sediment
s1ze and slope of the number of objects removed with mcereasing structure fuuction
length This 1s because comser sedunents are more simla for a longer distance,
therefore there are moie pixel regions of sirmlar shape to that function, so incieasing
stiucture function length 1emoves fewer objects (Figure 4 19, panel e)

Fiactal dimensions for this linear relationship were derived using equation 4 17, by
dividing the slope of the log 1egression line thhough the data (log ®) by the recipiocal of
the log-ratio between the original image and the 1mage after apphcation of 100 structure
functions of mcreasing length (1/@) These are shown n Figuie 4 19, panel f and
provide cncumstantial suppoit to the notion that fractal dimensions calculated using a
2D-FT method, whilst still showing the inverse triend with sediment size consistent with
theory are over estimated This may be because spectral appioaches are moie sensitive
to the hiding of primary axes of coarse sediments within the tlnee-dimensional fabric of
the bed, o1 because spectra contain directional wformation which may 00111p11§zxte
estimation of Dy [Outcalt and Melton, 1992]. It may also be the reason why
differentiation of sechment size on a log-log power spectral fiequency plot 1s more
difficull, The use of the classic chord-fitting approach is more intwitive in a fractal sense
because as detail is successively removed, data ‘length’ must decrease as the 1uler size
incteases. theiefore very coarse sedunents, which aie more similar for a longer distance,
must have a fractal dimension with a much smaller mncrement, a notion which resonates
powerfully with spatial autoconelation Thus, although the spectral techmques used in
this study performed well in teims of sediment size accwacy (see Flgmg 4 12), care may
need to be taken when applying to certain sedunentological 1eseaich apphcations Now a
linear 1elationship has been established between fractal dimension and sediment size
withim a digital image, it should possible to generate random autocorielated smfaces
with the same statistical properties, for use in sediment transport modelling and
sedimentation simulations

As previously shown, the sedimentary LUC techmque depends on solving an
unde: -determimed system of equations Conversely, where there aie more equations than

unknowns the system 15 said to be over-determined, and no exact solutzon can be found
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Fig. 4.19 The Fractal Noture of Irmages of Sediment. Panels e to ¢: 1.4mm sediment after applico-
tion of morphological opening operations (5, 50 and 100 pizel lineer structure functions,
respectively). Panels d end e: associcted loss of deladl in the resulting intensity-trace,
and the relationship between structure function length and loss of detadl for various sized
sediments. Panel f: comparison befween fractel disnensions estimated using the 2D0-FT
and chord-fitting methods. )
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Graphically speaking, any method for obtainmg the solution using the least-squaies
principle says that one should take the line thhough the data which minimisies the sum
of squated eriors, but the solution may not lie exactly on an interpolated line through
the ponts 1epresenting the 1eal solution  If one should plot cahbration values a,,, plus
the lines repiresenting the least-squares ‘solution’ ¢, both as a function of computed
signature b, one can tell if the system of linear equations are undel-determined (thus a
solution 18 possibie) 1f the calilnation values lie on the solution lines and see a t1ace of
the knowns versus unknowns thiough the hinear system Tlus is dlustiated in Figure 4 20
for the same sample 1mage solved using Gaussian elimination for outputs of fown different

methods, and for fom diffetent sediment sizes

Autocomrelation Pawer Specfrum
1
08
-; 08 imm ;
5 ém 5
04 1 [+
02 16mm
0
0 02 o4 06 03 1
a
Speciral Vanogram
1160
16mm
/ / ! 17 1 f
1140
i | 165 6t !
* #1mm ¥ 16 mm
2 1120 | — 2 f [
P o 155
igim
1100 / is
mm 145 &mm
1080 14
400 €00 800 1000 1200 1400 1 15 2 25
a a x 10°

Fig. 4.20 The hnear system of equations wn sedimentary LUC 15 under-determmned, thus a solu-
fzon 15 always found Coeffierents are marked by black dots, and thew solutions marked
as blue ines Four methods are shown, for four different sample sizes wm the cabbration
catalogue
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(i)

(iii)

(iv)

(v)

(vi)

Summary

This study extends the image collection methodology proposed by Rubin [2004]
and Rubin et al. [2006] for use on larger sediment sizes {coarse sand to pebbles}).
Importaitly then, sizing irom images is now possible in the full-range from fne
sands to very coarse gravels. The algorithms of Rubin [2004] have been improved,

and a method proposed and validated for use on coarse grained sediment.

W

Four new numerical methods arve infroduced: the 2D-FT algorithm has been
applied to images for derivation of variograms, power spectra and fractal
dimensions, and the remaining numerical procedure is an autoregréssive modek

These techniques have been evaluated.

Rubin [2004)’s method has been used here for calculation of the autocorrelation
sequence with, a modification to enhance the differentiation between sizes by
removing some short wavelength noise in the images, thus removing the tendency

for the correlogram to fluctuate around zero at larger offsets.

It was found that the power spectral density of a digital image of sediment takes
the general form 4, where 8 is normalised angular frequency in radians. The
Fourier analysis of an image can detect and characterise image texture
directionality, which may have implications in later studies for quantifying

sediment shape and orientation.

The fractal dimension of an image is a sensitive indicator of the size of particles in -
that image. Fractal dimensions found for coarser sediments using 2D-FT were
over-estimated perhaps because of the ‘hiding’ of portions of the larger grains
within the fabric of the sediment bed. A classic chord-fitting appro_a;:h using
111orphological structure functions was more suitable. When using spectral
techniques, care may need to be taken when applying to certain sedimentological

research applications.

Digital images of natural sediments corresponded well with a spherical

semiva’u-iogra.m model. For relatively large sediment (> 4mm), the spherical model

- is cubic and for relatively fine sediment (< 4mm), a composite linear least-squares

t
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(va)

{vin)

fit 15 required Tlus information could be useful for simple gram surface

simulations 1 sediment transport modelling

A beiter size estimate was obtained by averaging over the values obtained fiom
two or more methods The trade-off between method accuracy and method speed
18 chscussed and quantified The procedure was validated by comparing the
*distribution mean size” obtamed from the nnage routine with mean size as

determined by mamually sieving at ¢/4, for 181 sieved and 1maged samples

A new technique has been proposed for the estimation of the GSD hom a digital
image of sediment This method, based on non-parametric keinel density
estimation, has been shown here to give more realistic estimates of GSDs of coarse
sand-gravel sediments, as compared to sieving, than previously published methods
[Rubin 2004] In turn, derived graphical peicentiles from the cumulative
chstribution have allowed better approxu;zations to sorting and skewness
Statistically significant dependencies weic found for 20 out of 26 parameters tested,
usmg 54 sediment samples The percentile errois are better o1 at least compaiable
to previous published studies using different unage processing techniques on larger
gram-sizes This new technique performed better than previous distiibution
estimation techniques, and better than the best commercially available package for

mam-size distuibution estimation from digital images of sediment, as compared to

sleving

Despite the theoretical difficulties m comparmg GSDs obtamed fiom
tivo-dimensional images with GSDs obtamed from sieving [see Sume and Ferguson,
2003 and Giaham et al , 2005 for a discussion], these results are very encouraging
Estimates obtamed using graphical methods for mean and soiting are good, and
those obtamed for skewness are adequate for most sedimentologreal purposes
Kuitosss cannot be quantified well, however this 1s a relatively unused paiameter 1n

sedmmentology since 1t 18 very sensitive to small variations m a GSD.




MORPHO-SEDIMENTARY DYNAMICS OVER THE
SEMI-DIURNAL TIDAL CYCLE

Good grief! The real waves look and act nothing like the neat ones that endlessly roll down the
wave channel or march across the blackboard in orderly equations ...
should we slink back inside our reliable equations and brood over the inconsistencies of nature?
Never! Instead we must become outdoor wave researchers. It means being wet, salty, cold - and
confused.

Willard Bascom, 1980. Waves and Beaches.

Introduction

Reflective beaches such as those composed of gravel are typically two-dimensional, but
dominated by ephemeral secondary morphological features. Absolute morphological
change appears to be larger on coarse grained beaches than on sand beaches over
comparable timescales, even under low energy conditions [Van Wellen et al., 2060;
‘Kulka.rni et al., 2004, Auétin and Masselink, 2006a; Horn and Li, 2006). The step and
berm (Figure 5.1) are common features on such reflective beaches {Bauer and Allen,
1995], and dominate the morphodynamics of those beaches. However, it is unclear the
extent to which secondary rriorpholoéical features have sighature sedimentqlogical‘
responses, and if so, whether these exert _somie feedback-control over the development
and morphometrics of these forms.

The dynamics of berms are relatively well documented, and it appears that on gravel
beaches their development is explained, at least partially under good supply conditions
and arange of sedin-lent sizes, by a combination of highly asymmetric (onshore directed)
swash motions, in turn partly influenced by significant infiltration at the landward

extremitiés of swash cycles. This has been invoked to explain a lens of sediment pushed
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onshore over tidal cycles through cut-and-fill bevm building [Eriksen, 1970; Waddell.
1976 Horn et al , 2003, Austin and Masselink, 20060 Weén et al , 20006], and s
elaborated upon fuither m chapter 2

The presence of the step imposes a steep hydrodyname gradient across the nearshore
which controls wave bieaking. In chapter 2, the beach step has been considered
analogous to a bieakpomnt bar common to sand beaches which would mmply it was a
region of on/offshore sedument convergence As well as controlling wave bieaking. the
importance of the step hes m the fact that it 15 a beach piotective feature, locally
steepening the active beachface and thms mamtaining reflectivity duning hagh waves
[Hughes and Cowell, 1987] It 1s able to do this because it is 1emarkably tesponsive to
the semi-diurnal tadal eycle [Mller and Ziegler, 1958, Strahler, 1966] Finally, because of

the presence of the step, the beachface is more hazardous for bathers at high tide.
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Fig 5.1 Schematic of the nearshore reqion on a pure gravel beach such as Slapton, wmncluding
termanology used here and elsewhere

The lack of previous studies into beach step dynamics belittles its importance, and

belies the fact that 1t 15 an interesting case study for coarse-gramn beach
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morpho-sedimentaiy-dynamics. This chapter reports on a series of detailed ficld
experiments measuring hydrodynamic foreing, 1110'1.‘p'11010gical and sedirr‘xentobgical
change, and sediment transport. The formation oi’ the beach step has provided an
interesting problem for past researchers, and several theories have arisen which attempt
to explain its formation; these can be separated into two groups: (L tho.se associated
'with sediment convergence (z;ccretionary evolution); and (2) those linked to the
formation of a backwash vortex. Miller and Ziegler [1958] and Strahler [1966] argue that
the step is an aceietionary feature formed by the convergence of sediment at the
foreshore base (i.e. the incoming wave deposits sediment at the step upon breaking, and
the backwash draws sediment down-slope). This also accounts for some of the observed
coarsening of the sediments at the step, since wave breaking will remove ﬁ_nér fractions
preferentially, leaving only the coarse fraction. The alternative ‘explanation for step
'formation is the backwash vortex [Matsunaga ancf—Honji, 1980, 1983; Takeda and
Sunamara,.lQSé]. Flow separation during the backwash creates supercritical flow and
vortex formation, whereby seawards flow at the base of the step sustains the step face
through avalanching. The flow of water up the step face maintains fine sediments in
suspension, which are subsequently removed by wave-induced currents, leaving. the
coarse fraction at the step. Larson and Sunamura [1993] indicated the importance of
phase coupling between incident waves and swash motions to backwash vortex formation
thereby suggesting a dependence on wave breaker type [Iemp, 1975; Bauer and Allen,
1995]. While there have been a number of previous studies that examine the beach step,
many of them do so in isélation’ W.ithout considération of the morphodynamics of the
beachface as a whole. For example, the ibrmation and/or migration of a beach step
suggests considerable sediment transport, however a parallel process on most
coarse-grained beaches, which also transports a large volume of sediment, is berm
formation.

Berms principally develop due to asymmetric swash processes stranding sediments
around the runup limit [Duncan, 1964]); however, these sediments must be sourced from
lower on the b;::achface and if the source was simply the lower-swash or breakpoint
region, a large trough would develop over a tidal cycle. In the field this does not occur,
as sediment is transported onshore from depths of several metres to replenish the

‘beachface [Austin and Masselink, 20064, meaning that it must pass through the step
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region. Several areas of ambiguity reman, for example how 1eponsive the step and berm
are to the tidal cycle, and how sensilive they are to variations 1n wave bieaker type
fLaison and Sunamwa. 1993], for example Sunamua [1984], Hughes and Cowell [1987]
suggest that step dimensions increase linearly with wave heaght This 15 partly because
there are fow field studics of step dynamices

¥

A dominant influence on the moiphodynamics of macrotidal beaches 15 the tadal state ‘
Variations m water depth 1esult m the horzontal tianslation of the swash, breaker and
shoalng wave zones across the nearshore in phase with the tide If it 1s assumed that the
step is maintained roughly at the bireakpoint, it should be expected that as the
breakpomnt migrates with the tide the step should nugrate simlarly [Bauver and Allen,
1995] Howevel, the above presupposes that the step has a very short relaxation time
when 1t 15 well acknowledged that there 15 frequently a significant lag between
geomorphic process and 1esultant morphological change For example, 1n a neaishore
context, Austin et al. [2007] recently showed that ebb tide adjustments to wave 1ipples
on a sandy beach significantly lagged the falling tidal level Thus there exists the
possibality that although the moipho-sedimentary dynamics of the step are likely to be
mfAuenced by the tidal state relaxation tumes are also hikely to be important.

The hmited amount of work which has quantified tiansport of gravel-sized sediment in
coastal enviionments has been shown transport to be a highly niegular function of
mstantaneous fld forang and mechamstic properties of the bed Heathershaw and
Thorne [1985] demonstiated that the majonity of gravel sediment f1ansport undex tidal
currents occurs as short duiation, turbulent and particular events, un-1elated o
time-averaged flow parameters Further work by Thoine [1986] Wilhams {1990]
Hardisty et al. [1996] and others (geneially in deeper water), demonstrated the 1ole
particle methia and the various mechamcal propatties of the bed may have to play on the
(therefore highly nonlinea:) response of natmal gravel sediments to nearshore flow
velocity. What 1s clear from this work 1s that gravel sediment t1ansport 15 dependent on
both determunistic (e g oscillatory and mean flow velocities), and probabilistic
phenomena (e g bed configurations, sediment properties, turbulence}, but hittle work
has been cairted out to quantify sediment transport mn the nearshore until now because
of the measurement difficulties assoctated with such work Recently 1esearchers have

emphasised the :ole of fluid accelerations and associated horizontal pressuie gradients,
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on coarse particle transport [Drake and Calantoni, 2001; Hoefel and,Elga.l;, 20053; Stive
et al., 2005]. - '
The principal aim of this chapter is to describe the morpho-sedimentary evolution of
the beachface ov-er' a tidal cycle on a macrotidal gravel beach, and investigate whether
the morphological response can be traced through temporal and spatial variations in thé
hydrodynamics, sediment transport and sedimentrcharacteristics. Specifically, to test if
the step and berm are co-evolutionary and whether periods of morphological change and
sediment transport correlate to changes in the hydrodynamic forcing. First, the
hydrodynamics during the field survey are investigated, followed by an examination of

the morphological and sedimentological changes to the beachface and finally an analysis

of sediment transport across the foreshore.

Sites, Times and Methods

Sampling framework

A series of detailed field sul'\rej-:s have been carried out (-)n the beachface as it evolved
around high tide (varying, up to +/- 6 hrs). The.experiments were in each instance,
conducted within a wider morpho-sedimentary monitoring campaign of Slapton over a
spring~sprii1g tidal cycle (see chapter 6). Detailed measurements have been made of
hydrodynamic forcing, morphological and sedimentological change. Although in total
nine experiments were carried out, this chapter utilises hydrodynamic and nmorphological
c-lata, from. five of these surveys which v;-'ere deemed to have adequate temporal {10 ‘
minutes ov lesé) and spatial (Im or less) morphological sampling resolution - namely
those on the 27/09/05; 10/06/06; 25/04/07; 26/04/07 and 02/05/07. Additionally,
sedimentoiogical information at the same resolution as morpliolo@cal information is .
available for the surveys on 27/09/05; 25/04/07; 26/04/07 and 02/05/07. A summary of
the times, sites and environmental conditions for each experiment run may be seen in
Table 5.1. ' .

The main field experiment was carried out in September 2005, which included detailed
measurements of sediment transport as well ag hydrodyn'amics, sedimeﬁtology and
morphological change. This experimental run will be the main focus of the chapter, and

the other 3—4 runs will be used to provide context, and corroboration, to the main
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expeniment’s findings The observations fiom the other fomn experimental runs
contifbute qualitatively to the discussions and ideas piesented in this chapter

The sampling framework of the expeliments was deterrmined by the moiphological
response of the beadhiface Previous field obseivations al Slapton [Aust;m 2005; Austin
and Massehnk 2006¢] indicated that the step was most active i the hours immediately
arther side of lugh water, and was frequently absent aiound low water, instead replaced
by a seies of two or more shallower-sided subtidal 11pple features (sumia to those
described on Chesil by Hart and Plint [1989], but within closure depth, 1e not relict
featwres). With one of the auns of the exercise bemng to momior step-berm couplng, 1t
was decided to deploy the instruments from mid-tide onwards (=5 hours before igh
water), before the step had foimed Data collection continued durmg the falling tide,
until such a time when beachface morphological change was neghgible and the step had
been destioyed, become 1nsignificant o1 migrated seawaid of the ng Therefore data
collection was maximised over the high tide period when morphological change was .
greatest and, being higher n the tidal fiame, more impoitant to the supply of sediment
to the upper beach, thus mamtammg the convexity so crucal to the protection of the

beach’s hinterland

Tab. 5.1 Experimeni tumes, locatzons, and conditions N refers to the number of sediment sam-
ples collected during the experimental run Hy, T,, ©y, and TR refer to significant wave
hewght, period dwectron and tudel range respectwely

| Run l location I tan 3 | duration {mmms, rel HT) | Dso (mm} (N) I H, (m) ’ T {s) f S ' TR () I

27/09/05 | Slapton | 023 -180 180 9 (333) 035-04 7-10 | 236 125
16/10/06 | Slapton |{ 025 -390 150 6 {5} 0406 5-11 89 3.51
25/04/07 | Strete | 0158 -180 170 2 47 (140) 01015 8-9 266 138
26/04/07 | Strete | 0161 -290 180 252 (188) 01015 7 15 167
02/05/07 | Strete | 0157 -300 80 4 27 (152} 025-04 4-6 73 3380

Hydrodynamics and Morphology

During the mam field survey two mstruments ngs weire deployed m a cross-shore transect
across the intertidal beachface Rig 1, consisted of a Druck® piessure fransducer (PT)
and 2D Valepo t® mimature discus head current meter (ECM), and measured water
depth & and cross-shore u and alongshore » flow velocity 3cm above the bed around the

mid-step postbion Rag 2 was located at the base of the step and measured the velocity
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0.1, 0.25 and 0.4m abové the bed with a vertical avray of two 3D Nortek® Veqtor
velocimeters (ADV) and an ECM, and water depth with a PT. An underwater video:
camera was also mounted at Rig 2, po‘sitioned to observe the bed under the current
meters, to provide an indication of sediment transport. A fllljtllel_'.‘ PT was mounted on
thé seabed below the IW level to monitor the tide and wave conditions input to the
beachface. The swash excursion was monitored with a resist:anc;e run-up wire which was
calibrated in sity, mounted 2cm above the bed and exte1.1ding from the step to landward
of the high tide berm. The PTs, ECMSs and run-up wire were centrally 1ogged by a
shore-based computér at 16Hz and the ADVs logged to internal memory at 32Hz.
Images from the underwater camera were digitiséd directly to.a computer at 25Hz. The
remaining experimental runs had the seaward PT to record inshore hydrodynamic
conditions as well as a single ECM mounted just seawards of the breakers. An additional
video camera recorded the entire experiment from an oblique position just beyond the
berm crest.

The following standard hydrodynamic parameters were obtained from each 5 minute
segment of pressute data for each of the experimental runs. From top to bottom:
significant wave height (H,); spectral wave period (Ty); and spectral width (e,

Cartwright and LonguetHiggins [1956)):

Hy = 4o, _ (5.1)
Ts = G0/ (5.2)
_ (Gots) = C3 |

TS (5:3)

where 77 is the detrended water surface elevation, and ¢ plus subscript denote the
moments of the auto-spectrum of the detrended wave trace. H, was corrected for
attenuation losses by multiplying by a gain factor G, constructed using the empiric:'al

correction factor of [Hunt, 1979]:

_ cosh(kh)

7 cosh(kd) (5:4)
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4

~

where b, .d, and k ate local water depth, sensor depth and Jocal wave number,

respectively, where the latter is given by k = kh/h, and where kR 15 gaven by

” 05
Eh = 2 4 kh _
(Tk’* " (10 6667, + 0 35572, + 0 16173, + 0 063275, + 0 021877, + 0 0065475,) )

(55)
where T, = (472h)/(¢T7) The time sertes were Hann tapered to 1educe leakage of
spectial density from large to adjaceni peaks [Hegge and Masselink 1996} using

w(z) =05 (1 o5 — ) (5 6)
- N-1
for1 =1,2, ,N To account for taper-induced spectral vaiiance loss, a correction
factor was apphed to the estimates given by
N
Cyp=—F—— 5.7
" WP o0

The g1oumness function was computed according to List [1991], wheie the detrended
time series is high and low pass filtered (cut off = 0 05Hz), a modulus taken, and

multiplied by 7/2 to yield A+ The groupiness factor 1s then given by

GF = V2o, /8¢ (58)

where ¢4 and A; aie the standard deviation and mean of A; respectively Groupmess
increases as GF — 1
The hydiodynamic parameters were averaged over each consecutive 5-mun perod of

the Ingh tide and used to computed the following two morphodynamc mdices

4m?H,
= TTtnp (59)
tan 7 (5 10)

€= T
where ¢, 15 the surf scaling parameter (Guza and Inman, 1975} and £ is a shallow water
form of the Iitbanien number (Battjes, 1974) L is the shallow water wave length. g 1s
gravitational constant and tan 8 is the beach gradient acioss the ‘active’ region of the

beachface (between the R2% and R80% run-up limits) The tidal translation 1ate TTR
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was obtained from the run-up data, and calculated as the cross-shoré excursion of the
R2% run-up limit between consecutive 5min periods; as such it averages out fluctuations
caused by the tide, incident wave energy and breaker type.

'l

TTR = ‘5"“5# : ' (5.11)

For all of the experimental runs, the beach profile was surveyed at low tide along a
s.ing'le shore-normal transect using a Trimble electronic total station. Morphological
measurements with a higher temporal resolution were carried out during tidal inundation
using a rapid profiling method similar to that of Sallenger and Richmond [1984];
Nordstrom and Jackson [1990]; Kulkarni et al. [2004]. This method is ideally suited to
obtaining accurate bed-level data from under water and has been used previously on
coarse beaches with consistently good results [Austin and Masselink, 2006¢]; it has an
estimated accuracy of 1 em. Fibreglass rods (diameter 8mm) were inserted into the
beachface and the exposed length of the rod above the gravel surface was measured at
S5min intervals using a specially designed ruler. These rapid profile measurements were
conducted from the spring high tide berm to seaward of the step (up to wading water

depth). -

’ Sedimentology

T'wo methods of sediment sampling for size were carried out for this study to optimise
temporal and spatial resolution within the experimental set-up. A 10 m transect was
established 2 m longshore of the morphological transect, and the sediments sampled
every 10—1ﬁin for the entire experiment. Subaqueous sediments from the step face and
lower swash regions were grab-sampled, dried, and sieved at 1/4 ¢ intervals.
Intermittently-submerged sediments in the upper swash were photographed every 5-min
whilst suba:arial, and analysed for size using the image analysis method outlined in
chapter 4 (i.e. usir-lg averages from the autocorrelation and autoregressive techniques).
Sediment size and morbhological change relative to the standard deviation was found
t0 be the most meaningful .comparison, and due to the noisy nature of the sediment size
record, only the gross morpho-sedimentary trends could be considered. As a pre-analysis
tool tl.le morphological and sediment size data sets were deconstructed using empirical -
orthogonal functions (EOFs) in order to separate the dominant signals from the
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fluctuations, about which we could have less certainty

EOFSs, also known as Principal Components, weire used to decompose moiphological
and sedimentological data sets into therr constituent ‘modes’ of behaviour, 1 order fo
investigate the chaiacteristics of spatial and temporal vatiabihity EOFs have had
widespread usage 1n coastal disciplines, for example to investigate laige scale coastal
behaviour [Wynberg and Terwindt, 1995, Laison et al , 2003}, shoreline vanability
[Clarke et al., 1984, Miller and Dean, 2007], beach profile variabihty [Wimant et al 1975,
Aubrey and Ross 1985, Houser and Gieenwood, 2005}, and sediments [Medina et al
1994 Liu et al.. 2000] The appeal of EOF analysis 1s the ability to simplify and fease
structure out of data without using a model or abstiacted prinaples (hence ‘empirical’),
1e decomposition 15 achieved by using the data itself to select the constituent functions,
“which differs markedly from Fourier and even Wavelet techmques EOFs decompose a
data set imto a number of uncorrelated (o1thogonal) variables o1 modes, each of which
accounts for a proportion of the total vanance within the original data set The modes,
or exigenfunctions, are scaled by an associated set of eigenvalues, and are 1anked
monotonically acecording o the percentage of the variance in the data they explan
(displayed as a ‘scree plot’, Davis [1986]). Usually, most of the total variance m a data
set consisting of p modes can be represented by a relatively small number of ¢ modes
[Swan and Sandilands, 1995] - it is saad that the dimensionality of the data can be
1educed fiom p to ¢ This 15 very useful for noisy natwal systems because vauation
associated with low 1ank modes can be simply removed to 1eveal the cleaner data
undeineath, and in tuin features not previously visible

In this study, the morphological and sedimentological data sets analysed using EOFs
consisted of matrices of observations over space (2, 10ws) organised in time (¢, columns})
Resulting exgenfunctions were therefore either temporal modes denoted ¢, (%), or spatial
modes denoted e,(x) (following Milles and Dean [2007]) The generic data ¥ (z,t) 1s
represented by a series of linear combinations of these space and tume functions, for a

X

non-square matrix. as

Aﬂ'
V(z.t) = dgce(t)eg(x) (512)

g=1

for eigenfunctions kN, N here being the smaller of the number spatial and fempoial
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samples, and where norinalising factor is given by ¥q = v AN Vg, an‘& where ), is the
eigenvalue associated with the ¢t* eigenfunction [Miller and Dean, 2007]. In this study
the BOFs were calculated using a singular value decomposition (SVD) algorithm on ¥y,
to yield two orthogonal matrices, C and B, which contain the spatial eigenfunctions and

temporal expansion cocficients, respectively. The problem may be stated thus:

V(z,t) = EACT ' (5.13)

where A are the eigenvalues of ¥, [Swan and Sandilands, 1995] and T' denotes matrix
transpose. The temporal eigenfunctions are then calculated as the Hadamard product
(multiplication of two matrices, element by -elemen_t) of E and A [Swan and Sandilands,
1995], and the variance associated with each mode (expressed as a percentage) is

calculated as:

_f XN-1 Y\ ) .

Eigenfunctions are purely mathematical constructs, therefore non-dimensional, and
camnot be expressed with any physical magnitude: However, multiplication of the spatial
eigenmodes and the temporal expansion coefficients yields the original data. Errors
between original and reconstructed data sets, given by ey = (le,t - }f;,.:tl)g should

tend to zero [Davis, 1986].

Sediment Transport

The size of gravel clasts and nature of gravel sediment transport precludes the use of
optical and acoustic backscatter sensors to quantify sediment flux in the nearshore,
Which accurs almo'st exclusively as bedload and sheetflow. Instead, the underwater video
was u;sed as a measurement tool to quantify the J;Hag‘nitude of sediment tra:nspbrt
[Williams, 1990; Stlive et al., 2005]. The underwater video collected as part of the

‘ September 2005 experiment was deuc-ompiled into individual frames, each representing
1/25th second, and converted to gréyscale. The individual images were fltered for
so-called ‘heavy tail’ or ‘impulse’ noise, and speckle (electrical) noise, using a
relaxed-median filter [Hamza et al., 1999]. Other sources of noise, for example

motion-blur and non-uniform illumination, were filtered using a complex-valued,
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log-Gabor wavelet filter described by Koves: [1999] This 1s an advanced multiscale
denoising algorithm based on complex-valued log-Gabor wavelets Compaied to
1eal-valued wavelets the benefit of using complex wavelets is that it approximates the
amphtude and the phase of the signal at various scales This algonithm has shown to be
particularly efficient for removing non-unform patches of llumimation, especially n
underwater 1magery [Arnold Bos et al | 2005], because 1t preserves edges, and 1t may be
used in a completely automated manner, because 1t determines the amount of noise at
each scale within the image Operating in the frequency domain, 1t 18 very fast Some
images of the 11g and video data collected may be seen 1n Figure 52 The greyscale
image was ciopped to the region of mterest for sediment transport/bed mobihty
calculations A two-dimensional coirelation was applied between pixels mm consecutive
high-1esolution greyscale 1mages separated in tume by 1/25s This algonthm provided a
relative measuie of corielation between consecutive frames of a moving bed, the
reciprocal of which proved usetul as a dimensionless ‘bed motion coefficient’, sensitive to

changes in bed ’textwie’ o1 gross (non-directional) bed mobility and given by
o

Yoo 2om OT0F .
Q=1/ T (5 15)
(\/[zm Tn 0 — [T T .6%})

where oy = I}, — TF, Br=I - Ttﬂ, and whete ¢ is time, m and n are dimensions of
mmage I and the overbar denotes the mean The mumerator 1s the spatial covailance
between successive 1mages, so ) 1s an nverse measure of change, and by implication
transport, which 1 why the reciprocal 1s used The denominator 1s shown as the
difference between the spatial vanance of successive images {2 hies between 0 and 1, and
is very sensitive to changes m fexture’ between consecutive frames, and when other
souices of change are removed by filtering, it becomes a sensitive mdlc'ator of gross bed
mobility In tlus way it is a similar process to that of Holland et al. [2001], which tiacked
image ‘textwre’ to quantify swash flows from video imagery High values of £2 indicate
poorer colrelation therefore most change, and most sediment transport. Remaining
differences between frames associated with electrical/optical nose aftel extensive

flterng were munumal (<0 0001) Subscquently, the time series of & was 1esampled to

4Hz to correspond $o the hydrodynamic time series
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Fig. 5.3 HUydrodynamic conditions encountered during the 27/00/0.; field experiment - local wa-

ter depth h; signifcant wave height H,; significant wave period Ts; and wave skewness S.
The contour plot in the lower panel represents the temporal evolution of the inshore wave
spectrum. The spectra are normalised by their total variance, such thet the contour plot
shows the change in spectral shape, and not total energy content.
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Fig. 5.4 Time serves of tudal elevation and morphodynamac mdices for breaker condirons - Lidal el-

cvatron h (where the shaded reqion 15 the expervmental period), tidal transtation rate TTR.
surf scaltng parameter e, and Irbarren number § The horizontel lines m the muddle and
lower plots separate morphodynanuce domains wiermedicte versus reflectwve condifrons
m the muddle panel [Guza and Inman, 1975], and plunging versus surging breakers m the
lower panel [Battjes, 1974] The morphodynamic tume sertes have been smoothed using o
&-pownt mowmng average wmdicated by the sobid line  The shaded region wmdicates the period
when £ watwlly beqins to mcrease end breaker type becomes predomunantly surging
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and little change in sediment volume occurs in the mid-swash region. To quantif_;' the
morphological response, the changes in sediment volume, relative to the start volume,
were computed across each reg;ion (Figure 5.6, upper _panel). Four distinct periods of
morphological adjustment can be ident;iﬁed:‘ (1) Phase I is associated with the initial |
tidal inundation of the beachface and displays moderate volumetric change; (2) Phase 11
corresponds to the rapid erosion of the nearshore region and strong growth of the step
and berm; (3} during Phase ITJ, there is continued berm growth but the lower-beachface
is in near-equilibrium with the forcing; and (4) Phase IIa reciprocates Phase IT dining
the ebb tide. During tidal inundation the béachface does not conserve mass; there is a
net increase of 1.4 m? in sediment- volume across each unit metre of beachface (Figure
5.6, lower panel}). This sediment must either be sourced from the nearshore region or is
the result of longshore transport.

Grouped variable scatter plots of the step and berm morphologidal Facets plainly
differentiate between the two systems (Figure 5.7). The coupled step nearshore
mid-swash systems clearly display hysteresis loops, the distribution of which are strongly
related to the phases of nmrphologicél change identifed in Figure 5.6 and hence the tidal
translation. In contrast, the berm system displays no hysteresis, and is cleaxly
un-coupled, at lgast at this time-scale, from the nearshore and mid-swash regions.

Figure 5.8 shows the original change in morﬁhology and sediment size (relative at each
time step to the standard deviation of sediment sizes across space), respectiv;ely. The
morphological and sediment size data were re-mapped as a ‘cleaner’ trend with which to
.‘draw inference using the number of EQF's required to explain >90% of the variance in -
‘the morphology and sedimentology, 2 and 4 EOFs, respectively (Figure 5.8). The errors
between the original and reconstructed data associated with these reconstructions are
negligible. The region of foreshore from the berm face to the step crest (50-56m) became
- generally coarser throughout the experiment (Figure 5.8), whereas the region just
seaward of the step became finer (56-58111). The main morphological trénds are again
seen, with the in-situ growth of a berm and step. The sedimentological trends are also
clearcr, with bands of relati\;ely coarse and hne sediments showing some spatio-temporal
persistence.

Figure 5.9 plots the percentage of explained variance attributable to each EOF. It

demonstrates that over 90% of morphological and sedimentological change can be
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7 Grouped varable scaiter plots of the differeni morphological facets Upper panels - evo-
lution aof the beach step compared unth the nearshore end mid-swash regions Lower
panels - berm evolution compared with the nearshore and mud-swash The different
marher types reflect the phuses of morphological change wdeniified m Figure 5 6 and the
sold curcles and squares mdicate the start and end points of the sampling pertod, respec-
twely Arrows mdwcate the progression of the morphological change Sediment volume s

measured per unit undth of beachface
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“co-incident with removal of material, and step crest which is eoincident with the
deposition of material. In a gross sense, each hydro-kinematic region thus has a distinct '
‘morpho-sedimentary domg;.in’, so 1t is possible to trace the gross trends of berm and step
building-coarsening through time, and it may be seen that the mid-foreshore is a \
sedimentological as well as morphological pivot point. Despite the location of the step, it
has remarkably stable and distinctivé sedimentology: step sediments are
characteristically coarser skewed, and more platykurtic, than the sedimeut.s‘ of the
foreshore and berm. Tt is thus possible to distinguish the-step from the foreshore using
bivariation in sedimentary moments (e.g. Figures 5.16 and 5.17).

Tab. 5.3 Correlalion coefficients for sedimeniary and morpho-sedimentary bi-variate relation-
ships. )

Run Md/o | Md/Sk | o/Sk | Md/Az | o/A 2 | Sk/A z.
| 27/09/05 | 0.72 0.73 0.52 0.41 0.26 0.7
125/04/07 | 0.83 -0.21 | -0.39 -0.32 0.019 0.24
126/04/07 | 0.82 0.21 -0.03 0.7 -0.24 0.39
02/05/07 | 0.86 -0.32 {-0.32 0.15 | -0.15 -1.82

Bivariate scatterplots of sedimentary parameters (Figure 5.17) reveal some significant
correlations in the time series of the step face sediments that are not present in the
swash sediments. Relationships were found between sediment parameters only for the
step sediments.— coarser sediments are more positively skewed (Figure 5.17), more poorly
sorted (Figure 5.17), and more platykurtic (Figure 5.17). Perhaps the best parameter to
discriminate step and swash sediments.is kurtosis - step sediments of a given size are
consistently more leptokurtic than swash se_zdiments meaning that, even though overall
swash sediments are slightly better sorted, the ratio between the spireads of the tails and
centre of the distributio;:t is greater and the step sediments are better sorted in the

central part of the distribution.

Sediment mobility

Sediment transport just seaward of the breaker zone was found to be intermittent, and
characterised by periods of relative mobility and relative inactivity. The Q parameter
was calculated for 402370 consecutive images, representingf =zd.bhrs of decompiled video

data of the nearshore bed surface at Rig 2. Field observations indicated that the largest
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transport events occuried at fiequencies greater than the incident wave petiod,
suggesting the involvement of wave groups

Upon visual mspection there was systematic bed-motion 1esponse to neither velocity
(u) duection nor magmiude, acceleration {a,) direction no1 magnitude Indeed, bed
motion induced by sinilar velocity or acccleration events was often very dafferent in
duration and magmtude. This was probably because ‘bed motion’ parameterised by Q is
not the same as volumetiic sediment transpoit Assuming instantaneous sediment
transport response Lo nearshore fluid motions, the sign of € was scaled according to the
mstantaneous dnectional component of velocity and acceleration (1e positive onshore,
negative offshore), to yield £, and £, 1espectively, and the followng calculations

were performed for each Smin segment of data

6, =log (ELII—%%) (5.16)

&, =log (Ez—ll_gg—ll) (5 17)

providing a ratio of time-averaged onshore - oﬁ'sh(fre dimensionless sedument flux,
assummg instantaneous response to fluid forcing. Figure 5 18 (left) shows these ratios
ovet time, showing that in general values lie close to umby, however i general in can be
seen that sediment flux which occurs when flows aie accelerating offshore 1s greater than
sedunent flux which occurs when flows are accelerating onshoie Conversely, sediment
flux 18 greater when veloaty 1s directed onshoie

The role of wave groupiness was investigated by comparing time-series of cross-shore
current velocity, the wave groupiness envelope and bed motion (Figme 519) The
groupiness envelope wais computed by lowpass-filtering the modulus of the cross-shoie
curient 1ecmd’i at 0 05Hz Visual mspection of the time series mdicates that the stiucture
of the groupiness envelope 18 very similar to, but shightly lagged behind, that of the bed
motion The cross-corielation function between the groupmess envelope and the
lowpass-filtered bed motion confirms the strong positive correlation, and quantifies the
time lag as 5s. Closer observation of the time selies of u and €2 suggests that strong
backwashes at the start of the wave gioup 1mitiate maximum bed mobilisation The § s

time lag exists because the maxima of the wave group envelope tunction 1s at the centre
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of the group, and therefoie the cross-coirelation ignoves the effect of fiast few constituent
waves of the group This suggests that sediments respond strongest to sub-incident wave
frequencies, which could mean that individual waves stir/destabilise sedunents, and the
largest wave(s) mn a group carty out most of the transportation Equally, 1t could
wdicate that the importance of the magnitude of the velocity event which transports
most sediment 18 dimumished, 1if the sequence of imdividual waves which aie large enough
to stu the bed 15 long enough In which case, stress ‘histories’ may be more important in

3

the movement of clasts than mstantaneous bed stresses {Paphitis and Collins, 2005

|
g_-l_.:l._ly. iy i A k i ¥l Sl
1128 1129 1130 113t 1132 1133 1134 1145 1136 1137 1138 1139
Timé {hrs)

Cross—conetation coethclent (1)

Time {ag {s)

Pig. 5.19 Tumne serres of (top) cross-shore current velocity u (solid hne} and envelope function of
u (thnck solid lime) (cenire) non-dumensional bed motion @ (sohd hne) and lowpass-
filtered 0 (thuck sold hme) and (bottom) cross-correlotion between the groupiness
envelope end the lowpass-filiered $  The solid cwrele wmdicates the mazmmum correla-
tron coeffetent and the shaded region represenis the 95% confidence bl enlewloled as
2//N, where N 1s the number of samples The culb-off for the lowpass-filter was 0 0510z

It is likely that the first waves mn a group clear’ the bed of a certamn proportion of
movable grains, until a thieshold 1s 1eached where the conditions have been primed for
the greatest amount of transport, after which the bed 1s relatively immobile This
implies a great deal of initial 1esistance to movement unposed by the micro-mechanical
configurations of the bed {tempoial and spatial distiibutions of grain-size, ‘hiding’
factors, relative flow protiusion, efc) These findings are in general agreement with

previous work on marine gravel transport.

T
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Fig. 5.20 Spectral analysis of v and Q during the four previously identified phases of morpho-
' logical change. Left panels - normalised auto-spectra of u (solid kine) and Q (dashed
line). Cenire panels - coherence spectra. (solid line) and 95% confidence limit-(dashed
line); right panels - co-spectra. Frequencies where u and O are significanily coher-
ent erc shown in black, grey bars indicete non-significant, corvelation. The normalised
auto-specira were computed by dividing the individual spectral estimates by the sum of

the spectral estimates (i.e. total veriance of the time series).
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Cross-spectial analysis was used to further exploie the relationship between § and »
(Figure 5 20) Auto-spectra of the cross-shore emrent and the bed motion a1e
characterised by a stiong peak at 0.08Hz and a secondaiv peak at 0 2Hz for the cuirent
and a peak frequency of 0 03 Hz for the bed motion. These spectral peaks indicate a
wave group period of 33s, and confirm the br-modal wave field of 12 5s swell, and 5s wind
waves There is generally very poor correlation between £ and u, except at the wave
group fiequency during Phase T of moiphological change, and this is fuither reflected
when the co-spectia are calculated between curtent velocity and sediment motion
[Huntley and Hanes, 1987], which are often barely sigmificant over the fiequencies of
interest Using §2 as a proxy for sedument transpoit. the co-spectia quantify the
magnitude and direction <;f the sediment flux at different frequencies in the same way as
the co-spectrum between u and the suspended sediment concentration on a sandy beach
Low coherence between velocity and tiansport suggests transport 1s haghly intermittent,
hghly vanable at swell flequencies, and clearly a nghly non-linear function of flow
velocity During Phase I, maximum bed motion coincides with the onshore phase of the
wave-oscillatory cuirents at the wave group and windwave frequencies, there 1s some
offshore transport at swell frequencics Progressing into Phases 1T and 111, whete
significant, transpoit 15 onshore due to wind waves and offshore due to swell Here,
trapsport at the wave group fiequencies 15 largely insigmifcant Onshore transport
contwues at wind wave hiequencies throughout Phase IIa with some onshore contribution

from the swell

A sumple probabliistic model of bed mobility

In order to glean further mformation about the nature of bed motion, the data was
analysed further using a probabilistic model n order to reconstruct an ensemble or
typical’ transport event Dunensionless 1aw ! was lineaily rescaled to span the mterval
0 —10, and rounded o the nearest integer 1 order to obtain a disciete record €2, which
mamtained simmlar resolution A fransition probability matrix (TPM) —see Figute 5 21
—of the ;. data was constiucted (Figure 5.22), and using Markov Chain theory:
«|[Kemeney and Snell, 1960], analysed for its general distributional form and persistence

characteristics

With reference to the TPM for Q.. in Figure 5 22, the absence of t1ansitional extremes
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validates the sample frequernicy at which the data was collected. The transition matrix
shows that sediment transport ‘events’ are in general negatively skewed. For'example,
the transition probabilities are not symmetrical about the inertial left-right diagonal,
and the probability foi an event of increésed magnitude to follow an event of given
magnitude is larger than the vice-versa (i.e. incline tendencies). Specifically, values of
average magnitude liave a la,rg;er transitional spread; therefore the skew in the wave will
not be drawn by the mode (event peak) or tails but by the falling limb. In ovder to
reconstruct the ensemble event the remaining information required is the persisterice
characteristics of every magnitude. The rank autocorrelation function of a Markov chain

is given by [Basawa, 1972):

2
kEa:,y wyeﬂ?y - (Lz,y a;@ff-‘y)
=

_ (5.18)
E:i;,y 32@9;3; - (Ez,y'weivy)

where Oy = II7 % PT such that ij’.y Ozy =1, and where T} z, y, P, and II denote
matrix transpose, ré)w, column, transition matrix, and steady state probabilit}: vector,
respectively. The steady state vector II is found by solving the set of equations, in

matrix notation: ' f

Il = PII | (5.19)

subject to 3 IT = 1. The autocorrelation functions for each magnitude are shown in
Figure 5.22 (right panel), showing an almost linéar decrease in persistence with
inereasing magnitude. What this means in a physical sense is that a typical sediment
transport event resembles a negatively skewe'd wave which is comiaosed of a series of
steps of increasing shorter length. This general form complies with visual inspection of
the data, and could bé interpreted as the first V\;a,ves in a group “clearing’ l;heT bed of a
certain pl"oportion of movable grains, until a threshold is reached where the conditions
have been primed for the greatest amount of transport, after which the bed is relatively
immobile. This implies a great deal of initiairesistance to movement imposed: by the
micro-mechanical configurations of the bed (temporal and spatial distributions of
grain-size, ‘hiding’ factors, relative flow protrusion, etc).

A discr_fete ‘(ueueing ‘process’ is; 2;. simple statistical modelr which tries to predict the

dynamics of a stochastic process which is charvacterised by queue-like properties, in so
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much as 1t 1s a goveined by the 1ate of arrivals and departuies of a fimte and discrete
number of entities (or ‘customers’) mto and out of the queue [Gross and Haris, 1998] In
a disciete time-series the ‘queue’ is the time mteival of mterest and the ‘customers’ are
the entities within the queue which armve, wait, and depart at some rate The sediment
transport time-serics {2, 1s suitable for consideration as a queuemng process because it is
long, discrete, and charactensed by punctuated quiescence (or a series of instantaneous
‘gvents’ separated by relatively long periods of inactivity) and no tempoial trend In this
situation the probability of an event (state) occuriing i an interval of any length withm
the time-serles 15 propoibional to the length of that wterval The TPM for £,, was
characteiised only by valucs on or mmmediately azound the diagenals, which in the
literature 15 known as a ‘birth-death’ process [Gross and Hairis, 1998] wheie the
fransitions are 1estricted to neighbouring states In this ‘smooth tiansition situation,
the queue 1s characterised by indrvidual {not bulk) arrivals of states, or in other words an
orderly queue which s simply modelled

The Poisson model has long been used to characteise such disciete time-seres [Davis,
1986, Zaman, 2002] as ‘buth-death’ (sunple) quenemg processes The Poisson
distribution models a giteue where 1n a fixed period of time, the prabability of artival of
a discrete event 1s mdependent of the period of time since the last event of identical
magmtude [Gnffith and Haining. 2000], controlled by a known rate of arival
{depaature) The Poisson distribution and Matkov chain are often utilised together in
statistical modelling because they share certam assumptions m common, for example
arrivals (of states) ate 1andom and mdependent events, all states may precede or be
preceded by otheirs (the assumption of chain mieduebility), and only one state c-an
occupy the chain, o1 queue, at any one time {1 e ‘customers’ are served one at a tune)
The use of probability models has some history 1n sediment transport 1esearch In the
seminal work on the subject, Einstein [1937] showed that gravel m rivers 1s transpoited
in a senes of discrefe, semally independent step and rest ‘events’ which may be
approximated by a probability distribution m the exponential family (e g Gamma,
Poisson), a general observation which has aided individually-tailored 1esearch problems
mn fluvial geomorphology [Hassan et al, 1991 MceNamara and Borden, 2002].

If we assume that the TPM encompasses the entire state space ([V, N]) of Q. (ie if

mn a sufficiently long time-series we have observed all possible values of £}, the
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probability that Q,.., as a random variable, equals a. particular value, y, within N may
be given by the Poisson distribution [Griffith and Haining, 2006):

—Ap 2y . !
PO =)= T2 520,y =012, N1 (520)

with (intensity’). parameter A, as the ‘rate of vecurrence’ [Grifflith and Haining, 2008].
The probability that a fransition will have occurred in a time interval equals 1 if the
assumptions-of the chain -are adhered to, so a probability matrix of departure D, for
N=z may be given as an identity matrix of dimensions = + 1 x & + 1 with all el;aments
set to zero except the entries ((1,1) and (z,z-1) which equal 1, For example, D, for z=4

would be giveﬁ by:

/10000\
10000
Dy=101000

00100

00010}
A probability matrix of arvivals D,, of dimensions N +1 x N + 1, and governed b&- a

Poisson model, for y=90,1,2,...,N + 1 according to the elements

Do(y,y : N+ 1) = p(Qy = ¥), dnd elements A(y, N+ 1} = 1 — Z(Daly, ¥ : N + 1)) (s;)

each row sums to 1). For the z=4 example above,

(€ = y) = [0.4493, 0.3595, 0.1493, 0.0383,0.0077] for y = [0.1,2,3,4] and if A, = 0.8,

therefore , is given by:

(0.4493 0.3595. 0.1438 0.0383 0.0091\
0 0.4493 0.3595 0.1438 0.0474

D, = 0 0 0.4493 0.3595 0.1912
0 0 0 0.4493 0.5507
\ 0 .0 0 0 1 )

In a Markov-Poisson madel such as this, parameter A, which determines the shape of
the distribution is interpreted as the average ‘arrival rate’ of a new element (state) into

the queue. The estimated TPM is given by the product of D, and D,, and the mean
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waltmg time for an arriving entity (state) 1s given by (¢ x II), wheie 2 = [1,2,

Mean waiting time
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Fig. 5.23 Powsson Medel for Sediment Transport Top left Fowsson distributions for a Dwserete-
State Muarkov chamn with Ay = 01 — 2 (heavy line ¢ Ay = 085) Top right
Steady state distrbutions (11} for the associated Markov-Powson processes (heavy hine
2 A, = 085) Botiom right mean waibing tunes wn the queue for o, =01 — 2
The damgng rotio, Py, for sediment transport data ey s shown as a sold straight
bme Bottom left the modelled TPM of a Markou-FPoisson process unth Ay, = 0 85 and

Pp=267

Some results of the model are shown 1n Figure 523 The damping ratio given by the

ratio of the first and second eigenvalues rho, = Ap1/ |Apa| Caswell [see 2001) for Q.

equals 2.67s (shown &s a sohd line m Figure 5 23, bottom left), and the Markov-Poisson

model outlined above when A, =0 85, gives a mean waiting time 2.67 seconds The

*damping 1atio’ may be consideired as the rate of convergence to complete

time-mdependence (p=0) for each mndividual state The distribution p{£2,,) for A, =085

has been used to construct a TPM (Figure 5 23, bottom right) which closely

approximates the TPM of Q... (Figure 5 22). Of particular note is how closely the

features of the actual (Figure 5 22) and modelled TPM (Figure 5 23) match, for example

the larger values left of the diagonals 1elative to those to the right (in general terms, any

given state 18 more likely to be pieceded by simaller values than larger values) In
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consequence, the steady state vector associated with this modelled TPM (heavy line in
‘bop right panel), gives the best approximation-to the shape of the steady state

probability vector (IT} of the TPM for Q.. in the range A=0.1 — 2.

Discussion

- The narrow region of wave breaking on a gravel beach (and its morphological progenitor,
the beach step) is an imj;)ortant one. The énergy associated with i:his‘ region is of
primary imp“ortance to a given beach configuration: and sediment paltern at any givén
time. The step and berm were found to be very responsive over individual tides. The
step was consistently seen to migrate with the semi-divrnal tide. Whilst the ‘
morphological sampling resolution precluded the analysis of the dimensional aﬁaly‘sis of
the step on a wave-by-wave basis, what is Elear is that it remains submerged; it forces
wave breaking; and it keeps a quasi-steady distance from the shoreline (but not the
run-up maximum). The gross morphological changes which occur across the steep
macrotidal gravel beachface are largely consistent with those reported in earlier findings:
a 1?erm develops through swash over-topping and asymmetry [Hine, 1879; Austin and
Masselink, 2006a; Weir et al., 2000], whilst seaward of the run down limit, a large beach
step evolves [Austin and Masselink, 20064].

Referring to the measured morphological change, it is evident from thée sediment
volumes, that as the tide begins to flood, the beachface initially undergoes a phase of
consolidation. This is succeeded by a period of rapid morphological change during the
mid-flood when the step and berm develop, followed by a quiéscent period over the high
tide still-stand. The berm and step then exhibit contrasting morphological behaviour,
whereby the berm is consolidatéd whilst the step returns to a similar state o that before
tidal inundation. The gross morphological changes which occurred across the beachface
during the present study are consistent with the other fndings, in particular those of
Austin and Masselink [20064), where both the spatial distribution and temporal phasing
of the step and berm development are in excellent agreement. During the last three
experimental runs of this study, the magnitude of the morphological changes were
signifcantly smaller due to calm wave eonditions, but the trends dissimilay.

During the first two ef-:perimental runs of the present study and that of Austin and
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Masselink [2006¢], the step and berm were principally accretionary features hnked to the
tidal stage, however, the step and berin display several dissimilarities that lead to the
question of whether they exhibit co-dependent behaviowr o1 are mdependent features.
On occasion, the step bult wn-situ with its crest remaiming at approximately the same
contour throughout the samplmg pertod winlst m contrast the betm crest migrated
Jandwards by ~1 5 m The toe of the berm 1emained at a fixed cross-shore position so
the entie beim stiuctuie did nol move onshore, but rather swash washed sediment over
the crest which was re-established landwards However, duting the last, three
expelimental runs, the whole structure of the small berm migrated landwards During
the present study, there was a net increase in sedmment volume across the beachface, and
whilst the volume of sediment eroded from the neaishore and md-swash was 10ughly
balanced by accretion at the step, the volume of material mcorporated mto the berm did
not cortespond to the erosion, this mateiial must etther have come from seawaids of the
step or was recycled from the step which was subsequently 1echarged from offshoie
Alternatively, sediment supply to the berm and step was both ample and equal but
differing hydiodynamic or hydraulic forang caused different patterns of sedimentation
Net berm growth 1esults from swash dsymmetry [Duncan, 1964, Elot and Clarke,

1988}, wheieas the step forms at the pomnt of convergence between on/off-shore tiansport
in the mid- and lower-swash and onshore t1ansport of sediment eroded from the
nearshoie Under these conditions, the step is an ephemeial feature with a short
relaxation time that forms during the flood phase of the tide and 1s destroyed during the
ebb Step face sediments ae sourced from the nearshore region and transported onshoie
to converge with sediment sourced from the lower swash which builds up the step crestal
region. During the ebb, the crestal region 1s eroded and its constituent sediment
1etuined to the nearshore. The berm develops comcidentally to the step during the
flood, however, it has a relaxation time that 1s related to the spimg-neap cycle and,
unlike the step, persists on the beachf.ace because it 1emains stranded above the
shoreline as the tide ebbs, therefore, the bexm conserves 1ts sediment over a single lngh
tide whereas the step does not Consequently there 1s hysteresis between the coupled
mid-swash-step-nearshore region, but not between the un-coupled bermnud-swash or
bermmearshore regions Step dymamics are thus tidally modulated they.a.re consistently

more pronounced at high tide compared to mud-tide and often absent at low tide, mstead
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replaced, under calm conditions, with a series of subtidal ripples with long wavelengths. .
) B/Iérplldlogical changes on the beachface and just seawards of the step are in

“proportion to step dimensions for a given set of {low-medium energy) wave-tide
conditions, implying a source-sink relationship and sediment convergence. The whale of
the active foreshore is thus involved in maintaining the position and characteristics of
wave breaking, in a morphodynamic relationship. Berm formation requires energy and
tidal stationarity over-and-above that required for step formation, so'in consequence,
whilst a berm does not always develop, in contrast, a step always does. Step or berm
may or may not migrate significantly over a single tidal-cyclé - this depends on the tidal
translation distance. Where the berm does move, the foe of the berm remains at. a fixed
cross-shore position so the entire berm structure does not move onshore, but rather
swash washes sediment over the crest which is re-established to l.andwards [Austin ami
Masseliﬁk, 20064]. Foreshore sediment conservation of mass is not always achieved - the
step is 2 mechanism by which beachface building and deplefion occurs, liberating and
transporting material from different areas in the tidal frame. Indeed, here is little net
morphological change when the step is not very active.

Part of the reason for the different relaxation times of the berm and the step may be
that alongshore sediment transport processes partially control the amplitude of the Berm
relative to the foreshore, but not the amplitude of the step (at least not divectly). This is
becatise the lgradients in alongshore sediment transport may not be sufficiently strong at.
the breakpoint, given the extent of the forward momentum-: of the (highly nonlinear)
waves. It remains possible, however, that volumes contributed or removed by alongshore
transport on a given cross-shore stretch of beach may contribute to the supply at the
step.

One of the key points of interest during the experiments was why the rate
morphological change suddenly accelerated at 11:30 with the ensuing step formation.
Considering the degree of morphological change that occurred across the beachface over
the high tide period, the hydrodynamic conditions remained remarkably consistent. At

7 the inif1ation of'the step, there was no coincidént change in H; or T, or the proportion
of low-frequency motions as reported by Ivamy and Kench {2006]. The only change
observed was in &, from negativ;a to positive, suggesting a switch from.onshore to

onshore sediment transport if following an energetics approach [Bailard; 1981]); however,
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Fig. 5.24 Erample time-series of wave breaker type, wisually assessed using a video record Tlus
record 15 from 27th September 2005 experyment, around the tume of siep matiation
as Austin and Masselink [2006a] demonstrated, the direction of net sediment transport 1s
not corielated to S across the nearshore at Slapton Of potentially greater sigmficance 1s
the stationarity of the tide The step 1s a region of sediment convergence between
offshore transport n the lower-swash and onshore advection under $he breaking waves
During periods of 1apid tidal translation, there 1s insuffeient tume for a step o form at
the convelrgence point, which sumply rmigrates with the breakpomt, however. once the
TTR. decreases approaching lugh fide, a point 15 :eached whereby there 15 suffaent fime
(stationanty) ko tiigger step formation Subsequently, positive feedback takes over and
the reduction m water depth and incieased beachface steepness forces wave bieaking
over the step, further increasing 1ts height A morphodynamic ‘“trigger’ mechamsm
appeared to control step witiation, where a wave breaker transition occurs from plunging
to surging DBreakers were classified ‘wave-by-wave’ visually uvsmg the subaerial video
1ecord (e g Figure 5 24), and 1t was found that the agreement between visual
observations and liibarien number (£) was excellent. Here, any causative 1elationships
dictate that timimng is crucial, 1e whether the step begins to build befoe or after the
change mn wave breaking If the step forms before the change m bieaker type from
plunging to surging, then that would be the necessary increase m slope to affect £, yet if
the wave breaker transition precedes step formation then 1t is more hkely that tidal
excursion ovel g concave slope is key It was found that the latter case of tidal advection

making condrtions moie reflective, was more hkely Thus, the surf scaling and similarity
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parameters are suitable for quantifying f.h.is phenomenon. Any backwash vortex which
may be present will also be ampiifed By the positive feedback and will induce fﬁrther -
sedirﬁeutation as described by Larson and Sunamura [1993]. The positive feedback is
clearly iﬂl;strated by the rapid increase in the Irribarren number as waves are forced
from breaking at the transition of plunging-surging to being firmly within the surging
regime. Dwing the falling tide, once the change in % and TTR increases above a certain
limit, the seaward migration of the breakpoint breaks the cycle of positive feedback \vitil
the step, which then beging .to be eroded by the backwash and smeared across the
beachface. It is interesting' to note that the step appears to be destroyed more rapidly
during the falling tide than it is formed during the rising tide. This may be related to
the asymmetry in 8h/§¢ observed in the semi-diurnal tidal curve and may also provid‘e
an explenation as to why the step is absent at low tide.

Changes in the sedimentology, unlike those of nearshore volumetric chﬁngez display no
significant hysteresis. However, there are some interesting trends in the sediment size
data: which can be attributed to associated morphologies. The sediments are not as
negatively skewed as is common with beach sediments [Masselink and Hughes, 2003],
indicatiﬁg the presence of a more mobile coarse fr@ction than is common on sand beaches,
and corroborated by the general coarseness of the step and berm. The coarsening of the
upper berm is consistent with observations from earlier work [Duncan, 1964; Masselink
and Li, 2001}, and while the four distinct phases of morphological change are not clearly
reflected in the sedimentary sigual,. temporal changes in the sedimentology can be related
to the morphological response across regions of the beachface. At the berm, step-crest
and just seaward of the step, accretion (érosion) is linked to coarsening (fining) of the
sediments. Conversely, across the step-face and part of the nearshore, the negative
correlation between sediments and morphology indicates divergent behaviour; accretion
is associated with fining and erosion with coarsening. The coarsening of the -step
sediments over high tide can be attributed to the preferentiai removal of fine sedi;nents,
seawards to the base of the step and landwards to the mid-swash. In contrast to Strahler
[1966], who.suggested that the coarse sediments accumulated at the step since they could
more easily be transported over the finer sediments either side of the step, these findings
indicate that the coarse sediments at the step constitute a lag deposit. Subsequently,

during the falling tide, the retreating swash sméars the fine mid-swash sediments.over
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the lower beachface These findings contiadict those of Masselink et al [2007], that
temporal changes m sedimentology were untelated to the morphological response

The comsening of the upper berm is consistent with observations fron:l earher work
[Duncan 1964, Massehnk and L1, 2001] At the berm, step-crest and just seaward of the
step, accretion (crosion) 18 hinked to coarseming (fining) of the sediments Conversely,
across the step-face and part of the nearshore, the negative conelation between
sediments and morphology mdicates divergent behaviour, accretion 15 associated with
fiming and erosion with coarseming In accordance with Strahler [1966], coarse sediments
could accumulate at the step since they could more easily be transported over the fina
sediments either side of the step, due to the sednuent convergence which is thought to
account for the formation of the step as a stable mot phological form Where the fining of
the foreshore cannot be accounted for by this mechanism alone. additional fine matenal
may be souiced from seawards to the base of the step, by-passing the step itself, or
possibly cycled thnough the step. If the latter, tlhus may also account for the wide
variability in sovting and size at the step There is for example, not always persistence
of coarse material on the step, smcee 1t 13 very sensitive to individual wave groups To
uncover the sedimentological dynamics of the step, the 1esolution employed by this study
perthaps was not sufficient, 1 ¢ a finer temporal sampling resolution is required, wiich
necessltates remote sensing technologies If the fine sediment generally by-passes the
step, an advective and convective sediment transpoit mechanism 18 required, although
this remains to be verified In either case, the (‘null point’ - see chapter 2) sediment
pattern/sorting model of Miller and Zaegler [1958], wluch treats shoal, breaker and swash
zones separately, is nerther conceptually nor empiically supported Theories which
account for step formation and maintenance need to take a holistic approach to the step
with context to its evolving hinterland (Figuie 5 25)

Temporal trends in sedunentary paiameters were found to be generally unrelated to
those of morphological change, however a degree of consistency m the spatial zonation of
sedimentary paiameters, when suitably averaged, suggest that negative feedback
mechamsms are m place to tetam a signature sedimentology on the beachface These
unknown mechanisms reinforce the spatially signatory stiucture of gravel beachface
sedimentology despite changing wave and tide conditions, rates and magnitude of

morphological change; and antecendent sedimentological conditions The same 1emarks
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of ‘changing sea-statc and tidal cffcet’ not changing the ‘underlying stability’ of the
gravel beachface sedimentology were made by Miller and Ziegler [1958]. Sediment trend
-models remained to be explored in this environment because under oscillatory flows, one
would expect a pivot or ‘pinel’ in the spatial trend of size, sorting and skewness
parameters around the lower-swash region (zone of divergence), which indeed there
appears to be,

Sediment size distributions are found to vary on a time-scale comparable to the
hydrodynamic forcing (wave time-scale), not the morphological changes, therefore
improper sampling of the sedimentary signal may cause Iligll—ﬁ”equellcy components to
be aliased with genuine low-frequency ones. Furthermore, only the top layer of the bed .
was sampled across the subaerial beach’f"ace and this may not have been representative of
the active layer of the beachface as a whole since the presence of vertical variations in
grain-size in beach sediment is well known in the form of laminae [Emery, 1978] and dual
sedimentation units {Duncan, 1964]. However, the assertion that the step and berm ate

not morphodynamically co-dependent is mirrored by the surficial sedimentary record.

|-viodulated

dimenslons tidally " Step'sensh

" to breaker tvp

Fig. 5.25 Summary schematic of some ideas discussed in this chapter related to the semi-diurnal
dynamics of & gravel beachface.
‘This study has attempted to measure instantaneous cross-shore sediment transport on
a gravel beach using a novel video remote sensing method (Figure 5.25). Whilst

suspended sediment transport can be measured with relative ease on sandy beaches with
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optical and acoustic backscatter sensors, the quantification of the bedload and sheet flow
modes of transport that prevail on giavel beaches is a much geater challenge The
unplementation of the video-based bed montoning system and the non-dunensional bed
motion parameter 2 to provide a means to quantity the sediment tiansport through the
change m bed textuie The 1esults clearly demonstrate periodic transport due to the
elevated flow velocities under wave gioup ciests [Huntley and Hanes, 1987; Hanes, 1991},
but the issue of similar magmtude veloaity events causing differing bed responses causes
problems when wterpreting sedument fluxes For example, 1n Figure 5.19 {he How
veloaity at 11-28-11.29 15 compaiable to that at 11 36-11.37, but Q is twice as large
duing the foimer. The net 1esult of this observation 1s poor coherence between () and u
when the spectra are computed. On the whole, sediment transport 15 onshove at wind
wave and wave group fiequencies, but that due to swell is highly vaiiable This accounts
for the net onshore-dnected morphological change across the upper beachface (1 e. the
conservation of berm sediments), but the lower beachface was approximately m
equilibrium with the prevarlmg hydiodynamic conditions so this onshoire transport must
somehow be compensated by offshore transport It 1s tentatively suggested that this
occms during the fallmg taide due to three mechamsms (1) the tail end of the backwash
moereasingly acting upon the step crest and avalanching sedument down the step face, (2)
the return of the wave breaker tvpe towards the plungmg-suiging transition. and (3) the
diamage of groundwater hom the beachface during the falling tide [Austin and
Masselnk, 20064]

The sediment transport events mdicated by may not be Imearly proportional to the
instantanecus volumetric sediment flux and hence may be the 1eason why there are
many occasions wheie the bed motions induced by two smular velocity events aie very -
different Thele are several possible mechanical explanations for the differing bed
responses to velocity events of sunilar magmitude but changes in bed roughness due to
the wide variation of grain-sizes may be the main cause It was frequently observed that
changes in sediment size and dist:ibution could occur on a wave-by-wave basis. It is
therefore conceivable that an mstantaneous change in the textural properties of the bed
durmg one transport event may cause either posiiive or negative feedback upon the
system by changing sediment transpoit thiesholds For example, if one tiansport event

results m sediment coarsening through the removal of fines, this will cause an increase in
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bed roughness through greater br'otrusion of the remaining larger grains into the
'b()llnda.l,‘:y: layer. This has ﬁt least three possible repercussions: (1) an increase in bed
shear stress and turb'ule,nce leading to greater sediment mobility; (2) preferential
transport of the largest grains due to their protrusion into the boundary layer; or (3)
reduced mobiiity due to the larger entrainment thresholds of the bigger grains.
Conseguently, the following velocity event of similar magnitude may result in very
different rates of bed motion. Therefore a better coi'relgtion may be obtained between
and a shear stress parameter incorporating a varisble bed roughness ferm, i.e. a Shields
parameter containing a time-variant friction factor; hc;wever, ‘this requires knowledge of

the instantaneous grain-size/distribution.
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(1)

(if)

(1)

(iv)

(v)

(vy)

Summary

The gravel beach step and beim aie accretionary features strongly hinked to tidal
stage, cvolving wath dificrent 1claxation tunes Imtiation of step morphology

1equires tidal stationarity and is perhaps triggered by a change wave breaker type
fiom plunging to surgmng (although a morphedynamic relationship 1s also thought

to exast between slope and bieaker type)

Step dynamics are tidally modulated they are consistently more pronounced at
high tide compared to mid-tide, and often absent at low tide, instead replaced,

under calm condrtions, with a seites of subtidal 11pples with long wavelengths

It the gravel beach step was forced by relative tidal stationaiity, one would expect
the step to have largest dimensions at both high and low tide, and to be smallest
around mid-tide wheie tidal translation rate across the beachface is greatest The
fact that 1t 15 usually absent at low tide, and maximum m amplhitude around lugh
tide, suggests that the trigger for step growth and decay 15 some combination of

factois forced by a threshold slope

Berms may foom and be pushed onshore with the tide as well as steps, but that the
berm remams whilst the step does not (they have different relaxation times)

Whalst the dynamics of the beim and step aie 1elated, the formation of the step 1s
not dependent on the formation of the berm (although the reverse scenaiio remains

an mteiesting research question)

Whale the beachface at this timescale 15 not a closed sedimentary unit, what seems
clear is that the step 15 a very impoitant mechamism by which the upper beachface
loses or gains material, by ‘hberating’ material either onshore or offshore
depending on the hydiodynamic conditions The zone of sediment transport 15 not
restricted to the swash and surf zones, with exchanges of sediment extending into

sevelral meties of water depth, as shown by wideo observations

The ercsive phase of the tidal cycle persists longest in the lower swash zone. The
dynamics of both the step and beim are asymmetrical with respect to tide The

latter 1s easier explained than the foimer n texms of the effects of groundwater
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(vil}) Future simulations should shed some light on the role the step has to play, and
indeed how much morphological change would be possible without the presence of
the step. Theories which account for step formation and maintenance need to take

a holistic approach to the step with context to its evolving hinterland.

(viii) The sedimentary record is very variable compared to the morphological record, and
requires noise-reduction techniques such as EOFs to draw out the dominant modes

ol ‘behaviour.

{ix) The step and beachface may e differentiated using sedimentary moments, and
different morphological features such as the step have typical spatial sedimentary

responses.

(x) A new technique to determine bed mobility from the shoaling/breaking zone has
been devised, using output from an underwater video camera. At present, the
teclmiqu.e c.a,nnot parameterise volumetric sediment transport, but in the future it
may provide the basis for guantification of coarse sediment transport under waves

in natural conditions.

. (xi) Nearshore sediment transport may be related to sub-incident frequencies (wave
P
groups) but appears not to be a linear function of either velocity magnitude or
direction. Therefore, a better description of sediment transport requires

instantaneous sediment size information, which has to be remotely -sensed.




MORPHO-SEDIMENTARY DYNAMICS OVER THE

‘ SEMI-LUNAR TIDAL CYCLE

He had fo1fy~two boxes. all carefully packed,
With his name pamted clearly on each
But, smce he ommtted to mention the fact,

They weie all left belund on the beach

Lewis Carroll (£832-1898) Brnitish poet The Hunting of the Snak

Introduction and Data Collection

Pievious studies on gravel beaches at the time-scale of the spring-spring tidal cycle have
either focused on aspects of morphological change, or sedmmnentological change, with
1espect to hydiodynamic forcing There is little comparitive work on the simultaneous
respousc of a relatrvely iine and relatively coarse gravel beach under stmilar
hydrodynamic conditions Our insight mnto gravel beach morpho-sedimentary dynames
over the present time-scale of interest would mmpiove if such detailed measurements were
taken

Accordingly, the fitst smvey campaign mn the autumn of 2005 was designed to compaie
the morpho-sedunentary dynamics of a relatively coarse (central Slapion Sands) and
relatively fine (Strete Gate) gravel beach, expenencng similar wave-tide conditions The
beach at Strete contains a cross sectional volume of 320m® from barrier crest to MLWS
at -2m ODN, 1s convex m profile, and has a mean sediment size of = 4mm The beach at
central Slapton contains a ci1o0ss sectional volume of 86m®, is more planar, and has a

mean sediment size of ~ 6mm In this survey, beach profiles and surface samples were
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taken over 26 consecutive lc;w tides. Samples were taken every 0.51;1 across the active
intertidal beachface (from previous high tide to low tide shoreling). Distullbance depths
(the lowest detectable depth of sediment activation relative to the surface) and
sub-surface sediments were recorded occasionally.

The data sct consisted of bea'ch profiles and sediment samples taken from the active
intertidal area of Slapton, every low ‘tide over a semi-lun'a.r tidal cycle. The ﬁrst consisted
of profiles and surface-samples taken every half-metre across the beachface in thé central

- portion of Slapton during the autumn of 2005, over 26 consecutive fides. At the same
time, the second consisted of profiles and surface samples taken every half-metre across
the beachface in the northern portion of Slapton, called Strete, again over 26 consecutive
tides. The central Slapton .(herea'fter, simply ‘Slapton’) and Strete sites are separated by
some 2kin, and differ in their mean sediment size which was ~6mm and ~4mm,
respectively during the respective &mmaigns. Profiles were taken using a total station,
which has a vertical accuracy of the order of millimetres. To ensure samples were taken
at identical points along the profile each low tide, a rope marked every half-metre was
extended from a consistent reference point. The third data set consisted of profiles, and
samples taken at the surface, and sub-surface to the depth of disturbance over the
previous tide (the maximum depth to which sediments were disturbed). The disturbance
depths (heree:fter, ‘DOL’) were measured using a rod and washér system described and
used by Greenwood and Hale [1980]; Jackson and Nordstrom [1993]; and on the same
beach as the present study by Austin and Masselink [2006q]. Profiles wezr'e again taken
with a total station at a spacing of =~ 1m, and the consistent location of the samples was
ensured by the rods inserted into the beach for the DOD measurements. Both surface
and sub-surface sediments were thus ‘active’ over the last semi-diurnal tidal cycle,
although it was cxpected that their sedimentology would differ markedly, the latter on

“this steep reflective beach being associated with the passage of the step into and out of
the frame over the previous tide [Jackson and Nordstrom, 1993]. In total, 1546 sediment
samples were collected: 1220 in the frst expeériment, and 326 in the second.

The relationship between the morpho-sedimentary dynamic signature left at depth and
that at the surface was the primary focus of the second survey data set drawn upon,in
this chapter. Relatively little is known about the size and sedimentolqgr of the active

layer on a gravel beach, in contrast with a lot of such work on sandy beaches [Jackson
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and Nordstrom, 1993: Anfuso et al., 2000, Anfuso, 2005] Correct determmation of the
disturbance depth alone is crucial foi correct determination of volumes of sediment
transport moved cross- and alongshore The second survey campaign in the spring of
2007 focused on one site (Stiete) m more detail As well as beach profiles and surface
sediment samples, depth of disturbance (heteafter, DOD) and sub-surface samples were
taken over 24 consecutive tides Samples weie taken every metie across the active

inte fidal beachface (fiom previous high tide to low tide shoreline) Field hydiodynamie
and moiphological mstiumentation and data acqusition for these campaigns are
outlmed in Chapter 4, as well as the analysis of the sediment samples, and the dervation

of standard hydrodynamc and morphodynamec parameters

Data Analysis

To uncover any potential ‘triad’ relationships between hydrodynamcs, moiphological
and sedimentological change, a number of statistical techmques based on
eigen-decomposition and correlation weire employed Autocorrelation £95% confidence
ntervals are given by £2//N/2 Unless otherwise stated, the correlogram sequence 1s
normalised so the autocorielations at zero lag are 1 Sigwificantly antocorielated values

are delmmted by a Z-test scote Z=1 96 at oo = 0 05, whete

Z=rvn—7-+3 (61)

and whete [, 17, and N are lag, coirelation at lag, and sample size respectively [Davis.
1986] Significanily cross-correlated values are delimited by a t-test of

H, 1=0,H1 7 # 0 given by

N-2
1—7‘,2

t=mn (62)

with N-2 degrees of freedom, tested at o = 0 05 [Swan and Sandilands, 1995] All
quoted and plotted auntoconelations in this chapter are two-dimensional, and
significances have been determined at =005 The moie sophisticated numerical
methodologies employed on the data sets here —those designed to uncover dommant and
simultaneously occwiring patterns in the data, and those to statistically assign causal

linkages (of a linear nature) —aie detailed below.
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Empirical Orthogonal Function (EOF) Analysis

The mathematical details o'f EOF analysis are detailed in chapter 5 are so are not
reproduced -here. The EQFs were used iii an identical fashion, i.e. the frmrphological and
sedimentological data sets analysed, using EOFs consisted of matrices of observa;ions'
over space (z, rows) organised in time (£, columns). Resulting eigenfunctions we.re
therefore either temporal modes denoted ¢4{t), or spatial modes denoted eg(z) (following
- Miller -and Dean [2007]). EOF analysis uncovers ‘stationary’ (non-propagating) patterns
because it is based on simultaneous covariances. In this study it was noted that some
EOF modes for morphological change and sedim.ent size/sorting were better correlated
at some lag (cross-correlated) than at zero lag. Further to an ordinary EQOF analysis to
uncover simulatenous covariance in morphological and sedimentological datasets,
complex EOFs (CEOFs) were used to investigate relative phase information in both
space in morphological change and sediment size and sorting. In the coastal literature,
CEOFs have been used by Ruessink et al. [2000] to investigate the-dynamics of bars on
the Dutch coast by separating the two- and three-dimensional variability. CEQFs are
able to extract non-stationary igformation, Based on the notion that any waveform can

be expressed using a complex representation:

2(t) = pexpHtH? (6.3)

where p is the wave amplitude, and f and w are its frequency and phase shift
respectively. The data matrix is transformed into its complex form as [Ruessink et al.,

2000}:

Yc(";t) =.%y¢:(ma t) + s’S:T.)'vr:("’!‘": {") (64)

where the real (R) part is the original data and the imaginary ($) part is its Hilbert

transform given by:

H(Y,) = Z f(w) coswt — gw) sinwt (6.5)

where g and £ arc the Fourier coefficients. Following Barnett [1983], the Hilbert
transform represents a simple phase shift 7/2 in time/space and is calculated using a

FFT algorithm. The data is then transformed into:
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Vo=i+Y.xH (6 6)

wheiei=+/=1 The CEOFs aie obtained from the covanance matrix of ¥, [Horel, 1984],

given by

N
cv=1N> 77" 67)
gq=1

where * denotes complex conjugate The CEQFs are then given as

Y, = B ACT (6 8)

where A axe the exgenvalues of OV, E, aire the spatial CEOFs (cge(2)). given by the
matrix product of f’cT and the exgenfunctions of R, and C, are the temporal CEQFs
(eqe(t)), given by the product of B, and }’;T The spatial and tempoial phase are defined

by, respectively [Ruessink et al , 2000].

0(2} = aactan (—;ZZ——-%) (6 9)
#(t) = actan (;:Zgg) (6 10)

For every EOF meode, vanious measures can be used for quantifymg featwes m the
data The amphtude of ¢;(z) and cqc(fr) 1epresent the spatial varibality associated with
that mode, and the spatial phase function 6(x) shows the relative phase of fluctuation at
various locations. The spatial gradient of 8{z) piovides local wavenumbers [Ruessink
et al 2000], the spatial analogue of fiequency The amplitude of ¢,(t), and the
amphtude and phase of eg.(t) provide mformation on the temporal vanabihty associated
with each EOF mode, and the time dervative of ¥(¢) 1s a measure of frequency.

The EOF technique has been 1eviewed by Laison et al. [2003] for use on bathymetric
data sets For a more detailed mathematical description of the whole EQOF fanuly of
techniques and their intei-relations, the reader 1s refeired to Horel [1984] and Hannachi
et al [2007] The use of CEOFs provides a moie robust method of pattern identification

n data sets because they are less sensitive to the spatial domain and tume period, and

the number of degiees of fieedom
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Canonical Correlation Analysis

Uncovering any morpho-sedimentary-dynamic relationships is essentially a problerri
based on how much the three sets of variables corrélate, or simulatancously vary. Note
that correlation is usually a better measure of linear association' than covariance [Davis,
1986). The problem with cor'relation, however, is that it does not‘imply causation: where
present, correlation betwéen morphological change and beachface sedimentology exists,
to an unknown degrée, because they are both fllnct;ion's of a third set of variables:
hydrod_ynamics.

Canonical correlation analysis (CCA) is a multivariate extension of correlation which
assesses the relationship between two sets of variables (thus differing from multiple
regression which ca;1 only assess the relationship between one dependent variables and
set of independ.ent variables). CCA is therefore appropriate for this study since not only
will it enable identification of linear relationships between morphological and
sedimentological \rar{ables, but also between either of these and a set of hydrodynaiic
forcing vari_ables. In short, it is a potentially useful tool in uncovering the triad of
relationships which may exist beiween hydrodynamics, morphological change and
sedimentological change on a gravel beach. CCA can be used to investigate whether
there are any patterns which occur simultaneously in two sets of data {variables}, and
assign a strength of correlation between them. CCA was used by Larson et al. [2000] to
study the dynamics of beach profiles.at Duck, North Carolina, in relation to
I;ydrodynamjc forcing. An additional advantage of CCA, and one also utilised by Larson,
et al. [2000], is that a certain number of EOF modes ate commonly used as input
variables so as to reduce the noise in the statistical model.

Two original data sets, ¥; and Ys, are transfo-rmed into new new data sets, Y3 and Y,

which are linear and maximally correlated combinations of the original:
Yi =RTY (6.11)

Y, = V7Y, (6.12)

where R and V are arbitrary vectors, selected so correlations are maximised [Davis,

- 1986). These vectors (or ‘weights’) for ¥> are given by the solution to an eigenvalue
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problem grven by (modified fiom [Davis, 1986])

(A= M)V =0 (6.13)
where I; is an identity matrix; A are the eigenvalues; and
A= [(YETYI)‘I(YlTifz)(Sf?T]"g)‘l(}’éTH)] The equivalent canomcal transform of Y7 1s

found by

R = (¥ Ya) L (YT Y2)V/VX (6.14)

The canonical scores {modes) for Y7 and Y3 are obtamed as, respectively {modified

from [Dawvis 1986])

{2} = 'Y} (6 15)

Iiy) = 1Y (6 16)

where Il = CR; 1rpmg, CR, 1s the cotrelation matiix of Y1 75y, 1s the product-moment
correlation of ¥ and Ys; and ¢ ae the eigenfunctions of the covariance matrix of ¥7 and

Yy, CV, given by

CV = CR;'"PTCR;rL, (6.17)

where CR,, is the correlation matrix of Y2 The canomcal correlations are given

roca = VAcca. where Aoca are the exgenvalues of GV

Hydrodynamic Conditions

The hydrodynamic conditions for the autumn 2005 survey- a1e summarised 1 Figure 6 1
Offshore measurements come from the WaveWatch III model, at the Stait Point nodal
point, as desciibed m Ghapter 7 The general picture was one of consistent
south-westerly swell, becoming more broad-banded with a sigmficant wind component
after tade 10 (237 September). Neaishore wave heights for the first two tides were mn the
regon of =0 2m, and between tides 4 and 20 increased steadily from =0 15 to =0 5m,

then back down to ~0 2m by tide 26 (1¥* October)
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Fig. 6.1 Hydrodynamic conditions for the Autumn 2005 ficld survey. From top to bottom: half-
h_ourly H, and H,; Ts and T,; Oy, and normalised wave spectral density (m Hz™!).
Dashed and solid horizontal lines.indicate mean values for the offshore and nearshore

records of wave height and period.
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Fig. 6.2 Hydrodynamme conditions for the Spring 2007 field survey. From top to bottomn half-
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Dashed and sofid horzontal bnes mdicate mean values for the offshore and nearshore
records of wave hewght and period Nearshore data to the right of the dashed vertical line
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The hydrodynamic conditions for the spring 2007 survey are summarised in Figure 6.2
Duie to technieal difficulties, tl-lé last few days of the pressure record was unusable so a
linear transfer function was created using the measured offshore and nearshore wave
record to-estimate the nearshore wave height, direction and period for the time covering
the missing nearshore wave records. Offshore measurements come from the directional
waverider buoy described in Chapter 7. During the spring 2007 survey, the general
picture was one of low crested (=0.2-0.3m nearshore, =0.4-0.7m offshore),
south-westerly, narrow-banded swell at variable 8-15 second period between tides 1 and
9 (2879-27** April), thereafter giving way to larger (0.4-0.5m nearshore, 0.8-1m offshore)
" and more easterly.broader-‘banded sea at decreasing 8—4 second periods, with a

subordinate swell component.

Aulumn 2005 Spring 2007
6 - 6 .
-é- 4 4r o
m .
2 2} . . |
0 - ] - .
09111 09118 09/25 10/02 04122 04/29 05/06

0 - Q
a9/11 0918 09/25 10/02 04/22 - 04/29 05/06

0 0
0911 09/18 09/25 10/02 04f22 04/28 05/06

Fig. 6.3 From top to bottom: tidal range, surf -similarity, Iribarren number, groupiness func-
tion, spectral width. Varibles for the autumn 2005 and spring 2007 surveys are on the
left and right panels, respectively. Left of the dashed line for the latter two variables in
the spring 2007 survey there is no dete aveilable. The horizonial dashed line in ¢, de-
tamits refleclive end intermediate conditions, und the horizontal deshed line in £ delimnits
surging und plunging breakers. Dot-dash lines in €; and £ trace the response at Strete.

With reference to Figure 6.3, there were a number of differences in the hydrodynamic

and morphodynamic record for the respective survey campaigns. The major difference
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was the lunar tidal phase the autumn 2005 smvey staited just before spring tide, and
fimshed on mid-cycle after neap, whereas the spring 2007 sﬁwey started mid-cycle after
springs and fimished just after the subsequent spring tide Conditions for both surveys
fluctuated between reflective and mtermediate-reflective (eg), but & predicted suiging
reakers at all times, which became substantially more broad-banded (¢} during the

spring 2007 sutvey.

Morphological Change

Beach profiles for the three data sels may be seen i Figure 6 4, as envelopes (top
panels} and stacked successively 1n time (bottom panels) Note how much more ocbvious
the betm bulding is more cbvious at Slapton compared with Strctc {the 1elatrvely fine
end of the beach) Also note the extent of the disturbance depth envelope, marked by a

dashed line on the top left sub-panel

Strete, 2007 Slapton, 2005 Strete, 2005
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Fig. 6.4 Beach profiles for the thiee dale sels Top panels profiles for, left Lo right, Strete 2007,
Slapton 2005; and Strete 2005. Bottom panels. profiles stacked in tune (bottom o top)
Dashed line on the top left panel indicates mozimum depth of disturbance over the survey
pertad over the mtertudal profile
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~individua.1 decomposed modes of the data sets, and to shed some light on the _(]f)erha.ps
spurious} cross-correlations. In particular, EOF analysis was used to reveal whether
sediments responded-in time-or in space, or both, to morphological change. An
additional useful consequence of EOF analysis is the number of modes refuired to
account for most of the variation gives an indication on the-stochasticity ofthe
time-space data field, or its internal variance.

Ordinary and Complex EOF analysis was performed on the morphological (Az, Az),
sedimerit size (D, Dys, ADg1, ADgg1, ADss, ADssi, ADgm, ADggy), and sorting (o,
Tsss DT, Aosst, Ao, Avgsi, AOsm, Abgsm) data matrices for the three survey
campaigns (Slapton 2005, Strete 2005; and Strete 2007) organised as [x,t] for rows and
columazs, respectively, so a row contained 2 time serjes of one variable, being magnitude
at that location. . N

Typical spectra (scree plots) of EOF modes are depicted in Figure 6.14. The number
of EOF modes required to explain 90% of the variance in the respective data sets; was
consistently highest for sediment size variables and lowest for morphological -cl;ange
variables, indicating that sediment size has the most stochastic variation and the least
inheritance. This is broadly compatible with the autocorrelation profiles for these
variables in Figures 6.5, 6.6 (morphology), 6.7, 6.8 (sediment size), 6.9 and 6,10
(sorting). A summary of the r;umben of modes required to account for 90% of the
variance are shown in Tables 6.3, 6.4, and 6.5 for 1nor15hology, sediment size and sortihg,
respectively. Note that fewer CEOF modes are generally requiréd to recénstruct the data
compared with EOF modes, and that fewer modes are required for the Strete 2007 data

sets because they are smaller.

Tab. 6.3 Number of EOF modes required to account for 9% of variance, Morphology.

| - [ Az [ Az [ DOD | DOD; |
"EOFs, Slapton 2005
EOFs, Strete 2005
EQOFs, Strete 2007
CEQFs, Slapton 2005
CEQFs, Strete 2005
CEOQFs, Strete 2007
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Fig. 6.14 Typrcal scree plots for, from left to right morphologicel change surfoce sedunent size
and surface sedument sortmg  Shown as varmance associated with rank mode (crcles)
and cumulatre varance (stars) Dashed line mdicates 90% variance accounted for

Tab. 6.4 Number of EOF modes required to account for 90% of varwnce, Sediment Size

Ds | ADsi | ADsm | ADs1 | Dos | ADssr | ADssm | ADsor
EOFs, Slapton 2005 | 4 | 8 10 8§ | - - . -
EOFs, Strete 2005 5 9 13 11 - - - -
EOQOFs, Strete 2007 5 7 8 7 5 6 5 5
CEQF's, Slapton 2005 | 5 5 7 6 - - - -
CEQFs, Stiete 2005 | 5 8 10 3 - - - -
CEQOFs, Stiete 2007 | 6 5 6 5 5 4

Tab. 6.5 Number of FOF modes required to account for 90% of varance Sorfing

| 00 | Avse | Agam | Agst | 0us | Ao | Adsem | Aoasy |
EQOFs Slapton 2005 [ 3 | 9 11 10 - - - -
EQFs, Strete 2005 4] 8 11 9 - - -
EOFs, Strete 2007 21 6 8 6 3 6 7 5]
CEOFs, Slapton 2005 | 3 | 7 8 7 - - - -
CEOT's, Stiete 2005 | 4 | 7 9 7 - - - -
CEQFs, Strete 2007 | 4} 5 6 5 3 4 4
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Spatial Structure of Morpho-Sedimentary Relationships

“Some spatial eigenfunctions are for morpho-sedimentary variables are plotted in Figure
6.15. The first indication of some association betweeri morphological ¢hange and
sedimentological change is seen in hysteresis when the first eigenmode of Az is. plotted
against those of Dg and .. The same anticlockwise reponse is seen in all three data sets,
.80 orie might conclude it is a scale-invariant feature of morpho-sedimentary change.
Some of these typical patterns arve depicted in Figure 6.16. In a physical sense it meaus
that sediment size co-varies with net sedimentation pattérns: both sedil_nent;
fining /ameliorated sorting‘ and relative depletion. oceur seawards of the berm at the top
of the intertidal profile to.some point in the centre of the intertidal profile. From that
point, coarsening/deteroriated sorting and relative accretion occurs seawards to the
shoreline. In the autumn 2005 survey the hysteresis loop closed, whereas in the.spring
2007 survey it did not. It is interestinig to ponder whether the hysteresis would continue
on a second cycle from the step (another major secondary morphological feature)
seawards under the shoaling waves. The hysteresis uncovered by the primary EOFs is
not readily detectable in the non-decomposed data sets, nor is it present in the
subordinate modes. The variance associated with the data represented by such modes
acts to mask this spatial coherence.

The following concerns the derivative of spatial phase, 6(z), calculated from the CEOF
modes and measures of similarity over s;;ace (consistent through time). With reference
to Figure 6.17, two large negative 1'a.mps (hiatuses) are apparent in approximately the
same normalised intertidal position in the first CEOF modes (top row) at Slapton and
Strete. These could be associated with lower and upper intertidal source regions, for
example the first coincides approximately with the berm face and the second with the
lower swash, both (on the evidence of Chapter 5) transitional zones where sediment
passes through in large quantities. For the Strete 2007 reéord, the general trend in the
first CEOF mode is for offshore propagation, except at ~10m, which is the site of
maximum depletion prior to berm bﬁilding and subsequently the berm face. The phase
associated with the 2nd CEOF modes in each survey (bottom panels of Figure 6.17)
indicate an on-offshore propagation periodicity of =3m for Strete 2007, and ~5m for the

mid-low intertidal records at Slapton and Strete 2005. These features are difficult to
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Fig. 6.17 Sg;atz'al derivative of 0(x) for D, (deshed line), D, (dotled line), and Az, {solid line).
First and second modes on top and bottom rows, respectively.

interpret because they do not coincide with the phase paitern from the lrsi CEOF

(being associated with a mode orthogonal to the ﬁrstj.

Some patterns in the spatial derivative of #(z) for the CEQOFs of size and sorting were
found, some of which were coherent with the corresponding patterns in the record for
Az al respective locations. According to Figure 6.17, of particular note are the spikes
associated with the 1st CEQF at Slapton 2005 being in identical places as those for Az,
but not coincident with respect to the 2nd complex eigenmode. The reverse is frue,
however, for the Strete 2005 record. The reason is because Az, ci() is related to
Dy, ()2 in the Slapton 2005 record, but to Dg, ck(x)1 in the Strete 2005 record
(Figure 6.16). The patterns for surface (dashed line) and sub-surface (dotted line)
sediment size during the Strete 2007 survey fall in and out of concurrency with the Az
spatial phase derivative pattern gssociated with the primary complex eigenmode, but

that the relative records are in greater accordance for the 2nd CEOF.
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Temporal Stiucture of Morpho-Sedimentaiy Relationsiips

Wheteas sigmficant correlations wele not found between the non-decomposed data sets
significant associations 1n some of the temporal EQFs were found using CCA Tables 6 6
and 6 7 house the canomical conelation coefficients and associated p-values for sediment
size and sorting, 1espectively, relative to morphological change Some of the stronger
corielations between modes a1e shown Figure § 18 With reference to Table 6 6
sevaral signficant 1clationships were determed by CCA analysis between moiphological
and sediment size Consistent relationships between data sets were found in the pairing
of [Az, er(t)1] and [Ds, ex (¢)1] at Slapton 2005 and Stiete 2007 and the pairving of
[Azy,ex(t)1] and [Ds, ex(t)2] at Slapton 2005 and Strete 2005. Likewise, Table 6 7 shows
that a mumba of consistont signficant :clationships were determined by CCA analysis
on the temporal eigenmodes of Az; and o,/0s; For example, the paring of [Az, ex(2)1)
and [os er{t)1] at Slapton 2005 and Strete 2007, and the pawrmng of [Az, er(2)1] and
[os. en(t)2] at Slapton 2005 and Stiete 2005 These are the same equivalent paring for
sedunent size In addition, sigmficant 1elationships were found between the 1st mode of
DOD and the fizst and second modes of both o; and o;; Note that the imaginaiy
CEOF component yielded very sumlar 1esults, and are therefoie not shown

Far fewer sigmificant correlations weie found between Az and the matnices of D;, Dys,
s and o 1elative to mitial and mean, and over individual time steps Likewise,
matrices of Az found few sigmficant correlations with sedimentary matrices (these
results a1e therefore not shown) Tlus imphes that net sedimentation 1s associated with
the absolute magmtude of sedunent parameters rather than relative to those in local
time and space It also implies that sediments do not respond instantaneously to
morphological change over individual fides (1n addition, far fewer sigmficant correlations
wete found between Az, and the sedimentary matrices, further indicating that individual
sedimentation events do not show a parallel 1esponse 1n the sedimentary parameters) It
explamns the lack of correlation between the non-decomposed parameter sets There is
less inheritance in the sediments than the moiphology it is less of a product of what
value 1t was before, suppotted by the steeper correlogiam slopes for sediment size and
sorting at lag, and by the consistently greater number of modes required to account for

the vaulance in the data It s therefore more likely, on this evidence, that the sediment
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Tab. 6.6 Cenonical correlntion cocfficients (and p-walues in parentheses) between dominant
sediment size temporal nodes (columns) und morphological temporal modes (tows).
Significant correlations are shaded.

5 |

| .  Par [ Mode | 1- | 3 I B
a1 ci(t) & Dy exft), Slapton 05 | 1 m:m 0.31 (0.16) | 0.07 (0.76) | 0.19 (0.38)
2 | 0.03(0.87) | 0.33 (0.052) | 0.25 (0.14) | 0.39 {0.06) | 0.05 (0.81)

3 | 0.13.(0.49) | 002 (0.51) |0.33 (0.052) | 0.15 (0.43) | 0.23 (0.25)

_ _ 4 | 023(051) | PEERGE] | 0.22.(0.31) | 0.05(0.76) | .05 (0.82)
Az ey() & Ds calt), Strete 05 1 | 014 (040) | PRGN | 0.41 (0.052) | 0.12 (0.48) | 0.036 (0.88)

i 9 m PEEONNY | 0.19 (0.35) | 0.20 (0.17) | 0.11 (0.55)

3 | 0.18(034) | 025(02) | 0.31(0.15) | 0.01 (0.94) | 0.08 (0.65)

Az; éx(t) & D, ex(), Sirete 07 1 0.01 (0.91) | 0.23 (0.24) 0.21 (0.28)
2 0.3 (0.15) | 0:28 (0.19) | 0.07 (0.67) | 0.23 (0.34) | 0.08 (0.7)

B2y ex(t) & Daa cxlt), Strete 07 | L 0.21 (0.33) | 0.06 (0.63) | 0.1 (0.52)

. 2 | 025 (027) | 022 (025) | 0.12 (0.52) | 0.25 (0.23) | 0.37 (0.1)

DOD ex(t) & D, ex(t), Strete 07 1 | 027(016) | 0.38(0.07) | -0.17 (0.49) 0.06 {0.67)
' 2 | 0.06(0.71) | 0.22 (0.42) | 0.1L (0.47) | 0.06(0.71) | 0.05 (0.84)

3 | 0.21(037) | 02(0.36) | 0.1(0.66) | 0.04(0.82) | 0.1 (0.65)

DOD; e(f) § Das ex(t), Strete 07 | 1 | 0.12 (0.61) " 0.1(093) | 0.13(0.66) | 0.13 (0.51)
2 0.4 (0.06) | 0.4(0.09) | 0.2(0.35) | 0.0%(0.96) | 0.29 {0.22)

3 | 0.02(092) | 0.01(09) | 0.22(033) | 0.15 (0.49) | 0.28 (0.14)

Tab. 6.7 Canonical correlation coefficienis (and p-uvelues in parentheses) between dominant sed-

iment sorting temporal modes (eolumns) und morphological temporel modes (rows).
Significant correlulions are shaded.

3

[ Pair Mode 1 2 [ 1
Az ex(t) & 0% ex(t), Slapton '05 1 8 0.31 (0.09) | 0.13 (0.58)
' 2 0.18 (0.32) | 0.26 (0.2) 0.32 (0.17) | 0.4 (0.56)
3 | 007 (074) | 0.01(093) | 026 (015) | 0.14 (0.51)
n IR OLnY | 0.23 (0.22) | 0.01 (0.94)
Az exlt) & s ex(t), Strete 05 1L | 011058 | XD 0.21 (0.28)

' 2 0.42 (0.06) JEERXCD)

3 0.02 (0.9) | 0.21(021) | 0.28(0.22) | 0.01 (0.97)
Az exlt) & s enlt), Strets 07 1 . 0.007 (0.97) | 0.46 (0.052) | 0.31 (0.12)
2 | 013(048) | o027 (015) | 012 (066) | 0.29 (0.11)
Azt ex(t) & Gas ex(t), Strete 07 1 0.27 (0.23) | 0.05(0.85) [ 0.35 (0.07)
2 | 003(vss) | 024(03) | 0.04(008 | 019 (0.36)
DOD ex(t) & s e(t), Strete 07 | 1 0.07 (0.76) | €.31 (013)
2 [ o.02(093) | 0.31(0.16) 0:14 (0.46)
, 3 | o703y | 028¢012) | o026 (0.21) | 032 (0.21)
DOD; ex(t) & oas ex(t), Strete 07 1 0.01 (0.92) | 0.004 (0.98)
2 | 034(0.12) 0.11 (0.66) | 0.32 (0.18)
3 | 009069 [ o007 o7s) | [EKCENY | oor 097)
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Fig. 6.18 Some correlations mn the temporal EOFs of morphological and sedwnentological param-
eters (unth lmear least squares fits)

parameters 1eflect the mo1phological change rather than vice-versa

During the autumn 2005 survey, berm bwlding (represented by {Az;, e (2)1]) at
Slapton was reflected in both the temporal mean component of size and sorting
([Ds, er(£)1, 05, ex(t)1]), and with the temporal fining/amehorated sorting component
([Ds, ex(t)2, 05, e1(t)2]), as depicted m Figures 6 19 and 6 20, which also show that berm
building at Strete (JAz, ex(t)1], 2 mode which includes both prior relative depletion in
the same cross-shore posttion as subsequent berm building), was reflected 1 the
temporal coarsemng/deteriorated so1ting component of sediment size/sorting
([Ds, er(t)2,05,er(¢)2]) Durmg the spring 2007 survey, morphological change separated
into two eigenmodes representing the dynamics of, 1espectively, the lower and upper
mtertidal area ([Azy,e;(£)1] and [Az;.ex(¢)2]) The first was 1elated to the first and
four th eigenmodes of D;, and the first eigenmode of o, representing the mean
companents of each

The following concerns the denvative of tempoial phase, w{t), calculated from the
CEOF modes, and analogous to 1elative frequency Followmg Ruessink et al [2000]. a

negative phase Tamp of Az {solid hines in the panels of Figure 6 17), mndicates a
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Fig. 6.19 Temporal amplitudes of CCA modes for morphological change (eircles) and sediment
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Fig 6.21 Temporal derwetve of w(t) for ¢, (dashed line}, o5, (dotted line), and Az (solid line)
Furst and second modes on top and bottom rows, respectwely

propagating feature onshore {deaieasing x coordinate), and a positive phase ramp
ndicates a propagating featurc in the offshore direction (increasing z cooidinate} These
1eflect (temporally-averaged) spatial nodes wheie on- and off-shore sedimentation
occurred For sediment s1ze and sorting, positive and negative 1amps indicate
coarsenmng /fining or detenorating/amehorating sorting, respectively The upper and
lower panels of Figure 6 21 depict the records with respect to the first and sccond
CEOFs for sorting, 1espectively, for Az (solid hne), o, (dashed line) and o, (dotted
line) The same apphes for sediment size, which 15 therefore not shown

Simlar patterns are evidence of synchioneity Foi the Slaplon 2005 data sel, the first
CEQF of Az and o, agree well, but the latter lags the former when beim building
occurs, whaich indicates that mor phological change associated with berm building (in thas
case mtertidal advecting pulses of sedimentation) causes a response mn the temporal
mean component of size and soiting The 2nd CEOF, 1epresenting the temporal
fiming/ameliorated sorting component, becomes more and mote in phase with Az over
the survey period At Strete 2005, 1t is the 1st CEQF, representing the tempomal

comsening/deteromated sorting component, becomes more and more in phase with Az,
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over the-survey period. The indication is two-fold: that beachface sedimentology is
‘slaved’ [Werner, 1999] to morphological change rather than vice-vt;rsa; and that the
rela.'tionships become more evident as secondary morphological features develop on the
beachface. For the spring 2007 survey data set, much more cohereuce.was found between
the 2nd CEOFs for Az (associated with lower beachface cha.nge) and sedimentological
variables than for the primary modes (associated with mean components), which is in

agreement with the canonical correlations housed in Tables 6.6 and 6.7.

|6.6.3| Morpho-Sedimentary-Dynamic Relationships

Morpho-sedimentary-dynamics implies cause and effect (and feedback processes);
theref()re.we are concerned primarily in this section with ﬁhe coherence found between
morpho-sedimentary paramebers in time rather than space. Having already
demonstrated that sediment size and sorting are related to morphological change, it was
decided to only include hydrodynamic variables to seek coherent responses in those
significant morpho-sedimentary eigenmode pairs. The morpho-sedimentary eigenmode
pairs with sta:tisti;::ally significant correlation were taken ind CCA analysis was
performed on each with respect to-a-matrix of nine forcing variables, namely:
semi-diurnal tidal range (TR, m); surf similarity parameter (¢;, non-dim.); spectral
width (€, non-dim.); significant. wave height (H, m); significant spectral wave period
(T, s); mean wave direction (©,,, radians); Iribarren number (€, non-dim.), groupiness
funetion (GF, non-dim.); and a vector of Gaussian white noise (A). With the exception
of the white noise, which was included in order o check the morpho-sedimentary
response was.not random, the predicfdr matrix was thus populated with those which
were déemed likely to force a linear change in the reponse variables. The CCA analysis
was therefore designed to see what hiydrodynamic parameter, if any, ws;s forcing the
responsc in the morpho-sedimentary pair which significantly co-varied. If no statistically
significant results could be found, it implied that either the morpho-sedimentary
'response was due to a parameter not iiicluded in the model, or that the response was
non-linear. Tliis latter category would include a situation where a feedback mechanism
was in place between the morpho-sedimentary variable and the hydrodynamies.
Unfortunately such a situation would not be resolved with the lineai- techniques

employed here; however, these results constitute the first objective demonstration that
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both maiphology and sedimentology co-varles m phase with hydrodynamic forcing on a
gravel beach The 1esults are seen mn Tables 6 8, 6 9, and 6 10 for Slapton 2005, Strete
2005, and Stiete 2007 1espectively p-values have been bootstiapped so do not suffer
from the pull of outliers and significant values (at =0 05} are shaded Note that for the
autumn 2005 data sets, tides 2 to 26 inclusive were used for the analysis, but for the
spiring 2007 data set only the measuied nearshore record was used. therefore, only tides 2

to 19 wete mcluded in the analysis

Tab. 6.8 Cenomcal Correlation Analysws results for hydrodynemac forcing of significantly corre-
lated orpho-sedimentary ewgenmodes at Slapton 2005 P-values are shoun. Swymificant

values shaded

, Slapton TR €s € E.,_L Ts & l £ GF | A ]
[Az, 1D, 1] [[d] 08 ] 016 [IMJo74] 083 [081[ 03 [097
[Az,1.D,,2) || 097 | (XA || 06 075|018 [ 016
[Az,4 D2 || 0.07 | 0052 | DR | 0.36 02 084|052
[Az,Lio,,1) [[d] 083 | [ |BI| o8| 01 {081|016|0094
[Az, 1052 || 095 | K (DX |067| 006 | 08 | 029028
Az, 405,1) |[Jjoos2] [ [ )os8| 007 |o4a1|o07| 1
[Az 40,2 | [ | 0.07 [djoa 024 053|077

Tab. 6.9 Cunonical Correlation Analysis results for hydrodynamc foraung of sigmficantly corre-
loted morpho-sedimentary exgenmodes et Strete, 2005 P-values are shown Signitheont
ralues shaded

Strete TR €s l Ew H, I Ts S l £ GF | A |
[Az1,1; D, 2] o5 [o015] 018 08 | I [o88] 027 [o96
Azn.2.D,,1) | I |o1w|o21| B o1 | o1 {011 009 |054
[Az.2. Ds, 2] 0.74 | 011 063 | [ (osi| [ |o66
[Az),1 0,2 047 | 01 joor | o8 | [ |o084] 025 [092
[Az,1,05,3 | [ |096[025| 068 | 085 07§ 018 {067
[Az1,2,0,1] | @ 028|013 [ 032 {024 051
[Az1,2, 05,2 066 ) 01 07 | @ |o66 063
[Az,2 05,4 | 006 034|062 |[MB| 06 | 044 |01 | 0052 | 056

Some of the statistically significant temporal CCA amplitudes of morpho-sedimentary
pair and Lydrodynamic variable are seen m Figme 6 22 Note that the CCA amplitudes
aie standaidised to ease comparison The [Az, Ds] eigenpair and {Az, o] are depicted
as cucles and stais, 1espectively, around a solid hne 1epresenting a hydrodynamic
pazameter mputted in the predictor matrix Taken as a whole, they represent funther

robust evidence that beachface change and sedimentology have some detectable cause
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Tab. 6.10 Canonical Correlation Analysis results for hydrodynamic forcing of significantly cor-
related morpho-sedimentary eigenmodes at Strete, 2007 (first 18 tides). P-values are
shown. Significant values sheded.

Strete | TR | ¢ - H, T, Oy £ GF A
PatD ] T T [ W Toss | @ [H [ © 0.18
Az,10,4 | | B | H |0 |0 (| @ | 035 |094
[DOD,1;D,,4] | [X2Y | 0.11 019 | 009 | [ | 006 | 0.38 | 083
AnLe,l] | | | B (oos2| [ | @ | BXH | 0.052 | 0.35
[DOD,1;0,,1] | 051 | 0.35 | 049 | 0.45 | 0.77 [041] 074 | 0.13 | 0.25
[DOD,1;04,2] | 037 | 061 | 027 | 0.43 { 0.7 |008] 056 | 0.8 |0.58
[DOD,2;0,.8] | 027 | 069 | 018 | 056 | 0.08 |0.25| 034 | 6.15 | 0.74
Bz, LD, I | I T T T ™ Joos2] M T B | 086 [085.
(221,105 | [ || B B B B |oe o
[DOD,1;Dse,2) | 024 | [ { 033 |[XOW | 066 { 0.4 | 0.00 | 092 |0.12
Babosd | [ (E M (A O | 0| [ | 08 |o09]
[DOD, 1;64,,1] | 0.09 | [XZ¥ | 006 | 011 | 043 | 017 | 0.07 | 0.96 [ 0.08
[DOD, ;04,2 | 028 | [ | 0.23 0.48 [ 042 | 009 | 0.92 | 0.11
[POD,2;04.,2) | 011 | I 0.06 [0.052 | 024 | [N | 0.63 | 0.32
[DOD,3;045,3]| 054 | 048 | 067 | 02 | 041 [049| 009 | 04 |01

Berm building (represented by Azy, ex(1)1) at Slapton was reflected in both the
temporal mean component of size and sorting {[Ds, ep{t)1; 05, ex(£)1]), and with the
temporal fining/ameliorated sorting component ([Ds, ex(£)2; crs,-ek(t)Q], see also Figures
6.19 and 6.20). With réference to the left hand panels of Figure 6.22 and the
corresponding shaded values in Table 6.8, these were both related strongly with the -

semi-lunar tidal cycle, with a secondary role played by significant wave height. The

fining/ameliorated sorting - berm building relationship was further associated by some
degree to spectral wicith, which showed relative peaks around the two.berm building
phases, and also with a change in wave direc':tion from easterly (tides 1-5, associated with
relative. depletior}) to south-westerly (thereafter, associated with relative accretion). The
dependency on wave direction suggests advection of sediment from elsewhere, rather
tha.ﬁ Jjust cross-shore re-distribution.

Berm building at Strete ([Az, 1], a mode which includes both prior relative depletion
in the same cross-shore position as subsequent berm building) was reflected in both the
temporal coarsening/deteriorated sorting component of sediment size/sorting
(IDs, ex(t)2; 05, ex(t)2), see also Figures 6.19 and 6.20), but not in the respective mean
components (unlike at Slapton). With reference to the centre panels of Figure 6.22 and

the corresponding ‘shaded values in Table 6.9 as a combined signal, this was found to be
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related stiongly to the tidal cycle, with secondary roles played by sigmficant wave height
and mean wave direction (as at Slapton) Unlike at Slapton during the same tune fiame,
the mean morphological component {([Azie(t)1, ex(£)2]) at Strete also had sigmficant
linear association with the secondary modes of size and soiting

During the spring 2007 survey, morphological change sepazated mto two eigenmodes
representing the dynamics of, 1espectively, the lower and upper intertidal area
([Az1,ex(t)l, ex(t)1] and [Azyei(£)1, ¢4 (£)2]) The first was related to the first and fourth
eigenimodes of D, and the fiist eigenmode of 05, 1epresenting the mean components of
each With reference to the right hand panels of Figure 6 22 fmd- the uppet section of
Table § 10, 1t was found that a number of signals dominated the lower beach {suface)
mo1pho-sechmentary 1elationships ([Azy, ep(t)1. D, ex(£)1] and [Azy, er(t)1: oy, ex(t)2]),

mcluding TR, €, € T,, 0 and § The same 1s true of the conesponding sub-surface

modes
Slapton 05 Strete 05 Strete 07
4 2
1
g g 2 TR §
E g E°
< < 0 i qaﬂ < 1
i R
-2
a0 [#] 10 20
Tide ¥
2
o o o 1
E E E b
g g g’
£ £ £ 0
E
-2
30 30 0 10 20
Tide #
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Fig. 6.22 Temporal amphiudes of CCA modes for hydrodynemac parameter (sohd hme), and sig-
nificantly correlated morpho-sedimentary eigenmodes (Azy, Ds as curcles and Az, 0, a8
stars}) The amplitudes have been standardised to awd comparisons From left to rght
Slapton ‘05, Stiete 05, end Strete 07
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(i)

(i)

(ii)

(iv)

()

(vi)

(vii)

Summary

Morphological, sedimentelogical, and hydrodynamic data from two survey
campaigns on a gravel beach over a semi-lunar tidal cyele have been collected and
analysed. The aim of the research was to uncover relationships between. the triad

of variahles.

Morphological change was consistently dominated by reldtive depletion high on the

intertidal beachface, prior to ‘cut and fill* berm building. This occurred in both

ﬁeld-surveys despite the surveys straddling different phases of the

spring-neap-spring tidal cycle.

Surface sediments tend to coarsen; become more poorly sorted; and finer skewed, in
the seawards direction. In contrast, sub-surface sediments become finer, better

sorted, and more positively skewed across the intertidal profile seawards.

Sediment size, sorting and skewness had very complicated space-time histories, and

therefore it was difficult to visually assess coherent patterns between theni, and

" likewise between each of them and morphological ¢hange.

The two-dimensional correlogram was found to be a useful tool to glean consistent
signals in the records for the sedimentological parameters. An inability of this tool
and others, however, to adequately separate the complicated trace through time of
the sedimentological parameters from the stochastic variation in space, disallowed

any meaningful relationships between hydrodynamic variables to be discerned.

It was conclided from this initial analysis that both morphology and
sedimentology was generally more similar at a given spatial location over time than
it was for space for each: individual time. The coherent response of variables
alluded to in their respective correlograms also suggested that they were being

forced by some common external forcing mechanism.

sub-surface sedimentology over the depth-of disturbance indicated that the step, a
morphological feature that had passed through the system consistently with the

previous high tide, could be traced through the sediment characteristics.
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(viii)

(1x)

()

()

(xii)

()

{(xav)

Oidinary corielation. howevel. was not sufficient to yield sigmificant relationships
between morphological and sedimentological variables, 1n neither absolute values,

over mdividual time steps, nor 1elative to mutial or mean values

EQF analysis was used to decompose the data sets mto theiwr consistuent modes,
consistently showmng that more EOF modes were requuited for median sediment size
(Dsp) than for either Az or sediment sorting (¢}, implying Dgp has moie stochastic

vanation and less inheritance

Strong hysteiesis patterns were evident in the dommant spatial EOFs of a
morphological parameter which reflected net sedimentation relative to the start of
the smvey campaigns {termed Azp), and surface sedument size and sorting spatial

EOFs

The spatial phase parameter calculated from the respective CEOFs (complex
EQFs) confitmed that an assoctation not appatent mn the non-decomposed data

sets was consistently present in the data associated with the most vanance

CCA analysis was used on the tempoiral EOFs 1 order to mvestigate the
relationship between morphological and sedimentological change It further
confirmed that, whereas sigmficani, coirelations could not be found beiween
non-decomposed data sets, such 1elationships were statistically sigmficant i the
spatial and tempoial information within the data was decomposed mnto orthogonal

modes

Sigmficant 1clatronslups were found only between the absolute values of sediment
size and sorting and Az, suggesting that sediments responded hetter to net

sedimentation patterns rather than individual sedimentation events

Specifically, berm bulding was found to be reflected 1 the mean and trend
components of size and sorting In the Slapton 2005 data sef, this trend m fime
was general fining and amehorated sorting, and at Stiete during the same time the
trend was general coarsening and deteriorated sorting. In the spring 2007 data set,
the EOF analysis separated the Az signal ko upper and lower beach modes, and

suface sedimentology was found fo have association only with the latter
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{xv) CCA analysis was used to uncover coherent responses in those pairs of

morpho-sedimentary EOFs that had statistically significant correlation.

(xvi} A predictor matrix of nine variables was used for each of the morpho-sedimentary
data sets, consisting of time series from eight hydrodynamic/morphodynamic

parameters, plus a vector of Gaunssian white noise.

e
r

(3xvii) The morpho-sedimentary eigenmode pairs were found to be strongly related to
hydrodynamic forcing, which provided further evidence that morpho-sedimentary
change (on gravel besches over tlie timescale of intefest) had some detectable

cause. These forcings veried between data sets, but tidal range and wave height

were consistently represented.
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MORPHO- SEDIMENTARY DYNAMICS OVER ONE YEAR

They went to sea 1 a Sieve, they did,
In a Sieve they went to sea

In spite of all ithen friends could say,

On a wanter’s morn, on a stormy day

Edward Lea (1812-1888), Buitish poet The Jumbhes

Introduction

This chapter will present and explam the morphological and sedimentological changes at
Slapton, sampled at 1dentical spatial and temporal resolution, ovel cne calendar year
The previous chapters have focused on beach variabibity at the time-scale of seconds fo
weeks, and length-scales of fractions of meties to tens of metres These studies have
impmoved the knowledge base for better-informed models of short term morphological
and sedimentological change on gravel beaches This chapter will develop and explain a
sediment budget for Slapton, as well as document the co-evolution of beachface
morphology and sedimentology of this gravel beach over a larger fime and spatial scale
As such, 1t draws upon some data and themes first outlined m Chapter 3 since 1t 1elates -
to the longer term dynamics of the site

Mo phodynamic studies begin with expelience, and seek to mvestigate the cause
[Komar, 1998] The association of monthly changes i beach profiles with seasonal
variation 1 wave climate 1s a fundamental tenet of beach morphodynamics [Winant
et al., 1975, Komar, 1998 Masselink and Hughes, 2003] Beach profiling and wave

recording, winch are, m the modern sense, 1elatively simple to collect, must remain at
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the central core to our understanding and prediction of beach change. Beach profiles
reach equilibrium in the laboratory but do not in the ﬁeld, and indeed few models ~
accura-igely predict the behaviour of profile change. Without good beach profile data sets
over a range of scales it will be equally impossible to develop accurate morphodynamic
models for gravel beaches. Without sedimentological information at the same resolution
as profile information, it will be impossible to model the sensitivity of profile change to
changes in sedimentology. -
Many early studies into beach behaviour were carried out on gravel beaches [Kix'lg,
1972], and these studies collectively sﬂowe;i that profile change on gravel beaches will be
greater than on sand beaches for a given set of hydrodynamic conditions tBagnold, 1954;
Emery, 1955), a theme whcih continues in more modern studies [Austin and Masselink,
2006a; Horn and Li, 2006]. Response times on gravel beaches are considered short. The
‘summer-winter’ seasonal model has been challenged on beaches, including those
' comi)osed of gravel [e.g. Dingler, 1981; Caxr et al., 1982]. Constructive wave action and
berny building on coarse grained beaches, first elucidated by Lewis'[1931} and later

: experi.mentally verified by others [Duncan, 1964; Masselink and Li, 2001; Austin and
Masselink, 20064; Weir et al., 2006], is discussed in greater detail in Chapter 2. Despite
many of the early conceptual advances on beach behaviour being based on gravel

" beaches, models for profile change on gravel beaches [e.g. Powell, 1990] are poor,
primarily because of the paucity of appropriate data sets, particularly in response to
storms [Orford, 1977; Orford et al., 2003]. The industry standard model for gravel h’each
profile -change, that of Powell [1990), is largely based on the geometric relationship
between tidal elevation and freeboard, as well as some overly-simplistic relationships

" between sedimentation, sediment size and wave steepness. The crests of many of the

gravel beaches in the UK are well above spring high tide level, for example the crest of

" Chesil beach at Portland lies 13.3m above norm.-al high tide level [King, 1972], and

similar super-elevations are found at Orfordness and Dungeness [Hey, 1966]. Slapton has

a frecboard of only 3-4ih above MHWS. Mechanisms for crest sedimentation have been

proposed [Orford, 1977], but these conceptual models remain to be fully validated using

measurements. No existing model is applicable to the problem of gravel beach overwash.

Models for sé.nd bazrier overwash are primarily based on inundation conditions where the

freeboard is not as great as on many gravel barriers, where overwash is caused by violent
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wave brealing and associated run-up As yet theie are no numeiical models based on the
physics of sediment transport available for gravel beach profile response during stoims
The sedimentological 1esponses to stoims on gravel shores aie equally poorly understood
[Hait and Plint, 1989]

The larger scale coastal behaviour (LSCB) of many sand beaches 1s dominated by the
cychical generation-migration-degeneration patteins in nearshoie bar systems [Wijnberg
and Terwindt, 1995, Plant et al , 1999, Ruessink et al , 2003] Laige measwied
morphological data sets are now available for sand beaches, for example at Duck, NC
(USA) and along the Dutch coast In addition, many Argus stations, at the tune of
wiiting, have been 1unming for over a decade (for example Oregon m the USA, and
Perranpoith mn the UK). Few motphological data sets aie available to assess the LSCB of
gravel beaches, which is partly why the seasonal response of gravel beaches has not been
better patametelised. Studies into LSCB find better tangible outcomes when physical
processes such as waves and tides aie patametensed in simple relationships and then
used to explain obseived/measured beach changes, themselves succinctly and simply
paiameterised [deVriend, 1997, Hoin, 2002b] Such an approach is adopted here,
acknowledging that developing a model on the basis of one year of data from one beach
would be an ambitious undertaking, especially considering the lack of current insight we

have of the relationship between sedimentation patterns and sedimentology on beaches

Freld Site, Methods and Data

Hvdrodynamics and Weathe:

The three sources of hydiodynamic data used 1n this study e outlined in Chapter 3
For this study, both the hourly offshoie wave data measured by WW III model, as well
as the half-hourly mshore wave data measured by the Start Bay buoy, wete used to
characterise the hydrodynamic conditions forcing beach change However, the latter
record was only available smce 5th April 2007 Linear regressions were performed
between the measuied mshore and measured/modelled offshore 1ecords

(resampled /inte1polated to the frequency of the wave buoy) The agreements are not
good, as may be seen n the bottom two rows of Figure 71 Theie are many potential

reasons for the scatter observed, including time-delay and 1esampling effects, and the
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becatise cach profilé line is a different length. Changing Q/w-values relative to initial for
each survey line indicate the relative volumetric *health’ of each local beach section

through time.

Elavation (m,0DN)

w

-2 : . N L L N
0 10 20 30 40 50 60 70
Distance cross shore from bench mark {m)

Fig. 7.5 Schematic of the volumetric calculations made from beach profiles, by integrating under
a beach profile to-1m QDN (dashed, also MHWN and MHWS indicated by dashed lines).
The wvertical scale of error is indicated by the parallel lines. The heavy lines show the
same profile-al. different times.

Cross-correlation confidence intervals were caleulated as independent (not
simultaneous) and asymptotic {because the data were not continuous), and the
appropriate corrections for small sample sizes were applied where appropriate. The lower

and upper confidence intervals at 95% were calculated as, respectively:

CIy = tanh(z, — T; 1) (7.2)

Cly = tanh(zr + Ty Lh) {7.3)

where T 1 is the inverse of Student’s T cumulative distribution function at ¢=0.05 and
r=N-2 degrees of freedom; z. is the z-transform of Pearson’s cross-correlation

coefficient, with Hotelling’s (1953) correction [Hotelling, 1974) for sample size, given by:

Zp

m-[{)_mog.(i —i—:) 3 1.5110g(43l(;7;/i)— T) ‘l‘r] (7-,_4)
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and wheie 7t 15 the standard eiror of z-, given by 1/y/v.

Results

Hydrodynamics and Meteorology

The available wave height, period and direction traces from the WAVEWATCH III
model and the Start Bay buoy (since Apul) are the subject of Figme 76 Inshme
sigmificant wave heights measwed by the buoy between Apuil and October 2007 are
typreally 34% smaller than the deep water model predictions Simlatly, significant wave
periods are typically 56% shorter, and wave directions aie much less vaniable Wave
heights are characteristically ngher between November and March, and three petiods of
sustained storm conditions are evident, at the beginning of Decembe, the beginning of
Janmuary, and from the mmddle of Febhuary to the beginning of March Each lasted
approximately two weeks, and were composed of three storms apiece wheie offshore Hy
exceeded 4m There 1s nothing to distinguish these three stormy penods in terms of
wave petiod or duection, which was consistently south-westeily (Figwe 76) Offshoie
wave heights 1arely exceeded 2m between March and October 2007, except for a period
of energetic activity m July Figwe 7 7 contours the joint probability of wave height with
direction and peiiod, respectively Note the consistency of swell wave direction, and that
south-westerlies were assoctated with both greater wave heights and a greater range of
wave heights

Using the joint distributions of wave height and direction, directional wave energy
estimates were obtained by summng energy over each direction Energy density 1
proportional to the square of wave height, and 1s calculated as [Komai, 1998], whete g 1s

gravitational accelelation and p1s the density of seawater

g= %PQH 2 (7.5)

which is expressed as N/m? and converted to Joules (1J = IN/m = 1 watt/s) per umt
time, assuming wave height does not change considerably between measurements
According to Airy wave theory, longshote energy flux, as wave power per umt length of

wave, 18 givenl by
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which would imply moie energy available for northeily sedument tiansport, as opposed fo
goutherly The longshore energy flux, as wave powel pet umt length of wave, equalled
471 3% 1074 Nsec™! for northwards flows and 2 58 x 107#Nsec™! for southwards flows
(m the direction of Torcross) Sumlarly, a calculated 1 0448 N/m? cioss-shoie energy
flux occurred m the onshore dnection, opposed to a 9.1140 N/m? in the offshoic
direction Some bivariation m various important paiameters may be seen m Figure 7.13

In the bottom 11ght panel, longshore energy flux is seen as a function of wave direction
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Fig. 7.13 Bwaratwn m some model outputs, clockunse from top left. He versus Ty, Hy versus 0
H, versus P, and @ versus Fi

The year 2006-07, whalst the highest on 1ecoid, does conform with the general tiend of
nsing temperatures since 1960 In terms of wind speed and direction, 2006-07 is very
close to the average (Figwe 7 14) It is possible to use sigmficant wave generation theory

(so-calied 5-M-B methods after. Sverdrup, Munk and Bretschneider) to estimate mean
1

, is

ofishore wave helghts‘ fiom the measured wind record The wind stiess factor in ms™

given by [Komar, 1998]
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wt = 0TIE® } ' C(7.9)

where u,, is measured wind speed in m/s (1 km/h = 0.2778 m/s). Deep water wave

height is then found from the following relationship:

H Ap\Y2
% =1.6x1073 (%) (7.10)

classifying direction using the measured wind 1;eco1‘d, assigning fetch (1_& ) lengths of
6,796,414m {due south-west) and 367,209111 (due east-). Interestingly, wave heights have
been larger and less consistent in recent years, despite a general decrease in wind stress,
“owing to a greater frequency of soqth—westerly winds. This illustrates the importance of

wind direction and fetch lengths on waves affecting Slapton (Figure 7.14).

Annual means, Oclober ~ Oclober
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Fig. 7.14 Trends in annual means, one year being Qctober-QOctober, from top to bottom, for
mazimum temperature; wind speed; wind direction; wind stress; and offshore wave
height, from 1960-61 to the preseni year.

[7.3.2] Beach profiles, and volumes.

Typical sweep zones of profiles for the southern and northern ends of the barrier (Figure
. 7.15, top panels) indicate huge changes relative to a given mean profile. The envelope of

variability was =1m relative to the mean (Figure 7.15, bottom panels). Out of the
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thu teen profiles 1egularly surveyed, the eleven most southerly had a gieater difference
between the mean and minimum elevation than the mean and maximum location fo
each 1m spaced inciement in the cross-shore duection. For the remaiming two
(northerly) profiles the situation was reversed This gave the fhst imphcation that the
beach may have showed net depletion for much of its length, over the year Between
indivadual surveys, pt ofile elevation changes would have maxima at approximately

AMHWN and minima above MHWS
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Fig. 7.15 Profile sweep zone (iop panels) and tymeal envelopes of varalility around mean cross
shore profiles (bottom panels) Left panels show o site at the southern end of the
survey area. and Tight panels a site of, the northern end

The beach was very responsive to changes i the wave climate, m the modes of
behaviour were m broad agreement with previous 1esearchers on tlus beach [Can et al ,
1982, Austin and Masselink, 2006a] and other simila: coarse-grammed beaches [Dingler,
1981, Magjima, 1982] Figure 7 16 show some example responses of the barrier to
constructive (left) and destructive (11ght) wave action Considerable changes can occut
during ndwidual sprimg-spring tadal eycles, and this can take the form of both cut-back
and sedimentation at barrier crest {ovetwash} With 1eference to Figure 7 16, these
1esponses ate not consistent alongshore-the nathein end of the beach often showed
different modes of behaviow to the central and southein (also seen m the fortmghtly

data présenied m Chapter 6) Whereas accrelionary peiiods consisted of localised




Results _ o | _ 217 -

sedimen_tétion, mainly as overwash, or more commonly, berm building (usuahy
approximately around around the previous neap tide level), depletioﬁaiy periods
c.onsisted of erasion across the entire profile. In general, the berm rarely lasted more
than one spring-spring tidal eycle, although the beach remained in a depleted state for
several weeks without suflering extensive further losses, in some iobations. On occasion,
the volumetric losses incurred on the seaward and la,ndwm“d sides of the berm
approximately equalled the. \rolurnetric. gain caused by the bermt’s presence. More often,
however, sediments were not conserved, suggesting alongshore transport, or offshore
transport outside the measurement area. During an overwashing event, volumetric gains
incurred at the crest were not matched by (greater) losses further down the profile, so

the beach would steepen, and these storm surge events would show net depletion.

14/08/07 - 30/08/07; berm-~building  04/02/07 — 21/02/07; cut-back 21/05/06 - 05/12/06; overwash

6 Tarcross € Torcrass 6l Torcross
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N
2 \ 2 2
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o 50 100 0 100 50 100
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Fig. 7.16 Profile changes along the barrier. From lefi to right: example cut-back between Jth
and 21st February 2007; berm building between 1{th and 30th August 2007, and chany-
ing profile shapes over the year (solid line-November 2006; dotted Line-October 2007).
Three locations have agein been chosen to illustrate the alongshore wariability of the
changes: in the southern (top row), ceniral (middle row), and northern (bottom
row)} locetions along the barrier. ’

The morphological response through the year is examined in a little more detail in

Figure 7.17 and 7.18 which collectively show the spatial and temporal scales. and

.
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Fig 7.17 Top panel wolumetric change as e function of fime and alongshore distance  Dark
shading represents depletion relatve to wutial, and bght shedmmg represents reletwe ac-
cretion  Values range between-1 0155 to 0 266 m® /m? beachface Bottom panel whole
beach mean volumetric change relative to watral, as o function of time, agem n 1a° /m
beachfoce

dimensions of beach moiphological change The upper panel of Figuie 7 17 contows

volumetric change over time, relative fo the volume for each respective alongshore

location at the start of the surveying campaign i October 2006. Dark areas show
relative depletion. and lighter areas show accretion, and the zero contour representing
the demarcation between net gains/losses, has been highlighted to show the locations
and times of 1elative net depletion and accretion It is evident that, whereas net gains
have been made by the beach to the north, and httle change to the south. in the centie
of the beach, approximately in line with, and just north of .Slapton village, sigficant

volumetnic losses have been mmemred As js apparent in the bottom panel of Figure 7 17,

which chaits the volumetiic change 1elative to 1mtial per umt squared metre of beach,

net losses m beach material have weie sustained m this section of Slapton barrier

between October 2006 and October 2007, approximately 0 4m? per m® beachface A

simnilar spatial 1esponse as the upper panel of Figure 7.17 may be seen in both panels of

Figure 7 18 Here, the upper panel shows the difference i Om ODN contow position

between 6th November 2006 (dashed line) and 12th October 2007 (solid line) the losses

are apparent for almost the entne length of the beach. but espemally i the central
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portion. Note that this is in evidence for every contour value below MHWN (se¢ Chapter
3). The bottom panel of Figuré 7.18 also shows the mean net volumetric discrepancies in

space, over the whole year, where only the last two profiles to the north have shown a

neb surplus.
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Fig. 7.18 Top panel: evidence of central cui-buck and rotation towards the north. Dashed line
s the 0m contour on 6th November 2006, and the solid line is the same contour on
12th October 2007. Bottom panel: net volumetric change alongshore (m®/m?) over
the measurement period, showing clear differences in the beach depending on locotion.

The spatial trends are extended northwards and southwards in t;he-(iess regularly
profiled) record at the extremes of the béach, pointing to an overall northwards ‘fotation’.
(or embayment-deepening) in the plan shape of the beach in 1'<;s‘ponse to what is lik;zl'y to
be some considerable alongshore transport. The gross volumetric changes along the
entire length of the barrier, which includes 3250m surveyed every 2 weeks, and the

.1'em_ainiug 1250m surveyed approximately every 4 to 6 weeks, have been estimated and is
graphed in Figure 7.19. The overall the sediment budget for the entire beach is not in
deficit, even though for a large proporﬁbu it is, because of the huge gains made to the
extreme north of the beach. The surplus is an estimated 10189 m®3, or 2.7x 10? metric
tonhes of sediment. Approximate maximum error margins have been calculated &s
+6376 m3, calculated as beach area (318380m?) multii:iied by volumetric error estimate

of +0.02m® per metre beach (itself based upon an up to +2 em maximum vertical error).

_The ‘rotational pivot’ ‘point is just.south of the middle of the barrier, near the war
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Fig 7.19 A sedunent budget for Slapton for October 2006-October 2007 expressed in units of cu-
bic metres, as g funchon of distance clongshore Figures represent total net gawns and
losses, therefore the beach as a whole 15 . surplus by approvmately 10,000 m® Note
that the £ values idwcaie those for the whole beach sediment budget, not the mdundual
acerebonary o1 erosionary elements.

memorial in between the Figher and Lower Leys, and the losses to the south of this
pomt do not match the gams to the noith Due fo this alongshore volumetric
discrepancy, either some material has been gamed from offshore in this region, or fiom
southerly transport around the headland at Stiete, or alternatively this material has
passed thiough unaccounted fo1, through either insufficiently-frequent or (spatially}
finely-1esolved surveying This sedunent budget does not support the assertion that
Slapton 15 a closed sedimentary system It also emphasises the importance of taking the
entue beach nto account-most gains have been made at the ends of the beach

In order to address the hkehhood of considerable noitherly alongshore transpost
during the survey period, and because of the possible frequency-dependence 1n the data
just mentioned, the piofile record was analysed in the fime-domain using
cross-correlatton The mput parameter was a time-seiies of the-convexty index (outlined
m the methods section of this chapter (Q/w)), relative to convexity index of the beach
line at the start of the profiling campaign. Time-series of @ /w, relative to 1mtial, and fo
each cross-shore profile, were subjected to a cioss-corielation analysis similar to Howd

and Holman [1987], whereby the time-series for the cent1al c1oss-shore line was
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Fig, 7.20 Contour map of eross-correlation coefficicnts between lhe time-series of the ratio of vol-
ume to width af the central cross-shore profile line (af 0m), and the rutio of volume fo
widlh al each of the-rest of the profiles, as a function of time lag (in weeks). Seée text
Jor explanation.

cross-correlated with each of the others in turn. Figure 7.20 maps the cross-correlation

coefficients as a function of alongshore distance and time. High correlations (darker

shading) at negative lags indicate events at that alongshore location preceded those at
the reference line in the centre of the beach. Alongshore progression of material would
therefore be characterised by relative darker shading in either diagonal of the map in

Figure 7.20, in this case showing propagation of sediment to the north: ‘extending

contours of high correlations (dark shading} from the bottom left to the top right,

showing the progression ‘of material from the south (bottom) to the north (top) in time

(left to right). The zero contour in Figure 7.20, representing the inflection in correlation

coefficient, has been hilghlighted to ease interpretation.

Following Sonu and James [1973], profiles were classified according to their geometry,
and an analysis of transition was éarried out. For each profile, each value in _the
time-series of Q/w greater than one standard deviation of all §/w were classified as
‘convex-upward’ or ‘C’. Each value in the- time-geries of @/w less than than minus one
standard deviation of all Q_/w were classified as ‘concave-upward’ or ‘A, and the rest as
‘linear’ or ‘B’. The classified profiles are summarised in Table 7.1, which shows a

reasonable amount of coherence alongshore between adjacent profiles on a given survey,
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confirming the two-dimensionality of the beach

Tab. 7.1 Classeicatton of surveyed profiles based on then subaerial geometry (‘C° 1efers to con-
vex, ‘A’ to concave, and ‘B to Linear-see text) Profile numbers merease fowarsd the

north

Surveyl/Profile— | 5 | 6 | 7 [8 [ o1 [1]12]3 ] [15]16]17
1 clclcfecleclc|c|ec|c|B|B|C]|®B
2 cle|clc|cljc|c|c|Cc{B|B|B|A
3 BlB|cjclc|c|lc|B|B{B|B|B|A
4 BlB|BlC|C|B|C|B|B|B|B|B|B
5 B|B|A|B|B|B|B|B|B|B|B|B|B
6 |Blalajalala|B|B|B|(B|B|B|B
7 B|(B|BlC|B|B|A|B|B|B|B|B|B
8 AlalajajalaflalB|a|lB|B|B|C
9 AlalajajalalalB|a|lB|B|B|C
10 Alalajajalajalajalala|Bla
11 Blc|clajc|clc|lclc|c|B|B|A
12 B|B|B|Aja|A|A|A|A|[A|B|B|B

) 13 B|B|B|B|B|A|B|B|B|B|[B]|B|C
14 BIBlA|A|A|A|A|A|A|B|B|B|B
15 B|B|B|B|B|B|B|B|B|B|B|B|B
16 B|B|B|B|A|B|A|B|{B|B|B|B|B
17 B{B|c|B|B|B|{B|B|B|B|B|B|B
18 B{B|B|B|B|B|B|B|B|B|B|B|B
19 B|{B|B|C|B|B|C|B|B|B|B|B|B
20 B[B|B|C|Cc|Cc|ciB|C|B|B|B|B
21 Alalala|B|B|C{B|B|B|B|B|B
22 BlB|B|Cc|c|c|B|B|B|B|B|B|B
23 BlB|cjclc|clc|B|C|B|{B|B|A
24 BiB|B|Cc|{c|cfc|B|Cc|B|{B|B|B

Transitional probabilities were calculated fom the 13 regularly-surveyed profiles over
mdividual time steps, for each transitional type (from C-C through to A-A) The 1esults
wete contoured as a function of alongshore distance (Figure 7 215 In general, self-self
transition (C-C, B-B, or A-A) was most common, mdicating a degtee of inheritance m
the profile geometry Transttions into C (B-C and A-C) were less hikely than fiansitions
into A (C-B and A-B), indicating that the beach spent more time, out of 1ts ‘linear’
state, relatively concave rather than relatively convex (Figure 7 21) Thus the piofile
shape classification reflected the generally decliming beach volumes, and negative
sediment budget, for this survey stietch (0-3250m alongshore) Self-self hnear iransitions
(B-B) were more common at the northern and southern extremes of the beach, and less
common m the cential portion, further confnming the relative mstability of this central

tegion of the baiier
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Fig. 7.21 Contour map of probebilities associated with transitions from profiles classified as convex
(C). concave (A), or linear (B), s a function of alongshore distance. Darker shading
- indicates greater likelifiood of transition over one time step. Heavy red line indicates the

0.2 contour. See text for explanation.

. Sedimentology

Chapter 6 showed that the sedimentology of Slapton over a spring-spring tidal cycle was
variable to a large degree, and changes in sedimentary parameters associated with given
wave and tide levels were predictable to a lesser degree than profile change. The
bi-weekly sampling resolution meant that it is difficult to know whether the observed
profile and sedimentology was as much a function of the previous receding tide, or a
cumulative function of the whole two weeks (the sedimentology perhaps more so than
the morphologies, since sediments have to be redisttibuted for morphological change to
occur, there is inherently less inertia in individual patches of sediments). Nevertheless,
due to'the length of the record, cross-and along-shore averages should be able to tease
out the temporal and spatial structures associated with morpho-sedimentary change.
Synthesising visual observations made by myself and previous workers on Slapton
(particularly N.Binney, A.Davies, G.Masselink, pers. comm}, plus measurements made
between 2002 and 2004 [Austin, 2005], suggested that the temporal variability of grain
size at Slapton is very large, and that the ca-ant;ral region of the barrier had becon.le
progressively finer through recent time. Figure 7.22 suggests that 1ot only was the entire

beach much finer than normal, the beach often lost its distinct alongshore grading. This
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vaties, but the gradient m sediment size per metie 15 O(107%) millimeties, meaning a
1000m distance alongshore will grade by appoximately Imm The fining asscciated with
general volumetiic losses mdicates that the material being removed from a large section
of the beach was, preferentially, coarser matenal. That considerable northeily alongshore
seciment transport occurred over the winter and spring of 2006-07 1s supported by the
general coatsening to the north and fining to the south One Hmitation of the present
sedimentological data set 1s that 1t 1s only surfial However, whilst sub-suiface
sedimentology would have potentially uncovered some of the finer detas behind some
observed sedimentological changes, over the scale of interest where some considerable
bed elevation changes were observed, one 1s able to reconstiuct hikely sediment sizes at
depth from previous swifaces in a generally depositional part of the beach Retiodiction
of approximate past sub-surface sedimentologies is equally possible on an erosional
stietch by. at any time, obsetving present suiface sedumentologies Munr Wood [1970]'s
hypothesis that the stiength of the alongshore gradient mn size 15 a particularly notable

sign of a stable or healthy beach 1s qualitatively vetified here
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-averaged in the cross—shol:é direction, and through time (Figure 7.23) show that, in
general, ._a,nd'in va, departure from recent irends, there is a weal posit;i\.re cbrrélation
between alongshore distance (northwards) and sediment size. Sediment size réaches a
peak at North Slapton: this is the location where the envelope of profile variability is
greatest, and later will be shown to have suffered the most volumetric losses during the
survey cdmpaign. The same trends are mirrored in i:.he grain size minima, but not the
maxima. This supports the notion that i:he_ variation in the minima is systematic and
reflects the mean, whereas the maximum grain size at any given time or location is more
&iﬂicult to predic, i.e. it is inherently more variable, perhaps due to the existence of a
very mobile coarse sedimentary population with a shorter residence time than that of the
rest of the beach (a notion which resonates with the principle of ‘overpassing™ see
Chapter 2}. The general fine skew of the beach sec.limeuts indicates the presence of a
relatively mobile coarse fraction. That coarser beach material is more mobile than fine
on beaches also echo statements made by previous authors King [e.g. 1972]; Carter and
Orford [e.g. 1988]. Note, however, that this is contrary to Gleason et al. [1975] who

measured alongshore sediment transport on beaches in Start Bay, including Slapton, and

found an inverse relationship between sediment size and transport distance, implying
smaller fractions were more mobile. Their study was, however, over a larger spatial area,
anc_l they drew tren.ds from beach to beach in Start Bay, with different background
populations in terms of size and sorting. '

There is a strong inverse correlation between sediment sorting and alongshore dist.an'ce
’(north-.wards), and a strong positive association between skewness and alongshore
distance. This is also reflected in respective minima and maxima, although on this
occasion there is more variation in maxima of sorting and skewness relative to the mean
(in the cross shore dire'ction the opposite was the case - Figure 7.25). Over the survey
period, therefore, the beach, in general, becomes finer, better sorted and more positively
skewed (a_!thc_)ugh remaining negatively skewed) northwards. The extent to which
morphological and sedimentological parameters varied about their respective means
changed alongshore. Figure 7.24 depicts the standard deviations for elevation, sediment

size, sorting, and skewness. The beach is generally more variable in the centre than at

either end, most obviously so for profile elevation. Importantly, the sample numbers are

large, and the standard deviations are rmuch smaller than the respective means, so the
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trends may be mterpieted with confidence
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A number of mteresting themes are present which apply alongsliore (ie they are not
dependent on the backgiound coarseness’ of the local beach profile) Foi example, there
is consistently more varation m the mimuma of s ting and skewness than the maxima
The same can be said for morphologaes, principally because of the occasional presence of
berms This 1s, however, not generally the case for sediment size Another mteresting
trend s that the supiatidal and upper intertidal beachiace 158 moie poorly sorted where
morphological change 1s at 1ts min?mum, but 1t 1s not necessatily coaiser or finer, nor
fine-or coarse-skewed to a greater degree Mean cioss shore piofiles for median sediment
size, sorting and skewness correlate much better with each other than mmimum and
‘maxnnum (ross-shore profiles in the same parameters, because the mean 1eflects the
trend mn the cross-shore disttribution, whereas the mimma and maxima ae stochastic
varlations about the mean Figure 7 25 depicts typical cross-shore mean profiles for
sedunent size, sorting and skewness, with associated envelopes, foi the same locations
Theie 15 quite a 1ange of values for both sorting and skewness, perhaps more than would
be expected for a ‘well sorted” gravel beach [McLean and Knk, 1969, Gleason et al ,
1975] Although variable, the beach sediments are almost always negatively skewed,

which 15 agieement with the majorty of previous studies on beach sediments [Masselink
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on-offshore transport is not taken into account by the model, but is by the calculations
ﬁsing_the beach volumes, thus the estimates from the sediment transport formulae’ might
be regarded as a sediment transport potential not taking into account on-offshore

sediment flux or pos'sible leakage {romn the system.
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Fig. 7.29 Predicted net annual longshore transport rates for Slapton Berrier, synthesising mea-
sured data from this study (heavy solid bluck line with circles), and modelled data from
four recent years. published in a previous study {Chadwick et l. [2005], labelled CHOS5).

For the 2006-2007 profile data set, the changes in shoreline (again defined as Im ODN,
approximate position of MHWN) relative fo initial are graphed in Figure 7.30. Similar
spatiai frends are in evidence, wit_h shorelines towards Torcross remaining
quasi-constant; those northwards at Strete’advancing; and in the central barrier large

cut-backs o’bser;red (as 1s also evident in Figures 7.17 and 7.18). It appears that 2006

—2007, in terms of the infegrity of the central barrier, was similar to that of 1988—1991

(approximatf.ely 10m recession), but not as severe as 1992—1993 where recessions in

excess of 20m were recorded (Figure 3.7). The vulnerability of the central section of

barrier is a constant theme, remarked upon by Orford [2001}; Pethick [2001) and

Chadwick et al. [2005] in their respective studies. Given the changing direction of net

sediment flux, from year to year (Figure 7.29), the large fluctuations in shoreline in the

central region of the barrier ave likely to be because of the large throughput of material

‘in this region, which acts as a hinge point in the inter-annual rotation evident from the
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shoreline records at the northern and southein extremities of the beach Anothe:r feature
of note is that the 10m advance recorded at Stiefe 15 unusually laage, some 2m greater

than in any previous year between 1972 and 2003, as deteimined fiom the FSC data set

promr T T T T T ¥
«—t— towards Tercross

=—&— North Slapton

’n a o

Shoreline posttlen (1m ODN} relative to Inlbal (m)
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Month in 2008/07

Fig. 7.3Q0 Chunges n the shorefine position (again taken as Im ODN) relatwe to 23rd October
2007, for three alongshore posttions, over the 2006-2007 survey record Shorelines have
advanced some 10m at Strete, and recessed some 10m m the centre of the barrier (“North
Slapton’)

Figmes 3 6 and 3 7 im Chapter 3 show longer term tiends which support the findings
of the present study. The bahaviour of the apparent ‘1otation’ of the beach towards
Strete 15 interesting because, unlike most previous studies into beach rotation [Dingler
and Reiss, 2002, Ranasinghe et al, 2004], at Slapton the piocess appears to be
assymetiical In other words the shoreline advances being made at Stiete are not at the
expense of the southerly section (Torcross), but the middle section of the beach

One final data set 15 available to provide confext and comparison to the present study
Seventeen profiles, spaced 300m apart, were surveyed at Slapton by Can et al [1982],
monthly between September 1971 and September 1972 (except November 1971 and
May-July 1972) This study confirmed the two-dimensionality of the beach profiles
spaced alongshore tended to respond in the same way m a grven month, which was also
found 1n the present study Sigmficantly, they found that net volumes of sediment were

identical between winter and summer periods, made possible since accretional events
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Fig. 7.31 Volumetric changes et Slapton, over individual m.onihs. The solid line represents the
present study. The red squarves come from data published in Carr et al., (1982), for a
compareble date set cqllected over 1971-1972.

were fewer in number but lasted longer in the winter. Some results from Carr et al. [1982]

are reproduced in Figure 7.31. With only five data points available from the Carr et al.

[1982] study, it is diffienit to discern whether or not 2 similar response is in evidence

season to season. With the exception of January, net volumes are dissimilar, and in three

cases out of five, opposite in sign. However, what is important for the present purpose is
that the magnitudes plot within the envelope of variability for the 2006-2007 data set,

" and whilst the rangé- of the 2006-2007 data is greater, the observed changes are not

significantly different. Besides, there is nothing to say that the range might have

increased for the 1971-72 data set would have increased if more data were available.
Figure 7.32 details the relationships between some variables, suitably averaged, over
the study period. The relationship between beach volume and sedimentary parameters
was poor (Figure 7.32, upper panels). The relationship between morpho-sedimentary
variables and hydrodynamics were better (Figure 7.32, lower panels), with'the exception
of wave direction. All éigniﬁca.nt correlations were inverse. ‘Fhese findings are in general
agreement with a similar study made by Gleason et al. i1975], who found stronger
correlations between wave height and surface size than with wave direction.. Better

agreements may have 'been made between inshore hydrodynamics and
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Fig. 7.32 Top panels relationships between from left to right, beach volume and Dy, sorting
and skewness and relationshop between sortmg and H,, each for every £ week period
Bottom panels relabionships between from left to right, Dso and Hy, Dsg and ©,,,
beach volume and mazx Hy, and beach volume and B, each for every 2 week perod
morpho-sedimentary parameters In addition, measures of central tendency may not be
appropriate since morpho-sedimentary palameteirs may better respond to more subtle
changes m the distribution or chronology of the wave field For example, in a strongly
bimodal wave field mean direction 1s not a true characterisation The lack of corelation
between beach volume and mean wave direction may also be attributable to the spatial
dwvergence of volumetric losses (ie they weie not umiorm alongshore} Cross-correlation
analysis revealed that associations were not necessarily improved at lag, possibly because
hydrodynamic parameters had to be averaged over, two-week periods between surveys
Indeed, this averagiug may have significautly obscured the range and relative duration of
wave energies, which might be crucial to the morpho-sedimentary 1esponse of the beach
The 1elative cross-shore location of morphological or sedimentological change may have
also been sigmficant, winch may partly depend on changing tidal spring-spring 1anges
The lack of association between the morphological and sedimentological parameters is
perhaps more smplising However, there aie a number of potential factors in operation
which may obscure any co-vaiiation, for example, the beach 1 natwally graded, and over

the study period a change in the direction of that grading was evident The 1elationshup
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between morphological and sedimentological ché.nge may have therefore been obscured_ ‘
by the beach sedimentology reiaxing to a new equillibrium. Sub-Surface'sedimentology o
may better reflect obscured morphological changes. Groundwater variations ave also
likely to be a major influence. An additional factor in the poor associations observed. by
ordihary correlation may have been time lags in the cause and effect. Finally, the
processes of sedimentation were different, over time and through space, Over relatively
long time-scales, the beach cannot so easily be assumed a glosed sedimentary system,
both in terms of sediment volumes.and sediment, attributés. When sedimentary

subpopulations are removed offshore or alongshore, or buried, sediment supply becomes

a limiting factor on the sedimentology of that location.
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(1)

(im)

(1v)

(v}

(v1)

Summary

The mo:pho-sedimenta1y dynamics of Slapton have been documented over one
calendar year. using a data set of regular fortnightly beach profiles and sedunent

sampling taken between October 2006 and October 2007,

Net profile and volumetric changes over the study peiiod showed northerly
alongshore diift of matenal souirced prumarily from the central 1egion of the
bariier, whilst net changes from toward the sourthern end of the beach at Torcross
were neghgible, except nea1 the headland The baruer theiefore underwent net
nottheily indentation dwing the year, although the volumes lost from south of the
rotational pomnt did not match those gamned to the noth It is hkelv that tlus
additional material was erther somced from offshore or alongshore beyond the

headlands, implying that Slapton 1s not a closed sedimentary system,

The asymmetriecal behaviour of the indentation, however, differed from bay beach

1otation observed 1n many other areas of the woild,

A sediment budget r1evealed that, taken as a whole the bmrner was n net surplus
of = 10,000 m3, which does not support the claim that the barrer 15 a closed
sedimentary system Stiete appeals to be an efficient sediment tLap, but the
magnitudes of mputs from either side of the headlands at Strete and Toicioss are

unknown, as are the exchanges on-offshore,

Most of the changes in beach moiphology can be attiibuted to peisistent
south-westerly waves over the winter and early spring when the waves were
Inghest, driving net nottheily sediment transport Easterly waves have not been

suffiuently frequent nor large to mamtain equilibrium in beach volumes alongshore,

The fequency of dommnant south-westerly years aie likely to have increased since
1990, wluch has mmphcations for the energy taansfeired to the beach This is
because, for Slapton, the discrepancy between fetch lengths between the two most
dommant wave directions make direction more important than wind stress in wave
generation. Several years m succession similar to 2006-07 would have serious

mmplications for the central barrer,
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(vii)

(viii)

(ix)

(x)

(1)

(xii)

(xii)

{xiv)

However, it remains the.case that the magnitude of changes in a given cross-shore
profile can be greater dver one extreme event than the net changes over a whole
year. Spatial gradients in sedimentation can-quickly and efliciently recover beach

volumes;

Cross-correlation analysis on the volumetric record in the centre of the beach with
those to the north and to the south clearly showed the dominant divection of

material transport;

A comparison of measured and previously published modelled alongshore sediment
rates suggested that these models should be regarded: as sediment transport
potentials, assuming no net on-offshore exchange of material, and a closed

sedimentary system;

The enormous variations in intertidal sediment size, sorting and skewness obscured
any consistent cross-shore or along-shore trends in these parameters, although
there was consistently more variation in the minima than the maxima when

averaged alongshore;

The beach was alinost always negatively skewed, regardless of morphological
changes, and the beach was generally more pooriy sorted when morphological
change was at a minimum. Sediment size was greatest where net morphological
change was greatest, and-coarsening was generally in phase with erosive events.
Sort-iﬁg was much more variable in the winter, whereas skewness was significantly

more variable in the summer;

In the alongshore direction, the variation maximum grain-size of a given location is
more difficult to predict than the minimum, when the mean size is known. The
opposite is the case for the cross-shore direction. It was suggested that the coarser

fractions are more mobile than the finer sediments, with a shorter residence time;

The variability of morpho-sedimentary parameters decreased as a function of

distance alongshore;

Changes in sediment size, espectally the seemingly relatively long-term fining of the
beach, are more difficult to explain, but appear t0 be phase-decoupled from, and

distinetly non-linearly related to, morphological change.
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(xv) In a gioss sense, however, the beach was coarsest where most net shoreline losses
occuired, quahtaiively supporting the 1elationshup between eneigy and sediment
size The volumetnc stability /health of the beach may be qualitatively evaluated

using the gradient of the alongshore sediment size

{(xv1} More sedimentological data sets of compaiable 1esolution and length, including
sub-surface as well ag surface, are 1equired to better understand the natme and

importance of sedunentological change on beaches




SEDIMENT TREND MODELS TO INFER, N_ET

SEDIMENTATION ON A GRAVEL BEACH

What could be cuter
Than to feed to a computer
With wrong information
But naive expectation
To obtain with precision

A Napoleonic decision?
Major Alexander P. de Seversky,

quoted in J.C. Davis, “Statistics and Data Analysis in Geology™ (1986).

Introduction

There are'models which purport to predict universal sedimentation patterns (erosion and
deposition) which are based on grain-size parameters alone. They fall under two broad
classes: (1) models which, from a time-series of certai;1 parameters from grain-size
distributions, predict (retrodict) the recent net sedimentation history where that sample
carne from, i.e. relative erosion or deposition at a certain time compared to the previous
time [e:g. Barndorft" Nielsen and Christianson, 1988; Martz and Li, 1997); and (2) models
which, f%‘om a spatial distribution of certain parameters from grain-size distributions,
predict recent net sediment transport pathways [e.g. McLaren and Bowles, 1985; Gao
and Collins, 1992]. Both arve based solely on the statistics of sediment samples, i.e. no
physical terms are required. The basic assumption .of both. class;s of model is that there

" is information on recent sedimentation patterns within time- and spatial-series of

sedimentary parameters. For this assumption to hold true, morphological change and
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sedimentological change would be 1equired to co-vary, and that this co-variation 1s
predictable and universal If these classes of model were verified, thelr impact would be
significant because whilst 1t 15 unrealistic to expect a complete understanding of recent
sedimentation mn a given enviromment could be gamed from sediment statistics alone,
gaps of knowledge or measwcment 1 process studies could be approximated cheaply and
with large spatial coverage In turn relationships between sedunentation and sediment
distribution could better inform a new generation of mo phodynanic process models on
beaches with g1ain-size as a free 1ather than constant parameter (Chapter 2)

Baindorff Niclsen and Christiansen [1988] describe a physical-mathematical model
from first princples called the ‘hypeiholic shape tiangle model’, for the sedimentary
imprint of erosion and deposition under fluid flows To the authois knowledge the model
has thus far not been used to infer sedimentation dynamics on beaches The model has a
numbet of attractions, the primaiy one bemg that it 15 geneiralised and simple to
mplement, wlich makes 1t testable in the field As will be elaborated upon in the next
section, 1t 15 based on the co-varation between two parameters, and as such s part of a
long tradition of sub-environmental disctimination on beaches using brvaiiation in
sedimentary parameters [Nordstrom, 1977 Friedman, 1979] The advantage of the
bvariate parameter space of the hyperbolic shape ti1angle model over tiraditional
approaches, is that the patameters used aie invarant under changes in location and
scale, wheteas those of a log-normsal model are not An advantage the model of
Barndorff Niclsen and Christiansen [1988] has ovar sediment trend vector models 1s that
it 15 based on the hypeibolic dissribution of pairticle sizes In most previousity published
reseaich on the log-hypei bolic model for size distributions, the consensus 1s that it does
provide a better it [Hartmann and Chiistiansen. 1988, Fielles et al , 1992 Lund Hansen
and Oehimg, 1992, Scott and Haschenburger, 2005. Masselink et al , 2008] being a moze
general model contiolled by four parameters That the shape tiilangle model is based on
the log-hyperbohic distribution 1s, at the same time, a disadvantage over conventional
sediment trend models because of the difficulties associated with fitting the distribution,
especially to nregular size-distributions [Fieller et al , 1992] What 1s contioversial 1s
whether it 18 neccessary to have such a complhicated model for gramn-size distuibutions,
and what additional infoamation on the processes of sedimentation it can give [Wyi1woll

and Smyth, 1985, Massehnk et al, 2008] It is tlus latter point which 1s tested to some
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extent in this contribution.

Grain-size distributions in sedimentary envivonments are affected by scl—:lective -
entrainment, transport, and deposition.‘Many researchers have used sediment
characteristics to identify sediment sources, transport modes, and transport directions
[Visher, 1969; Swift, 1970; Stubblefield et al., 1977; Bartholoma and Flemming, 2007].
McLaren [1981] started a new direction in this type of research, using spatial changes in
three grain-size parameters (mean, sorting, and skewness) to infer sediment trausﬁort 7
directions (McLaren and Bowles 1985}, and this approach has been used by several
researchers to infer likely net sediment transport pathways. Currently, there are several
;rersions axrailal;le [McLaren and Bowles, 1985; Gao and Collins, 1992; Le Roux, 1994a, b;
Asselman, 1999; Le Roux ét al., 2002; Lucio et é,l., 2006; Poizot et al., 2008), and the
relative advantages and disadvantages of each technique is the subject of a recent reviéw
[Le Roux and Rojas, 2007). Based on a set of ‘universal’ premises that grain-size
distributions change along a sediment fransport gradient, collectively they have been
applied to a wide range of sedimentary environments [Masselink, 199%; Asselman, 1999;
Van DerWal, 2000; Cheng et al., 2004]. Their use is widespread but still controversial
[Flemming, 1988; Masselink, 1992; Guillen and Jimenez, 1995; Masselink et al., 2008],

and as far as the author is aware, have not yet been applied to a gravel beach.

Test of the Hyperbolic Shape Triangle Model to Infer Net Sedimentation

(8.2.1] The hyperbolic shape triangle sedimentation model
‘The log-hyperbolic distribution and its shape triangle

Barndorff Nielsen [1977] recognised that grain distribu-tion characteristics were better
approximated by a log-ilyperbolic probability density function (a hyperbola controlled by
four paramieters pry, drz, dLy. YL ), rather than the traditional normal model (a
parabola controlled by two parameters prg, o, and which is a limiting c-ase of the
log'—hyperbolic distribution). The hyperbolic function was introduced to the
sedimentological community by Bagnold and Barndorff Nielsen [19804] and is given by:

(5 L OLar, SLar, Yoar) = arLu(Srr, dLir, Yrg) exp™ YHbLbETLIR) 81)

where Y is observed variate (this case, prain-size), and parameter prp gives location
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(Bagnold’s (1940) peak diameter), 81 provides scale (equivalent to Folk and Ward’s
(1957) standard dewviation), and dry (erm + Briy) and v (eLy — Bru) give the slopes

of the left and 1:1ght tails, 1espectively

h= /82y + (Y — prm)? & (Y — prg) ] (82)

V@ruvLir) _ (83)
Sra(brm +vLa)KibLm V(drarim)

whele K7 15 a Bessel function of the thud kind, mdex 1 If 15 common to plot gram-size

crp(Ore, dra, yoa) = [

distributions as double logarithms therefore we are interested m the log-hyperbolic

density function, which 1s given by.

logp(Y) = —ory \/E%H + (Y — )+ 0eu(Y —pLg) +o (84)

where ¢ 15 determuned as a function of [apy, Brir, dr.a] subject to the constramt that the

mtegral of p(Y) cquals 1 [Bagnold and Baindorff Nielsen, 19808] Barudorff Niclsen

[1977] showed that o satisfies

e’ = (‘f’EI]Zr + ”YE;[) SrEvVeLaYLHEKL (5LH\/ ¢LH’YLH) (8 5)

Log-hypeibolic symmetry (skewness) and peakedness (kurtosis} are given by,

respectively.

GLH — "YLH) ;
= [IH TLA 36
XLH ( oin L fLe (86)

Eom = (1 +6rH/ (¢LH’7LH)) s (8'7)

and are, importantly, invailant under transformations of scale and location

An additional useful property of the sedimentation model! of Barndorft Nielsen and
Chuistiansen [1988] is that its parameters may be visnalhised using the ‘hyperbolic shape
triangle’, which is the domain of variation between &rg and xry (Figure 8 1).
Log-normal distiibutions have non-heavy tails and rounded peaks at the mode. and plot
near £ = 0, log skew-Laplace distubutions [Fieller et al , 1984] have heavy tails and

sharap peaks near the mode, and plot near {17 = 1, and log-hypetbolie distributions have
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- heavy tails and more rounded peaks near the mode, and plot.near {1z = 0.5 [Hartmann
and Christiansen, 1992]'. Individual sediments thay be visually classified in their scale
and location invariant forms, which may be additionally useful in process-based studies
where the sedimentary signature of morphological change requires more elucidation. The
hyperbolic model has been used on beach sediments by, among others, Haftmann and -
Christiansen {1992]; Lund Hansen and Ochmig [1992); Sutherland and Lee [1994];
Bartholdy et al. [2007]; and Masselink et al. i2008].
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Fig. 8.1 The hyperbolic shape triangle of Berndorff-Nielsen and Christiansen (1988). The white
and grey areas represent the possible and impossible areas, respectively, of the domain
of variation between frpg, xcu]- Some limiting cases of the log-hyperbolic distribu-
tion are shown in their double-log form, including the normal, exponentiol and Laplace
distributions.

The sedimentation model of Barndorff Nielsen and Christiansen [1988]

The assumptions and constructs of the model are important to the present discussion so
are reproduced in this section with some detail, from Barpdorff Nielseh and Christiansen

{1988] and Bagnold and Barndorff Niclsen [19808). A median size exists, by definition,
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because the probability of removal {01 otheiwise absence) for grains smallel and large:
than it, is lugher One may postulate for example, that smaller grains are more mobile
and have a greater probability of being removed or cairied away out of the sampling
field, or that larger graws are less mobile and have a greater tendency of bemg buried o
.otherwise not being moved 1nto the sampling field It has long been known that the log
of the number of particles larger and smaller than the median size plot against the log of
size as stiaight lines of slope -m and m respectively [Bagnold, 1940]. which can be
described as a hyperbola [Bader, 1970, Bagnold and Baindorfl Nielsen., 19808]

With 10feience to Figwe 8.2, the model of Baindorff Niclsen and Christiansen [1988]
expresses the probability density function (PDF) of size s as pfs) and the PDF afier a
time of net sedimentation (Figure 8 2 top left) as Lp(s)w(s) (Figuire 8 2, top 11ght),
where 7(s) 1s the proportion of size s relative to that previously, and\where lisa
norming constant which ensures [ p(s)m(s)=1 Baindoff Nielsen and Christiansen [1988]
consider 7(s), which may be alternatively expressed as the probability that size s is not
removed and which therefore may be negative, to be some incieasing function of d
indeed some power of s, which they express as ‘power-law erosion’ expressed as
w(s) = Los® for 1o=1 and ¢ greater than zero (deposition if ¢ 15 less than zero) Cuives
for € erosion and deposition are seen n Figure 8 2, bottom left, as sohd and dashed hnes,
respectively, for Lo=1 (the integial constant at mitial conditions) and e=40 52 For
logarithmic size (s) and density classes it may be expiessed as Lp(s) exp®)

The assumption that the probability of the proportion of gains of a given size after an
erosive penod (relative to the proportion of those gmains at the beginning of that period)
1s proportional to some power of that given size has some physical plausibility since it
has been demonstiated that thresholds of entiamment ae governed by poweis of
velocity [Biridge, 1981, Bailard, 1981] It also implies that non-hyperbolically distributed
sediment will inevitably become hyperbolically-distributed as a function of selective
sorting, which also has some empirical backing [Engelund and Fredsoe, 1976, Deigaard
and Iredsoe, 1978]

If&rgis Le-written as

T

~1/2
€L = (1 +pmormy[l - (XLH/ELH)z}) (88)
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since any pair of [x 1z, &k] have dpyagy in common, BarndorfT Nielsen and
Christiansen [1988] show that two samples separated in time undergoing net

¢-erosion/deposition are related by:

Xig =&y — Onaopy) 2 (CLy — 55;;)2 (8.9)

which are the ‘hammock’ € erosion/deposition (':ur\res which plot left ¢o right in Figure
8.1. | '

The model thus far assumes firstly that sediment samples are log-hyperbolically
distributed; secondly, that deposition is simply erosion in reverse; and thirdly that
erosion/deposition is not influenced by the proportion of sizes on the bed, i.e. the
relative differences in sizes between particles (xzu and Ly are Iocati(')n/size and
scale/sorting invariant). The third assumption was addressed by Barndorff Nielsen and
Christiansen [1988] with the development of ‘pure’ or x-erosion/deposition, which is
designed to account for feedbacks induced by changes in the (mixed) igljain-si,ze
composition on the resulting sedimentation process.

As suggested by Figure 8.2, bottom right, adding ancther term to e, here called &,
would result in modifying the size distribution after an interval of ¢-erosion/deposition to
better account for the relative contribuiion of the fine and coarse tails. Barndorff Nielsen
and Christiansen {1988] show that a suitable value for « is g‘iven by the ratio of slope
parameters ¢ry and Ly, or the ratio of fine and coarse particles. For ¢ values greater
than zero, the combined effects of e-and s-erosion/deposition correspond to
Xro = pryfog and oy = (15LHC¥LH0 exp_f”‘”""‘ \/W) _1/2, for
=1<pry £1=xru/scny f-md where apgg is the value of apg corresponding to
xru =0.

It follows that trg and oy would remain constant under ¢-and k-erosion/deposition,

but v (typical log grain-size) would change with time by: 7

v= gLy +drpprayf (1 — p%) . (8.10)

It further follows that sorting (717) changes as a function of time and ppy as:

7o = Oy e ¥f? exp=V2/un (1 — g 1314 (8.11)
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Fig. 8.2 The eroswon/deposition model of Barndorff Neelsen and Chrisfuansen [1988] Two distr-
butions separated by A i (top lefi) are related by e funciion which conserves probablaty
mass (top rght). Erosion and deposttion are characterised by some power of sedunent
size (bottom left), here depicted for e = 052 and Lg =1 by solid and dashed lLines, re-
spectively (the difference bebween the two s shown by the dash-dot bine). Another form
of erosion/deposition s requued to model the potential mfluence created by mufures of
s1zes (bottom right)
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Combined, this means that sediments tend to coarsen {vzg — co) and become more
poorly sorted (7 — 0) a.s p decreases towards -1 (i.e. under e deposition). For a given
choice of the functions € and &, the variation of vy, 7Ly, prr and £y can be studied
and compared to measured size distributions. This provides fowr criteria with which to
test the hyperbolic shape model. Firstly, sediments in an area of known depletion over at
any ¢ should have [xpp,£L#] positions to the right of those ab 4-1, and sediments in an
area of known accretion at any ¢ should have [xpu,£Ly] positions to the left of those at
t-;l , along the delimiting curves of ¢-erosion/deposition. Secondly, sedin.lents in an area of
known depletion over At should have [y, £rg] positions in an upward part of the
triangle relative to thoée at f, and sediments in an area of known aceretion at any ¢
should have [xrz,&rx] positions in a downward part of the triangle of those at ¢-1, along
the delimiting curves of x-erosion/deposition. Note that it is the relative positions over
time that are mmportant, as exemplified in Figure 8.3 for hypothetical changes to a
sediment sample over five time steps. Thirdly, and as a collorary to the model, |
depositional sediments should coarsen, and erosional sediments should ﬁ;le, and finally,
depositional sediments should become more poorljr sorted, and ercsional sediments

should become better sorted.

1]
[

t t=

e dehostion;
15 chante]

fe 116 change;
i depéstion

e déposilion;
% eraglan:

Fig. 8:3 Ezample sequence of events in the erosion/deposition model of Barndor(f Nielsen and
Christionsen [1988], as it maps into the hyperbolic shape triangle-
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If we define the changing [y, Lg] Positions ovet a tume step At as
€=yt — XLHt-1 and & = Erpg — ELpe—1 we are able to explore the utility of the
model for beach sedimentation In addition, if the model and 1ts assumptions were
verified, 1t would suggest the 1esultant vector of the ¢ and ~, ﬁf « would mdicate the
relative dommance of flind-contiolled (‘power-law’) crosion/deposition and

grain-contiolled (‘pure’) erosion/deposttion.

Methods

All samples weie dry sieved at &/4 The ShefSize progiam [Robson et al . 1997] was used
to fit the log normal and log-hyperbohc models to the measured {(non-t1uncated) sieved
distiibutions In addition. graphical geometric moments [Blott and Pye, 2001} were
obtained for each of the samples (median size sorting, skewness and kmtosis) Graphical
(after Folk and Ward [1957]. so-called F&W) measures have been used rather than
moments, which aie sensitive to iwregulaiities in the tails [Bartholdy et al 2007].
Truncation is therefore often a necessary pre-operation using moments, however this
effectively hmits the amount of distributional information, and besides, the comparisons
made here are with a log-hyperbolic madel which by definition 1s designed to be able to
cope with “heavy tails In addition, most sedimentological research on beaches have used
F&W statistics When mam propoitions are taken by sieving, the number of single
particles 1s unknown and this lack of sample size negates the use of conventional

- measuies of goodness-of-fit such as chi-squared The ‘quasi sample size’ statistic of

Fieller et al [1992} is adopted here

2
XLI{t 095 (
812)
iv'r'r - pr(96)2/p1(96)

- Nert =
where t=N-€-1, £ 15 the numbe1 of size classes and € 1s the numbel of paiameters
estimated by model ©®¢ This measme accounts for model parsimony (degrees of freedom
as a conditional factor in the numerator) and a lack of sample size, and 1s mnterpreted as
the erifical sample size required to detect a lack of model fit at the 5% level [Fieller
et al, 1992] The higher Nerit, the better the disttibutional fit

The hyperbolic model has not been widely adopted by most sedumentologists

[Hartmann, 2007], and consequently 1ts parameters lack a consensus over their respective
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interfering influcnce on the original corrclations for the autwmn 2005 data sets, on

occasion where Az and o were better covrelated.

Tab. 8.6 Correlation coefficients, and partial correlation coefficients controlling k, Md and &, for
Az and —e. Shaded values indicate partial correlations < .05 the original correlation,

suggesting an interference by that variable in the origingl correlation {ra-.).

Slapton '05 | Slapton '05 | Strete 05 | Strete '05 Strete 07 Strete 07
all + Scm all - 5cm | all (surf.) | + Scm (suxf)
YAz—c 0.62 0.76 0.53 0.53 0.54 .57
LAy —eK 0.62 0.76 0.52 0.52 0.54 (.58
raz-c.Md | G 0.72 0.53 0.53 0.52 0.56
YAz-c.0 0.41 ] 0.52 0.55-

Sediment Trend An_alys:is

‘ Methods

Sedimenﬁ trend analysis has been performed using the fortnightly-sampled sediment size
and profile data set, Whi.(:h is the subject of Chapter 7, adopted for application to the
problem of discerning sedimentation patterns from grain-size measurements. The raw
(non-gridded) grain-size parameters have been used along with their associated
coordinates in [Bastings,Northings]; so the distance between points in the cross-shore
(1-2m} -are much smaller than the distance between points in the alongshore (250m).
The data set was deemed suitable because, from the volumetric record taken every two
weeks over the year October 2006-October 2007, clear net drift directions were able to be
determined. In addition, the grain-size data was high resolution in both space and time.
It could be reasonably assumed that the observed changes in net sedimentation across
space between individual surveys, taken at a regular fortnightly interval, had taken place
at some time during that time interval, and also that the majority of sediment
transported into or out of any point within the study would have been sourced from
another point within the study area. The study site is g;'aded alongshore and
cross-shore, and this changes through time at such a frequency that there were no
deposits samples that wouldn’t have been transported within the intervening time
interval between surveys. Indeed, ouly known intertidal areas were sampled (see Chapter
7 for more information on the data and sampling framework). All sediment parameters

in this section were derived from the image method detailed in Chapter 4, which

)
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reported that, whilst the mean size and sorting parameters obtained closely match those
obtained from sievang, the skewness parameter was not as accurate The particular
method to determine the gram-size parameters is not too important for sediment trend
analysis, as the relative values between samphing points are mole impor tant than the
absolute values [Le Roux et al , 2002, Le Roux and R?jas, 2007] 'We therefore expect
the parameters to work 1easonably well for sediment tiend modelling, becaused the
digital image method predicts the sign and the relative changes of the skewness well

Slapton is generally a gracfed bariier (see chapter 3) Foi example, Figure 8 14 depicts
data hom a typical alongshore survey of sediment size, showing decieasmg tiends
northwards 1n sediment size, sorfing and skewness, which would cotrespond to the tiend
vector type 1 as defined by Le Roux [1994b], Gao and Collns [1992] (or ‘A’ by McLaren
and Bowles [1985]), and qualitatively supports net northerly transport as was the case
priot to sampling However, as chaptel 7 documents. the grading is not always present
when the beach has under gone net erosion Thus chapter looks at whether sediment
trend analysis performs well as a toal for predicting net sedimentation over fortmghtly
periods 1e 1ts usc as & dynamic model, which 1s still in some doubt [Masselink et al ,
2008)

The techmcal details of sediment trend modelling have been 1eviewed extensively
elsewhere [McLaren and Bowles, 1985. Gao. 1996, Le Roux et al , 2002, Le Roux and
Rojas, 2007, McLaren et al , 2007] The method proposed by Gao and Collins [1992],
henceforth 1eferred to as the GSTA model (grain-size Trend Analysis), is the most
suitable method for the maime environment and 15 adopted here to be dwectly
compalable with previous studies (being available as a commercial product/se1vice, the
model of McLaren and Bowles [1985] appears moie widely used, but one of the main
assumptions of the approach is that the sediment transport is by um-diiectional
cwrents) The McLaren and Bowles [1985] model uses only two sampling stations at a
time, wheieas the Gao and Collins [1992] model uses all samples within a (pre-defined)
‘characteristic distance’, or sedimentary ‘spheie of mfluence’ According to the GSTA
model of Gao and Colling [1992], i the direction of sechment transport, sediments may
become erther finet, better soited and more negatively skewed (FB-, Case 1) or coarser,
better sorted and more positively skewed (CB+, Case 2) These two sediment trends are

also considered m the GSTA models of McLaien and Bowles [1985] and Le Roux (1994),
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Fig. 8.14 Alongshore trends in sediment size, May 2007, taken cvery 25m along the hgh tide
berm, against elonsghore distance (m). Clockwise, from top left: geometric mean
sediment size (@), sorting (¢) and skewness (non-dim.). For each, the heavy black line

, ts the raw data; the heavy red line is the 4-point (100m) moving everage; and the light
Mack line is the least squares trend.

where they are referred to as Case B and C, and Type 1 and 2, respectively. The GSTA

method compares the sediment characteristics (size, sorting and skewness) of adjacent

samaple points in a spatial grid, vectors of unit length are drawn between two points if

they conform to the ‘rules’ of the GSTA model (i.e., FB- or CB+; cf., Gao [1996]).

These vectors are calenlated from parameters of each sample with its nearest neighbowrs

in any direction lying within a charactervistic distance, D, which in this study is equal

to the maximum sampling interval, 250 m. Summing the vectors at each sample point
produces a single vector with unit length, which should reflect the net trends in sediment

transport (i.e., the trend vector). Summing the vectors at each data station produces a

single vector for this site R(z,y):

= Z?”(m, V)i ) ) (8..15)

where 7(z,y) is the trend vector for station 7. Gao and Collins [1991] mathematically
described how two more sediment, trends might occur (FB+ and CB-), a concept

continued it the work of Le Roux et al: [2002]. The methed has been evaluated by




-
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Le Roux et al [2002). who states that it is generally preferaple to the McLaren-Bowles
method dince 1t is more objective, two-dimensional and less sensitive to nregularities m
the sampling configmation The Gao and Collins [1992] method apphes a spatial filter to
the vector field to remove nowse, however both Asselman {1999] and Le Roux et al {2002]
strongly recommend agamst it for averaging may lead to spurious results and a loss of
information, so following Massehnk et al [2008], the averaging procedure has not been
carnied outf heie

Following Masselink et al. [2008]. on the basis that since collectively Gao and Collms
[1991] and Le Roux [1994d] mathematically make a case for fow tiend cases (FB-, FB+-,
CB-, CB+), an alternative sediment trend model can therefore be formulated solely

based on the sediment sotting [McLaien et al , 2007} Sediment trend vectors are drawn

from the spatial gradient 1n sorting values (multiplied by -1, since we aie looking for an
improvement 1 sorting} In other words, the direction and length of the trend vectors at
each of the sample locations aire proportional to the first derivative of sorting
(80 /8z, 8c /éy). and the contributions of size and skewness are ignored Tlus model was
referred to as the “sorting model” by Masselink et al [2008]

The tiend vectors obtained from the GSTA analysis were tested for statistical
significance using the Rayleigh test for non-uniformuty, given by [Fisher, 1993} a Z-score

defined as
Z=NxT ' (8 16)
where B; = |R,| /N is the mean resultant length, and & 1s the sample numbe:, and

wheire R, 15

R = 07 exp(1i x £) (817)

whetre 7' 15 a transposed vector of weights (optional}, i = v/—1 and / 1s the series of

angles The probabihty that Z 15 due to chance is given by

1+ (22 — Z%)

. 18
4N — (247 — 13272 + 76Z> — 9Z%) /288 N2 (8 18)

p=exp(Z) x

The test is two-tailed: if the value of Z 1s not significant, we conclude that the

observed vector pattern cannot be distinguished fiom a pattern generated by a random
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process [Davis, 1986). Circiilar mean is given by the four quadrant arctangent of the real
and imaginary parts of R,, and circuler variance is given'by 1 — ;. The circular
correlation coefficient; a ¢ test of significance; and the probability that t, is due to -

chance, are given by, respectively [Jammalamadaka and Sengupta, 2001):

> [sin(£1 —~71)sin(Zs — ,f_z)]

r,= (8.19)
‘/Z [sin(él — £7)?sin{Zs — 2;)2]
Arsintds ~4iy s-in(lg—l_z)Q
ty=vy T (8.20)
'\ lsin([l — £y) sin{Zy — 12)]
p=2(1—-Nyult/l); (8.21)

where N, ,, is the normal cumulative distribution function at a=0.05 and v=N-2 degrees-

of freedom [Jammalamadaka and Sengupta, 2001].

Results

Some results of the GSTA analysis may be seen in Figures 8.15 and 8.17, for various
times during the year 2006-2007. Mean trend. vectors have been drawn from each mid -
sample station to illustrate the general trend-s in the data. The results of the sediment
sorting model analysis may be seen in Figures 8.16 and 8.18, for the same survey
periods. The maps are aligned to north, so Strete is at the top of the figure panels,
Torcross at the bottom, and ofishore to the right. Trends across-spacé for any given
survey are relatively easy to discern for example in Figure 8.15, the 06/11/06 trend
vectors indicate onshore sediment transport for a large proportion of the barrier’s length,
and the 20/12/06 vectors indicate predominant offshore sediment transport.

The GSTA results in full are tabulated in Table 8.7. Against survey date, the net
sediment transport directions, as determined from the beach volumetric record (refér to
chapter 7), are shown as compass directions: N for alongshore northerly (towards
Strete), S for alongshore southerly (towards Toreross), W for onshore, and E for offshore.
Note that whereas the N-S sediment transport component between individual surveys is
casily determined from the profile record, the E-W component is not so easily
deteimined. Here, estimates have been made based on the sign of the first differential in

the volumetric record when the alongshore volumes have been accounted for, i.e. any
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06/11/06 2111/06 05/12/06
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20/12/06

Fig. 8.15 Resultant trend vectors drawn for each cross-shore sedvment sampling station, from the
centrel sedvmnent sample station Ezample data shown for wnnier 2006 Dark arrows

show the mferred sediment transport from the profile data sel
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06/11/06 21111106 05/12/06 20/06/06

Fig. 8.16 Resultant vectors drawn for each cross-shore sediment sampling station, from the cen-
tral seditnent sample station, wsing only information on relotive sorting. Example date
shown for winter 2006. Dark arrows show the inferred sediment transport from the
mrofile data set.
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01/08/07 14/08/07 30/08/07 11/09/07.

Fig. 8 17 Resultant trend vectors drawn for each cross-shore sediment sampling station, from the
central sediment sample station Ezample data shown for late summer/autumn 2007
Dark arrows show the wnferred sedunent trensport from the profile dota sel
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01/08/07 14/08/07 - 30/08/07 _ 11/09/07

A

Fig. 8.18 Resultant vectors draun for each cross-shore sediment sampling station, from the cen-
tral sediment sample station, using only information on relative sorting. Exemple data
shown for late suinmer/autumn 2007. Dark arrows show the inferred sediment transport
Sfrom the profile data set,
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remaimmng deficits o1 suipluses i the fortmghtly sediment budget. The next two columns
of Table 8.7 show the angular variance and the 1esultant vector length for the vector field
geneiated fiom- the GSTA analysis on the data fiom each survey Angulal variance — 1
mdicates a lughly variable vector field, therefore a small 1esultant vector length. The
number of vectors m each guadrant have been tallied with 1espect fo the airenlar nature
of the data, and are expressed as a percentage m the next four columns of Fable 8 7

The final two columns house the Z test value for each vector field, and whether or not
the data weie random, as determined fiom the p value at a=0 05 Eight out of the
twenby-four data sets tested geneiated a non-1andom distribution of vectoiial trends,

therefore these results only, 1eproduced m Table 8 8, are the subject of further discussion

Tab. 8.7 Results from GSTA, from left to right survey date, net transport direction, circular vari-
ance, mean resultant vector length, %N; %S, S £; % W (as predacted by GSTA); Roylewgh
Z-score for non-uniformaty Random/Non-random

Suivey Net Trans | Ang Var | Res Length | %N %S %E | %W | Zscore | Random?
06/11/2006 NLW 0 5001 0 4999 077 | 1538 | 4615 | 769 32439 N
21/11/2006 N+E 0 6905 0 3095 1538 (2308 | 769 | 53385 | 12454 Y
05/12/2006 N+ 0 5289 . 0471l 3077 | 769 | 4615 | 1538 | 28849 Y
20/12/2006 S+E 0345 0 655 3846 | 2308 | 3077 | T69 55732 N
04/01/2007 | N+E 07056 02044 | 2308 | 2308 | 2308 | 3077 | 1127 Y
21/01/2007 S+E 04279 05721 3077 | 3077 | 3077 | 769 4 2546 N
04/02/2007 N+W 05329 0 4671 3077 3077 1 709 ) 3077 | 28360 Y
20/02/2007 S+BE 0 7028 02972 769 | 3077 | 184G | 2308 [ 11485 Y
06/03/2007 N4+W 0 1863 08137 3077 12308 11538 | 3077 | 86069 N
19/03/2007 S+E 0 3837 0 6163 3077 | 769 [ 3846 | 2308 | 49384 N
03/04,/2007 N+E 0 4168 05832 76D | 2308 | 3077 | 3846 4421 N
18/04/2007 S+wW 0 6944 0 3056 3846 | 4615 | 769 7 69 12142 Y
01/05/2007 N+wW 01192 0 8308 2308 [ 2308 | 2308 | 3077 | 100862 N
19/05/2007 5+E 05571 04429 3077 | 2308 | 2308 | 2308 | 25504 Y
01,/96/2007 N+W 0 5485 04515 5385 | 2308 | 1538 | 769 2 6501 Y
14/086/2007 N+W 0 7018 02982 769 | 5385 | 1538 | 2308 | 11558 Y
02/07/2007 N4-W 06701 03299 1538 | 2308 | 3077 | 3077 | 14145 Y
14/07/2007 S+E 0 3456 0 Gb44 2308 | 3846 | 15638 | 2308 | 550668 N
01/08/2007 N+W 0 8058 01942 2303 | 3077 | 1538 | 3077 | 04902 Y
14/08/2007 N4w 0 946 00564 4615 | 2308 | 230831 769 00379 Y
30/08/2007 S+E 0 7279 02721 1538 | 3846 | 2308 | 2308 | 09623 Y
11/09/2007 N+W 06798 0 3202 1538 | 3077 | 1538 | 3846 | 13333 Y
30/09/2007 N4W . 0 6823 03177 2308 | 2308 | 2308 | 3077 | 13118 Y
12/10/2007 N+W ( 7468 Q2632 3077 | 1538 | 2308 | 3077 | 08331 Y

The statistically sigmficant 1esults are re-tabulated i Table 8 8, where the percentages
of trend vectors have been shaded with the dominant net transpmt dnections as inferied

from the profile recoid In geneial 1t must be concluded that the GSTA technique failed
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Tab. 8.8 Statistically significant results from GSTA, from left lo righi: survey date; net trans-
port direction; %N; %S; %oE: %W (as predicted by GSTA). Shading corresponds to the
directions implied by the fleld survey profile data.

Survey | Net Trans. | %N | %S | %E | %W
06/11/2006 | N+W 1538 | 46.15 | [
20/12/2006 S+E | 3846 7.69

21/01/2007 | S+E 30.77 7.69
23.08

06/03/2007 | N+W 15.38
- 19/03/2007 | S+E 30.77 23.08
03/04/2007 | N+E R | 2308 38.46

01/05/2007 | nN+w | BEXRY | 23.08 30.77
14/07/2007 |  S+E | 23.08.| N | EEEH | 2308

o X

N co e
I b

Y
3|5
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to classify the net transport direction in any systematic manner. Only one third of the
vector fields through the year showed a statistically trend (Table 8.7). and out of the
these, only two showed‘good‘ror reasonable agreement with observed sedimentation
patterns (Table 8.8). Furﬂwr, a civcular correlation between mean transport direction
(as determined by GSTA) and mean wave direction yielded r=0.2740, which with a t
value of 1.3 was statistically insignificant at p=0.19.

The sorting trend véctors results in full are tabulated in Table 8.9. Using this
approach, fifteen out of the twenty—tbu'r datia sets tested generated a non-random
distribution of vectorial trends. Comparing the sumn percentage of vectors in the two
dominant transport directions for each survey period, out of these fifteen statistically
significant vector ficlds, twelve collectively accounted for > 50% of the vectors, and out
of these, sﬁ of these accounted for > 66%. Thius the sorting vector model out‘-perforr_ne.d
the GSTA model both in terms of randomness, and in thie proportion of correct

identifications for the sediment transport pathways.

Discussion

The log-hyperbolic modei enjO};ed a consistently good fit to the sieved samples, and the
shape triangle proved to be a helpful classifier of distribuAtional shape. In addition, the
cloud of samplés plotted on a Craig diagram (which plots ordinary skewness against
another parameter which is dependent on both skewness and kurtosis) was found to
display similar attributes to the hyperbolic shape triangle, suggesting that further work

could (empiric‘ally or theoretically) reveal the relationship between the two, perhaps
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Tab. 8 O Results from trend analysis based only on sorting, from left to right survey date, nel
transport durection, crcular variance, mean resultant vector length, %N, %5. %E, %W
(as predicted by GSTA) Raylewgh Z-score for non-uniformaty, Random/Non-random

Survey Net Trans | Ang Var | Res Length TN %S %E %W | Zscore | Random?
06/11/2006 | N+W 0 52 047 53 | 416 | 333 | 166 | 268 Y
21/11/2006 | N+E 070 029 3076 | 3846 | 1538 | 1538 | 112 Y
05/12/2006 N+E 039 0 60 25 416 | 434 N
20/12/2006 | S4B 003 096 333 166 | 1123
04/01/2007 | N4E 012 087 83 416 | 920
21/01/2007 S+E 041 038 25 0 40741
04/02/2007 { N4W 036 063 166 | 416 479
20/02/2007 | S4B 078 021 333 25 25 166 | 053 Y
06/03/2007 | N+W 030 069 166 | 166 572
19/03/2007 S4E 017 082 25 25 8 24 N
03/04/2007 | N+E 022 077 333 166 | 713
18/04/2007 |  S+W 019 080 25 166 786
01/05/2007 | N+W 0 67 032 583 | 166 | 166 | 83 124 Y
19/05/2007 S+E 040 039 25 25 422
01/06/2007 | N+W 057 042 0 166 | 50 | 333 | 218 Y
14/06/2007 | N+W 044 055 B | 2307|3076 106
02/07/2007 |  N+W 014 085 83 | 83 871
14/07/2007 | S+E 073 026 333 | 83 | 50 83 082 Y
01/08/2007 | N4+W 070 029 25 25 | 166 | 333 | 107 Y
14/08/2007 |  N+W 022 077 25 | 83 714
30/08/2007 S+E 002 097 166 166 | 1145
11/09/2007 | N+W 004 095 333 | 166 10 86
30/09/2007 |  N+-W 08l 018 4615 0 |2307 | 3076 [ 042 Y
12/10/2007 | N4W 0 67 032 166 | 25 50 83 127 Y
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ch‘cﬁmﬁavigating th.e need for the un-parsimonious log-hyperbolic model for use in
sedimentary classification. Sedimentology has a large body of work based on graphical
measures [Bartholdy e't al., 2007] for a number of different types of sedimentary
environments, so it wouid seem counter-productive to.resort to models with more
parameters for individual or sets of samples where ordinary graphical measures would'
do. The Craig diagram has not enjoyed widespread popularity amongst sedimentologists
for classification purposes, and it would appear it could warrant further employment,
however it wi_ll notf in is'olation reveal any further information on why distribution shapes
chz;mge with relation to hydrodynamic and morphodynamic forcing on beaches. Such a
situation could in theory be realised if'a model for the changing distributional shape of
sediment samples could be empirically (and consistently) related to observed changes in
sedimentation. The only existing model to the authors kmowledge that is based on
skewness and kurtosis (albeit scale and location invariaut forms which, do not linearly
relate.t‘c_) those obtained by other means), is that of Barndorff Nielsen and Christiansen
t1988], and this study represents the first to examine in detail the model’s utility to the
probl_em of detecting net sedimentation change from sedimentary parameters.

However, the shape triangle model has been shown to be a rather ambiguous predictor
of the net sedimentation patterns of a gravel beach over individual tides, with the results
obtained producing more questions than they do answers. For example, it is unclear “;hg.r
the ¢ parameter correlateswreasonably well with /_\z,- consistently over three separate data
sets for surface samples, bitt not for sub-surface samples. Equally, it is not clear why the
K parameter, in contrast, was found to have poor association, suggesting-‘pure’ or
‘grain-dominated’ sedimentation is o_f subordinate importance to ‘power-law’ or
‘Auid-dominated’ sedimentation. The results suggest that net pasitive sedimentation has
a negative ratio of xzg/€ryr, and a net negative sedimentation has a positive ratio of
xLE/&Le, but that net sedimeni‘.ation did not have a detectable influence on
distributional shape, quantified for a given value of xpy by £rg. This result is
particulazly intriguing, although it is not clear what exactly ‘fluid-dominated’
sedimentation should come to mean, since there was a consistent response in the
relationship between e sedimentation -and morphological change irrespective of changing
wave and tide conditions. It would appear ‘sedimentation-dominated-sedimentation’

would thus -appear to be a more appropriate name, although the feedbacks involved are
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not readily and independently verified

The lack of accord between net mo phological change and disturbance depths over
mdividual tides with —c trends 1 the sub-sw.face sedimentology (Tables 8 4 and 8 5)
suggests that a very different process 1s 1n operation on the sub-suiface sedimentology
compared with the suiface It 1s likely that the disturbance depths are controlled by the
migiation of an active beach step. which 1s echoed by researcheis on steep sand beaches
[Jackson and Nordstiom. 1993, Antuso, 2005] It 15 unhkely for such a ssmphistic model
10 be able to reflect the passage of such a dynamic and 1apidly migrating feature for two
main 1easons Fustly, because net moiphological change over the tide does not quantafy
well the dynamics of a feature which can pass mto and out of the system, but leave no
net morphological tiace Secondly. because the sedimentology of the beach step is
distinct fiom the beachface, and possibly out of ‘sedimentological equillibrium’ [Bauver
and Allen, 1895] The complication of nuxing pre-surface sedunentology and the specific
sedimentology of a propagating mo phological featuie was perthaps far beyond the 1emut
of the net sedimentation model What 15 more difficult to explam 1s why, if —¢
sedimentation of the surface samples 1eflected the morphological change rather well. the
equivalent paramecters were not reflected 1n the sub-surface samples relative to the DOD
record The disturbance depth was taken as the depth to which waves and curients
disturb the bed, m tlus case over single semi-cdiutnal tidal cycles, deterimined on each
1elative to the previous bed level Therefore, as Masselnk et al [2007] pomted out any
net erosion ovel that tidal cycle truncates the measured DOD and 1t 15 perhaps this
which aceounts for the observed discrepancies

Slapton 15 a graded bawer, but during 2006-2007 when the data used for this section
was sampled, significant changes 1n that gradient, and even reversals, were commeon
(Chapter 7) The test here was the utility of grain-size tiend models to predict
sedimentation patterns i a system so dynamic as a gravel beach sampled fortnghtly
Figure 8 14 showed snapshot of the alongshore trends in sedimentology in May 2007,
suggesting a northerly transport FB- situation (type 1). However, subsequent detailed
application of the technique showed that the model was unable to systematically predict
the likely movement of sediments at the time-scale of interest An underlying assumption
in sedinent f1end modelling 15 that the probability of transpoit must increase

monotonically as grain-size decreases [McLaren et al, 2007] In very general terms, then,
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since net northerly transport would implica,t'é sediment sourced from the south, the
south would be generally coarser than the north‘, and indeed that is generally true at
Slapton. Beyqud this macroscopic interpretation, however, application of the Gao and
Collins [1992] technique to predict net sedimentation patterns between individual
fortnightly surveys was not successful (Tables 8.7 and 8.8), and it is i‘nte-resting to
postulate why that might have been thé case.

It could be argued that sediment trend analysis was not :designed for tlie study site or
substrate. Successful applications of the GSTA method have generally been on
large-scale coastal syster'ns, mainly estuaries. However since gradients in parameters such
as size and sorting were frequently 111uchlstronger with distance, the suitability of the
scale of the study site (4.5km) is perhaps not a key factor in the failure of the models.
The Gao and Collins [1992] method was chosen over the McLaren and Bowles [1985)
method because the former is supposed to be better suited to bi-directional current and
sediment transport situations.

The likely reason for failures of sediment trend modelling in this instance are unlikely
to be methodological: the model works on relative rather than absolute changes in
grain-size distributions, so the methods employed to obtain the grain parameters, as long
as they are consistent, should not affect the model’s outputs. Similarly, modifications
have been suggested to the way the characteristic distance is determined, the space over
which sediment parameters can be mutually-affecting, some logical [Le Roux, 19944),
others statistical [Laicio et al., 2006; Poizot et al., 2006]. Whilst improvements in this
area are likely to improve the models from a theoretical point of 1-riew, they are unlikely
to have made a significant difference to the results obtained in this study. The ‘radial’
method of Le Roux [19944], for example, is unsuitable wlieq the ratio of the sample
distance in the alongshore andcross-shore is so high. As discussed in-Chapter 7,
geostatistical n-lodels\such as employed Lucio et al. [2006] and Poizot et al. [2006] would
not have improved the veétor calculations because the spatial independeﬁce in the data
was s s'mall (variogram sills were reo‘.ched almost immediately). Shice one would model
sediment transport, in a serious application, based on the strength of the
non-dimensional vector output from the model, in effect the niodel’s outputs should be
treated as largely qualitative, designed to substantiate claims and fill knowledge gaps as

part, of a multi-faceted study. Since the utility is largely qualitative, the basic premises
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belind the appicach must be correct, otherwise theie is hittle use for this class of
modelling

The question of whether gravel-sized sediment 1s suitable for sediment trend analysis 1s
perhaps much more pertinent GSTA may not switable for gravel sized sediment.
however any reason for that would not Iikely be methodological, since the techmques use
only relative differences between the gramn-size parameters Sedmment tiend techniques
requite that the sediment sample is adequately desciibed by statistical moments of 1ts
distmbution, and whilst one cannot state with certainty that was the case, the use of
sedimentary parameters have been shown n previous chaptets to be useful in
sedimentary disctimination It is more hkely, theiefore, any falure of GSTA simply
because the substrate used was gravel, would be because of the fundamental transport
behaviow: of gravel in the nearshore

In the GSTA model. the two rules tested share an mmprovement in sorting in common,
wheleas coarsemng/fining can co-vary with more negative/positive skewness. The
1elationship between transport direction and soiting is theirefore a ‘universal’, and the
connection between transport direction and either size or skewness varies. While 1t 1s
well estabhshed that i the direction of sediment transpot, the sediment sortang
mmproves due to selective sorting [Krumbem. 1938, Inman, 1949], on gravel beaches the
probability of coarse grains bemg deposited hom sedunent m transpoil is not necessarnily
greater than fine grains, as 1s demonsirated by the principle of overpass;ng (see chapter
2) GSTA assumes that the probability for deposition 1s gieater for coarser grains than
for fine gramns. and this assumption s too simplistic for a gravel beach, whee the
opposite 1s often the case. The first case tested by the GSTA model (FB-) 1s interpieted
as bemg a low eneigy regime, because the sediments are fining (there 1s msufficient
energy o cairy coaiser sedunents, which thierefore travel shorter distances), Detailed
data 1n neither chapter 5 nor 6 would generally support such an assertion, or at least this
1s not systematic Intuitively, and averaged over a longer term, one might find a case for
this general statement However, the second case (CB3+) is tetmed the ‘lugh energy’ case
because Sechm;ents coarsen in the direction of transport This situation allows coarse
grams to be transported while finer grains are left behund A plausible physical
explanation is that ‘armowing’ or ‘overpassing’ or both, has occuried at the sowce

location, more efficienily trapping the underlying layers of finer material
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Beaéh researchers are less consensual with regards to the changes in the size and
sleewness than they are over sorting. For éxample, beach sediments have been observed:
to both become finer [Self, 1977] and coarser [McCave, 1978] in the direction of
predominant transport. Individual landforms on the st;ixdy site in question have been
shown in previous chapters to be associated with particular sedimentologies, but linking |
sedimentation patterns with surface (and sub-surface) sedimentology has proved difficult.
Skewneés has begn used to effectively discriminate between depositional environments
(for example the use of bi-variate diagrams of sorting versus skewness to discriminate
beach, river and dune deposits has been explored repeatedly, [Stewart, 1958; Friedman
and Sanders, 1978; Friedman, 1979], vet shows little sensitivity to transport direction at
the sedimentary sub-population level. The difficulties discussed by McLaren e;; al. [2007],
Le Roux and Rojas [2007], and others, are largely methodological, discu,ssing sample -
spacing, preparation, analysis almost as if they were of equal importance to the physical
processes underlying the assumptions in the model. There has remains very little
published work which haé dir'ect-ly, and experimentally, addressed the validity of the
basic tenets of the models® approach. -

McLaren and Bowles [1985] and Gao and Collins {1992] only consider cases FI3- and
OB+ for sedime11t trend analysis; however, net sediment transport pathways ave not the
only factor invvaed in generating spatial patterns in sediment characteristics. For
example, the variation in sediment transport pa_thway;s may have a much greater role. In
addition, sediment mixing by waves has shown to be gigniﬁcant on Slapton, especially
through the passage of dynamic features such as the step and berm. Groundwater is
another key, but yet largely unexplored, consideration.on the nature of sediment
assemblages on gravel beaches. Sub-surface sediment data presented in Chapter 6
showed that sediments buried at depth could be substantially different from surficial
sediments. In fact on occasion sediments can vary more over centimetres at depth, than
tens of metres over the surface. Consequently, net sédiment transport may actually be of
subordinate importance when compared to other factors. On the evidencé of data
presented here and in chapters 5, 6 and 7, the rules of the GSTA model are probably too
simplistic for application on a gravel béach.

The GSTA approach assigns equal importance to size, sorting and skewness

parameters in determining the likely transport vector field. In the nearshore, perhaps,
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there has not been enough research on sediment transpoi§ from the viewpomt of changes
i gain-size distributions to know whether this assumption 1s unreasonable, however
what 15 known is that there 1s a non-lineay 1elationship between the thiee parameters in
a gan-size distribution Jones (1971} Flemmng [2004], Bartholdy et al. [2007] The
better 1esults obtamned by tiend vectors based on sorting alone would suggest that
sorting should have a dominant weightmg m trend vecfor models, since placing equal

impoLtance on size and skewness tends to lead to moie incorrect predictions
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Summary

(i) The closest equivalent classification system to the log-hyperbolic shape triangle
which uses ordinary sample moments, the Craig Diagram [Leroy, 1981], was found

to be a potentially usefi! pre-indicator of log-hyperbolic model fit.

(ii} The majority of samples were classified on a Craig diagram as ‘bell shaped’, and
represented slight deviations from Gaussian. It was siiggested that
log-hyperbolically distributed samples plot between 5;'= and é;=-1, and thus the
Craig diagram could be used as pre-indication of whether the (rafher less .

parsimonious, numerically less stable and difficult to code Jensen [1988])

log-hyperbolic model would provide a better fit to measured size-fréequency

distributions of beach gravels.

(iii} The distributional forms classified by the Craig diagrain possibly. map directly onto
the parameter space of the hyperbolic model, opening the future possibility that
directly determining x iy and £y by fitting log-hyperbolic distributions to data
could be circumnavigated. However, much more work would be neéded to verify

and explore this.

(iv) The use of the hyperbolic shape triangle as a predictor of recent net sedimentation
on a gravel beach when used with surface samples (but, interestingly, not
sub-surface samples} was found to be prom'isiﬁg in some respects, but ambiguous in

others.

(v} Correlations between mean morphological change and shift in mean xzp position
over individual tides (termed 7., representing Barndorrf-Nielsen ‘and Christiansen’s
(1988) €, or ‘Auid controlled’ erosion/deposition) were between 0.53 and 0.62 for all
'r,ides,_ and between 0.57 and 0.76 for tides where net mean morphological change

over individual tides was > &+ Sem.

(vi) However, mean morphological change and shift in mean &5 position over
individual tides (termed ry, representing Barndorrf-Nielsen and Christiansen’s

(1988) &, or ‘grain controlled’ erosion/deposition), did not correlate well.

{vii) The systematic predictions made about how mean size and sorting would behave
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{(vui)

(i)

()

(xu)

(xm)

under net ¢ and x erosion/deposition were unveiified This aspect of the model is

probably too simplistic for a neaishore envionment

A partial correlation analysis revealed that vaniation of « dad not have an effect on
the coirelations obseived between Az and —e Thus 1t can be confnmed m this
study that the € and x parameteis 1espond to two different mo1pho-sedimentary

processes. as stated in the model

The fact that ¢ exosion/deposition correlated well for surface samples but not
sub-suiface samples was an mteresting finding It was concluded that m this
instance the sub-suiface samples were perhaps a cotnpound function of antecendent
s face sedimentology and the passage of the beach step, a secondary

mol phological featuie which passed through the measurement area with each
semi-diurnal fide The comphcation of mpang pre-surface sedimentology and the
specific sedimentology of a propagating morphological feature was perthaps far

beyo}ad the 1enut of the net sedimentation model

The findings suggest that valiations 1 skewness are mote useful in discerning
mo1phological change than kuitosis, in exther graplical o1 location/scale-invariant
forms, but that the bi-variation of these two parameters may still deserve further

exploratory 1esearch in a range of envionments

The sediment trend model was applhed with less success, and this work adds to a
growing hitelature which has called mto question the utility of the technique
[Flemming, 1988, Masselink, 1992. Gullen and Junenez, 1995, Masselink et al ,
2008] This 1s perhaps because the 1ules upon which the model is based ae too

sumplistic for application on a gravel beach

Trend vectors based on sorting alone, however, out-perform a tiadifional sedunent
trend vector approach This imples that sorting should have greater weighting m

the GSTA model

Kurtosis is 1arely used in process-based sedmmentological studies, especially on
beaches, because of ambiguity suriounding its physical 1elevance Consequently, o
sediment trend maodel includes kurtosis as an indicator of spatial sediment

transport gradent A recent study by Bartholdy et al. [2007], however, has
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suggestéd that the lartosis parameter of the log—‘hype.rbcjlic distribution, g, is
much less SGllsiti\r;a than kurtosis as deri;fed by the Iﬁoments n.;et.hod to éma]i and
insignificant changes in the size-distribution, and therefore may warrant inclusion
into sediment trend modelling. The.appm‘ent.su;:cess here of a model based on the

bi-variation of kurtosis and skewness would support Bartholdy et al. [2007]'s

findings.
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DISCUSSION & SYNTHESIS

You'll never find your gold on a sandy beach

Jim Stemman (1947 —), from Two Out Of Three An’s Bad’. sung by Meatloaf

- Introduction

Coastal moiphodynam:cs can no longer be undetstood and explained as a umfied and
cohesive whole, even by specialists Thus is in part because the subject warrants ever
more detailed treatments the need for defermnustic explanation forces researchers to
specialize within sub-diseiphnes of increasmgly narrow focus to obtan satisfactory
insights Every generation of coastal geomotphologists has to look at the fundamental
reseairch questions of theu disciphne mn the hght not only of fresh and expanding
scholarship, but of contemporary societal preoccupations This study on gravel beaches
has been carmed out very much within this context, imamediately before and durmg the
course of the study, several research articles have appeared on coaise particle transport
under waves and oscillatory~currents, gravel beach groundwater dynamics and
morphological change Contiibutions have been received by leading international
journals from engineers and mathematicians, as well as geomorphologists/geologists and
oceanographers in nearly equal number They are mining a laigely untapped seam of
scholarship not only because 1t 1s acadermucally challenging and mteresting, but also
because of a real soaetal need for our understanding of coarse-grain coastal depositional
landforms to improve (related to beach nourishment, sea-level nise, and sedimentation

pred:ct?on for logistic and military puiposes - see Chaplers 1 and 2). As a scientist, 1t 18
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important not to be 0vef-i‘mpresse_d by the volume of .material published in certain
narrow fields, where neiv material and enthusiasm over ideas and techniques may result
in an intensification of detailed knowledge without disclosing much of general interest. It
was felt that in the field of gravel beach morphodynamics, researchers to date had
overseen the importance of the beach’s sedimentology; and thus work was undertaken to
start to redress this fact. |

There was another, ab present more esoteric, motivation for this study: within-beach
trends in- grain-size are often hard to discern, thus the sedimentology of secondary
morphological featm'es,_'and the spatial differentiation of sedimentary properties-on
beaches, remains poorly unc.lerstood. Consequently, little is known about how the
sedimentology of beachfaces respond to changing sedimentation patterns through time,‘
and indeéd whether it is even possible to detect phase-locked responses in morphological
and sedimentological change on beaches over short time-scales. It is often assumed that
changes in sediment size and sorting {etc) are merely the product of morphological
change or net sedimentation. Accordingly, beachface sedimentology is granted littlé or no
role as a forcing agent in beachface morphodynamics, known to be dominated by strong
feedbacks between hydrodynamic forcing and morphological change. A number of recent
researchers, however, have postulated that sigrificant changes in sediment properties in
response to morphological change may not oply be detectable, but indeed may even have
some morphodynamic role [e.g. Nicholson et al., 2003b; Gallagher and McMahan, 2006].
Such ideas on gravel beaches are even older [Carter and Orford, 1984; Sherman et al.,
1993], and were summarised in Chapter 2 under the idiom
‘morpho-sedimentary-dynamics’. Until now it has never, been demonstrated convincingly .
that both,.or either, temporal and spatial variations in sediment size are strongly related
to morphological change. The gravel beach foreshore served as an ideal setting to
examine this relationship, which traditionally receives poor coverage in morphodynamic
experiments.

The thesis objectives were outlined in Chapter 1. One of the principal aims of the
investigation was to develop a conceptual izramewc;rk which allowed for the possibility
that sedimentological characteristics have additive and/or independent controls on
morphodynamics (Chapter 2). To do this, the current understanding and possible future

directions of gravel beach morphodynamics and sediment dynamies had to be
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comprehensively reviewed The study was empirically-based, and drew on data-driven
(geo-statistical/phenomenological) models (Chapter 1) to uncovei any relationships
between morphodynamics and sediment dynamics Both gravel beach sedimentological
and morphological changes are ultimately forced by hiydrodynanue conditions, so
data-driven models should not ahas hydrodynamic forcing Previous cfforts in this arca
therefore would have inteipolated sediment and morphological data has to be to the
frequency of the hydiodynamic data However by doing so the basic question could not
be answeied, therefore thus study required mformation on both morphological and
sedmmentological change at a comparable resolution and sample frequency In order to do
this, the development of methodologies which enable the quantification of sediment
characterisiics fiom digital images of the bed (Chapter 4) was crucial, thus a lot of time
was devoted to methodological advances in this area, as well as proper validation and
sensitivity proceduies. Morphological change and sediment dynamics on a gavel beach
were investigated at thiee broad écales, each of which are detailed in separate chapteis (5
to 7) The final objective was to establish a hnk between beachface sediments and
morphological change Whulst this has alieady been a consistent theme thioughout the
thesis, mndivadual chapters have discussed the relationship only in terms of the temporal
and spafial scale relevant to the chapter In this chapter, an attempt 1s.made fo
integiate observations of the 1elationship between mor phological and sedimentological

change over all scales studied, as well as discuss the potential mplications of them

Sedunentology and net sedimentation patierns

Sediment size has been mvoked to paztially explan the development of gravel beach
features such as the berm [Masselnk and Li, 2001, Austin and Masselink, 20064], and
cusps [Sherman et al , 1993]. The observed persistence of coarse sediments at the step
[Mhller and Ziegler, 1958: Bauer and Allen, 1995] would also suggest that sediment size
has morphodynamic imphcations in the 1egion of wave breaking. Indeed, pievious
studies have suggested that sediment size and morphological change have a co-vaiiabihty
which may remmforce mndividual distinet morphological featwes, and sediment transpoi$
characteristics through those features, through feedback processes [Sherman et al., 1993

Tolman, 1994, Rubn and Topping, 2001]. However, it 1s unclear from previous beach
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morphod}lrna.mic studies whether morphological change {or net sedimentation pa;ttern).
leaves o sedimentological imprint. Lil.‘l and Zarilio [1993] anci Masselink et al. [2007]
found no such relationship on sand beaches, whilst Medina et al. [1994] and Bart}_ldldy
et al, [2002, 2005] d.id claim such an association. This uncertainty is in spite of the
common practiée of inferring gradients in sediment tranéport directions froin the spatial
arrangement of grain-size statistics [McLaren and-Bowles, 1985; Gao and Collins, 1992].
There is disagreement between those atithors who believe that changes in grain-size do
not remain correlated through time [Davis, 1985; Lin and Zarillo, 1993; Masselink et al.,
20071, and.t.ho,se that believe.there to be a temporal correlation or ‘persistc;nce’ in
se_dimeni:ary data [Losada et.al., 1992]. The intermediate case is that morphological
change results in a spatial variability in grain-size which displays temporal persistence,
but that these are stochastic variations. about a ‘master’ {or time-averaged) grain-size
distribution [Medina et al., 1994; Guillen and Palanques, 1996]. The latter two cases
potentially allow grain-size characteristics to have a morphodynamic role, in order to

partially explain morpholegical change.
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Fig: 9.1 Sediment size (upper right) and sediment sorting (upper left} as a function of nor-
malised active beuch cross shore distance (increasing seawards). Data from the surveys
taken over individual tidal cycles. -On upper panels, solid lines show the mean of data per
nermalised cross-shore location, increasing seawards. Bottom panel: the relationship
between mean cross-shore sorting and mean cross-shore size.




Sedimentology and net sedimentafion patteins 290

According to Figure 9.1, spatial trends can be obtamed at 1elatively short timescales
The trends are not consistent between surveys (sediment size, fo1 example, was finest
the mid-foreshore on three occasions but coarsest during the other suivey - Figme 9 1,
top left), but the relationship between the spatial trend 1n mean size and-the spatial
trend 1n mean sorting 1s usually good (Figure 9 1, bottom) However, elear frends ale
apparent in neither sediment size not sorting. over the time-scale of one year (surveyed
every fortnight, Figure 9 2) or over one sprng-spring tidal cycle (surveyed every low tide
Figure 9 3) Tiends ate not appalent as a function of absolute cross-shore distance exther
(not shown) Other studies based on very large numbe: of samples have also found a
surpnsig lack of cross-shore tiends on gravel beaches [e g Gleason et al , 1975: Jenmings
and Shulmeister, 2002] and mixed-sand-gravel beaches [e g McLean. 1970). The ‘master’
gram-size distiibution for Slapton (time-averaged - see Figures 9 2 and 9 3) shows very
little spatial stiucture, n marked contrast to stmilay curves found for sandy
environments [e g Medina et al, 1994, Gullen and Hoekstia, 1997] Since Slapton 1s
maciotidal, the sediment size must be viewed as a function of normalised active beach
location {ze10 and one bemng the landward and seaward hmnts. respectively, of the
intertidal profile on the survey day)

On the available evidence, therefore, not only s the variation in grain-size considerable
on Slapton (the standaid deviation 15 often close to the mean), but 1t 180t even a
stochastic fluctuation aboul a ‘mastel’ gramn-size distiuibution which shows any clear
spatial structure Guilen and Hoekstra [1997] and L1 et al [2006] termed the
temporally-averaged gramn-size distmibution the “equilibiium’ curve (to be deternuned
using > 1 yea1 data), and it was mterpreted as varying as a function of average
hydrodynamic conditions at each location They believed that this signatuie can be used
to medict the cross-shore redistiibutions that would be the 1esult of a beach
nowrishment The same equilibrium curve has not been found at Slapton for mean size
or any percentile of the distiibution [e g Medina et al 1994|, possibly because the tide
smooths any spatial trends, or perhaps because the beach 15 as dependent on alongshore
as cross-shore sediment transport processes Both could explaimn why trends are more
readily discernied over shorter time peilods

The tendencies for incieasing grain-size up the beach face m the landward direction

1eported by some authors Je g Bascom, 1951, Shepard, 1963; McLean and Kirk, 1969,
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Fig. 9.2 Sediment size (D5, left panel) and sorting (o, right panel) as a funciion of normalised
active beach cross shore distance (increesing seawards). Data from the fortnightly sur-
veys taken over one, year. Solid and dashed lines show the mean and standard déviation,
respectively, of date per normalised cross-shore location.
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Fig. 9.3 Sediment size (left panels) and sediment sorting (right panels) as a function of nor-
malised active beach cross shore distance (increasing seawards). Data from the twice-daily
surveys taken over two spring-spring tidal cycles. On upper panels, circles represent sur-
face samples, and squares represent sub-surface samples. Solid end dashed lines show the
mean and stendard deviation, respéctively, of data per normalised cross-shore location.
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Hoin, 1992] have not been found 1n this study. Instead, the cross-shore profile of
sediment was hughly variable, so much so that it 1s difficult to say what the typical
cross-shore profile of sediment size should be. Researchets have always assumed they
can, theoretically ov at least heunistically, account for spatial tiends and changes m
grain-size sorting Models for gram soiting tend to be of the ‘equbbiium’ type, i e. that
every gramn-size has a cross-shore location whete it 18 v equilbrium with the conditions
there Miller and Zaegler [1958] developed a model for grain-size sorting on a sand beach
which assumed that the smallest particles are entramned longest, therefore travel the
fin thest, leaving a lag deposit seawaids to the breakers of mcieasing sedunent size As
has _aircady been discussed, the assumption that the finest travel furthest may also be
viclated on pravel beaches, which perthaps paitially accounts for the geneal failure of the
sediment trend modelling in Chapter 8

Notably the difference between the mean and standard deviation, as expressed as a
percentage of the mean (coefficient of vauiation - note that the mean and standard
dewviation have the same units so a comparison between Dsg and ¢ 1s valid) 1s always
much smaller for sorting than that for sedinent size Sorting 1s perhaps a more uscful
parameter than size fo1 identifying 1ecent trends in sedimentation, borne out by the
EOF analysis in Chapter 6, and peithaps m the ability to use the spahal gadients
sortmg to find reasonable association with directional tiends i sediment tiansport
(Chapter 8) The 1dea that sortmg may be a better indicator of morphodynamic
processes echoes the sentiments of Bagnold [1954] and Bagnold and Barndoiff Niclsen
[19804] who stated that it 15 the relative abundance of paiticles in different size fiactions
that 15 mole impottant 1 sedimentation

The relationship between beachface morphodynamics, sedimentology and wave
‘energy’ 15 scale-dependent The greatest degree of morphological change on a gravel
beach over a relatively large scale 1s not necessaiily found where the most energy occuws
just like on sand beaches [e g Massehnk et al |, 2007] For example, in Chapter 7, the
most amount of energy on Slapton over the study year should have been at Torcross at
the southern end. under the mfluence of the piedomunantly south-westerly waves
[Holmes, 1975]). However, the greatest amount of both change and erosion was mn the
centre of the beach, because of the dominance m alongshore t1ansport processes over this

time-scale. Equally, on a shoiter time-scale, the secondary moiphological features are
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Fig. 9.4 Relationship between sedimentery parameters. Left panels: all samples collected ot a
Jrequency of minutes to hours. right panels: all samples collected ot o frequency of 2
weeks. The r-value quoted is an ordinury (linear) correlation coefficient. The dashed hor-
izontal and verticel lines represent the meen velues. The area within the contoured dashed
lines represents the puramneter space where ot least 20% of observations plot, based on the
joirit probability distribution.
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not necessarily associated with the greatest amount of eneigy Cusps and berms, for
example, being associated with times and spaces, respectively, of 1elatively low energy,
and steps bemng associated with greater wave energy Mean size 15 expected o mcrease
commensurately with eneigy [e g Bascom, 1951, Ingle, 1966, Ximg, 1972}, although not
always [e ¢ Engstrom. 1974] The sedimentology of Slapton 1s sinmlarly ambiguous with
regards to energy the coarsest section of the beach duimg 2006-07 was the one
associated with gieatest net depletion The coarsest regions of the beach duing the
short-teim expenments (Chapter 5) were the step and berm During the fortmghtly
campaigns (Chapte 6), the beach either fined under relatively laige waves (as n the
Strete 2007 data set), o1 coarsened (e g Slapton 2005 data set).

The difference between the relationships found between size and sorting over relatively

short (Figure 9 4, top left) and relatively long (Figure 9 4, top right) time-scales 15

probably due to the fact that the shorter-term measuiements include both breaker zone
and mtertidal sedunents. thus including seduments trom the step which has been shown
to be quite a distinct sedimentary environment (Chapter 5) Interestingly the
relationship between smting and skewness, overall the strongest, 18 simmlar niespective of
scale (Figure 9.4, bottom panels)

This study has shown that the relationship between morphology, or mo: phological
change and sedimentology, perthaps has a relationship that cannot be expressed by
averages It has also gone some way to show, based on a number of very large data sets,
that 1f there 15 any moipho-sedimentary co-variation on gravel beaches such as Slapton,
1t 15 distinetly non-hnear 1 character Swnificial‘'sedmment size has been shown to be a
lughly stochastic vatiable In the past, 1esearchers have attributed the laige degiee of
sedimentary variability they have observed to erther anthropogenic influences fe g
Guillen and Palangues, 1996], or because of the valable influence of sediment supply [e g
Engstrom, 1974: Jennimgs and Shulmeister, 2002] On Slapton the absence of a ‘supply”
1ssue, sensy stricto, may be substituted by alongshore redistributions of material

This sedmmentary variation may mpose another layer of nonhnearity to
cross-shore-dominated beach moiphodynamics 1n the short-term  Alteinatively, 1t may
be an emergent property of the morphodynamic systern It may or may not have
practical impoitance to moiphodynamic models of beach change On the one hand then,

because of the vanabihity of surficial grawn-size on Slapton (naturally a 1elatively well
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sorted gravel beach - sée Chapter 3), the sampling resolution, at alt scales studied, may
have built up a picture which is a gross parody of the real case. ’I‘his might imply that
even the number of samples taken may not have been enough to characterise the beach,
or in other words, aliasing has occurred. The principlevof diminishing 'returns may also
apply, in that there comes a point where taking more samples does not give the sampler
a commensurate increase in knowledge. Indeed, it would be valid to say that s/he just
widens his/her error bars. However, without taking so many samples, how would one
know how capricious the surficial sediment size is? That consistent patterns in time and
space did not arise does show the stochasticity of surficial sedimentology, and in itsell
may be an important demonstration. For example, it does :')rield & robust average and
associated variation around the mean, which is useful for modelling (see this chapter’s
' final section), |

Hardly any sedimentological paper has dealt with the topic of errors in sediment
sampling and‘. aliasing, partly because the data sets required are not extensive enough.
This topic has recently been highlighted by Hartmann [2007] as i)eing crucial for further
work, but he makes the important point that in order to know how many samples are
required for a given area and environmens, a certain relationship between the population
of grains and the processes in operation upon them must be assumed e priori. The same
point was made by Ferguson and Paola [1997] in reference fo sampling of fluvial gravels,
and it is not easily circumnavigated.

Chapter 7 comparéd modelled net annual longs'h'ore sediment rates at Slapton between
1999 and 2002 [Chadwick et al., 2005] with rates derived from the measured profile
record. The modelled rates tended to be greater than tﬁe ‘measured’ rates byupto -
several orders of magnitude. The failure of the model in this instance were perhaps due
to an inappropriate characterisation of grain-size, but it is more likely in this case that
the failures were due to not calibrating the model, or inappropriate characterisation of
the physics of coarse-grain transport, or due to & compound modelling problem, thus
propagation of errors. One might argue, on the grounds of regression to the mean, that a
constant grain-size is more appropriate when it has been shown that grain-size is so
stochastic. The problems arise when you :get that mean wrong and, in many ways
unfortunately, the more samples you take the better that characterisation is going to be.

However, a constant grain-size is not better than a perfect characterisation of grain-size




Sedimentology and net sedimentation patterns 296

at all spatial and temporal scales when sedunent transport 1s a non-linear function of
sediment size Models should be mpioved to mcorporate such mformation

That suface sediment size is such a stochastic parameter which appears to poorly
. preserve a record of recent hydro- oo morphodyname processes might be a
‘mixed-blessing’ for coastal managers who seek a 1epresentative grain-size for beach
noushment projects Beach nounishment 1s mpotant and on the merease, especially
for coarse-graned shorelines [Komar, 2007] The anticipated demand of England and
Wales for the period 1995 to 2015 was estimated at 209M m® of gravel and 2240 m? of
sand [Hanson et al , 2002] A crucial part of the design process 15 to determine suitability
of beach fill material - which sediment do we dredge, how much to we dump and how
fiequently [Stauble, 2007, Finkl et al , 2007]7 Models are required which will both
predict the likely volumes of boiiow mateiial 1equired for the desired level of stoim
protection, and the suitability of the borrow material {1 e how stable 1t will be 1n a
given envitonment) The swtability of the boliow material depends sirongly on 1is
sedimentology, 1 e. the collective properties of the sed;m.ent such as size (median size, but
also the gain-size distribution) and soirting, density, etc This 1s prumarily because
sediment transport processes aie sglective The lhittle information on natural variabihty
of sedimentological properties of beaches, against which the characterisation of native
beach sediment can be made to mform the sutability of borrow matenal is cuwiently,
and understandably. peiceived as being problematic [Hoin and Walton, 2007]

However this study, drawing on moie than 8000 sediment samples over a range of tune
and spatial scales, has shown that the natural variability 18 enormous In brief, there are
non-hnear and inconsistent 1elationships between sedimentary paiameters. there is no
spatial structure in sedimentary parameters when tuine-averaged, and theie is little
consistent tempoal 1esponse when averaged over space, with respect to morphologmeal
change and hydhiodynamic forcing It may mean that, on beaches simular to the study
site, assessing the smtability of the bortow material in relation to the mdigenous
matenal may be an impossible task without modelling the hkely temporal changes i
sedimentology, at piesent beyond the state of the art. Alternatively, 1t may mean that
the sensitivity of the transport of beach sediment to 1ts various sedunentological
characteristics may be of subordinate importance to gravel beach fills compared with

artificial sand beach replemishment. Since the sedimentology natuially varies so much, 1t
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mayl be argued that relatively poor match;‘eé may be subsumed into the system, and
detection of adverse changes as & result of tht;: artificial material would be difficult, being
within the envelope of Hatural variability. Whichever vieﬁfpoint is found to be correct in
the fullness of time in the context of coarse-grain beach recharge, this study has gone
some way to both Increase the potential acéuracy and reduce the margin for- error in

finding a stable beach fill material.

_ Sediment size and beach gradient

3

There are few sites and studies which have enough sediment samples to determine a
‘master’ grain-size. However, ;:he relationship between the spatial variation inrl‘sediment
size (some measure of central tendency) and beach slope is well documented, both in the
field ‘[Krpmbein, 1938; Inman, 1953; Davis, 1985] an.d simulated in the laboratory
[Bagnold, 1940]. This association is apparent on beaches of all sedimentary composition
[Bascom, 1951; Shepard, 1963; McLean and Kirk, 1969; Horn, 1992; Hegge, 1994].
Indeed, the relationship between median sediment size and beachface slope is considered
a fundamental principle of beach morphodynamics [Bascom, 1951; Sunamura, 1984;
Komar, 1998], and in one study [Bagnold, 1940] it was found that slope of the foreshore
depended only on the size of beach material.

The relationships between median s‘ediment size and active intertidal beachface
gradient (the gradient of the beachface from strand to shoreline on a given survey) are
shown in Figures 9.5 and 9.6, for the fortnightly (Chapter 7) and twice-daily (Chapter 6)
data sets, respectively. The fortnightly data set is shown both as the mean median
sediment size versus gradient per profile {13) per survey (24): Figure 9.5 (left} shows
that there is not a clear relationship. The same is true of smaller spatial subunits, e.g.
lower foreshore anc'l upper foreshore (not shown). ‘This means that, at this time/spatial
scale, the slope of the beach cannot impart information on-its sediment size. Likewise, if
you go to the beach on any giv.en day and take a representative sample of the foreshore,
it will give you little information about the beachface slope. A clearer relationship was
found when the record from each profile line was averaged over time, to yield a size-slope
relationship for each alongshore location (Figure 9.5, right). The association was

positive, in accordance with the literature and, although not strong, was close to the
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curve publshed by Shepaid [1963] fo1 coarse beaches, which indicates that Slapton is not
an unusual gravel beach when sufficient averaging takes place It 18 possible that a range
of gram-sizes can give sinular slopes, smce the curve in the right panel of ]-F‘lgule 9518
fairly flat, and the range of slopes encountered 1 the left panel 15 only 3-4°. The data
also suggest that at time-scales shoiter than one yeai, beach slopes are not m
equihbium with the sediment size It 15 by no means a well-founded assumption t};at
slope 15 the dependent variable, as depicted Flgmé 9 5, however noting that gram-size
the more stochastic paameter of the two 1t might be reasonably assumed that the

change m slope over time 1s associated with a set of forcing conditions including size, but

only at some lag

02

018

016

Fig. 9 5 The relationshyp between sediment size and slope Data from the fortnghtly surveys
{Chapier 7} Left panel plots mdvidual eross-shore profile gradients versus sean median
sediment size Rught panel plots this data from each cross-shore profile, averaged through
time Solid line on might panel shows the relationshyp obtamed by Shepard [1963]

The temporal structure of the correlations between median size and mtertidal gradient
were explored, by talung the (24-point) time-seiles of mean median size and slope, each
cross-shore, of each regulay swivey line, and computing the conelation between them
The time-series were then divided into thiee, and the correlations for each segment were
agam computed The tesults, mn Table 9 1, show that more corielations sigmficantly

difterent from zero (shaded values) are found when the time-series 1s broken down nto
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smaller periods. The statistically significant associations during the first cight surveys,
over the winter of 2006-07, showed 4 generaily‘ positive relationship between size and
slope. The second, over the spring, were mainly negative. The third, over the summer

and early autumn, were again negative. Filleen out of fifty-lwo correlations were

significant; and the majority of these came from the 2nd set of eight surveys.

Tab. 9.1 Correlations between intertidal gradient and medion sediment size
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An identical analysis was carried out between sediment sorting and gradient, as seen in
Table 9.2. Again, the statistically significant relationships have been shaded; and it is
clear that, like with sediment size, better relationships are obtained when the year-long
time-series is segmented into three distinet epochs. Sixteen out of fifty-two co.rrelat.ions
were significant, and anlike sediment size, the majority came from the first and thirgi set
of surveys. Generally, therefore, when there was a significant association between
sediment size and slope, there wasn’t between sediment sorting and slope, and vice-versé.
The statistically significant associations during the first eight surveys, over the winter of
2006-07, showed a generally negative relationship between sorting and slope. The
second, over the spring, were mainly positive. The third, aver the summer and early

aufumn, were again positive,

Tab. 9.2 Correlotions between intertidal gradient and median sorting
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A partial correlation analysis of sediment size and slope, accounting for sediment
sorting, was performed and the results are shown in Table 9.3. Twenty-three out of

fifty-two correlations showed partial dependence, as defined by a reduction in correlation
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by at least 0 05 (shaded) Ten out of the ongimal fifteen statistically significant size-slope
associations showed partial dependence on sorting, which coiroborates the findings of

McLean and Kuk [1969] regarding the influence of sorting on size-slope 1elationshps

Tab. 9.3 Partial correlations between intertidal gradient median suze, weth the wmfluence of median

sorting
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The consistent theme thus far 1s that size-slope 1elationslhups are stronger at shorter

tinc-scales. and tlhis was further venfied by a correlation analysis performed on the

twice-daily survey data set. Figure 9.6 plots each of the four data sets which are the

subject of Chapter 6 The difference between sub-sutface and surface mean median
sedmment s1ze and mtertidal gradient was negligible In general the coarser the beachface
the stionger the relationship between size and slope, although the relationship could be
exther positive (e g the Strete 2007 data sets), o1 negative (the Slapton 2005 data set)

That assoctations can be found between size and slope at a relatively large spatial and
temporal scale (Figme 9 5, 11ight) and at a 1elatively small spatial scale and tempoial
sampling fiequency (Figure 9 6), but not 1eadily at an intermediate sampling fiequency
(every two weeks, Figwe 9 5 left panel), is mnteresting It may be that, at a sample
frequency of every spring low tide Slapton, as two-dimensional and convex 1n profile as
any gravel beach, 15 dominated by net changes 1n alongshoie sediment transport Tlis
may account for the general breakdown in typical size-slope 1elationships at this
time-scale At shorter sampling frequencies, the measured profile 1s likely to domnated
by cross-shore sediment tianport but net alongshore sedimentation may be small
Sumilarly, when data 15 averaged through tune the influence of alongshore sediment
1edistributions may be neghgmble (note, however, that 1t may be responsible fo the
scatter observed at both time-scales)

Note that this 1s not the fiist study to find a negative assouation between sediment
size and ntertidal slope, but on sand beaches these can ordinaily be attributed to either

very low energy or lacustiine envionments [e g Eungstrom, 1974, Cunningham and Fox.
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Fig. 9.6 The relationship between mean medien sediment size and slope. Date from the twice-daily
orofiles {Chapter 6). The circles and squares for the ‘Sirete 2007 data set represent sur-
Jace and sub-surface surnples, respectively. Dashed line shows the relationship obtained
by Shepard [1963].
1974] or the presence of heavy minerals in significant quantities {Dubois, 1972]. Perhaps
more pertinent to this study-is that the same conclusions were reached by Jennings and
Shulmeister [2002], which is one of the few studies to systematically review and compare
coarse-grain beaches in this respect. They found that, based on 42 gravel au.d
mixed-sand-gravel beaches ,stuc’iied, there was no statistically signiﬁé:ant relationship
between beach slope and grain-size in either the swash zone, or an average of the
intertidal proﬁle.-Ho_wever, when only the pure gravel beaches were taken into acéount,
they did find a significant positive association, and based on fewer surveys and samples,
and a smaller range of sizes, than preseni‘;ed here.
The unusual response at Slapton may be because the foreshore doesn’t systematically
- become flatter when eroding and steeper when building up. Often, the reverse is the case
because net positive sedimentation not associated with berm building has. a'tendency to
‘be uniform over the intertidal profile, or even increase seawards. Likewise, under erosive
conditions, cut-back lower on the profile (sometimes with accretion at the top of the
profile) tends to accentuate slopes. Longshore transport, which primarily occurs in the

swash zone of coarse beaches [Van Wellen et al., 2000], may be of greater iniportance to
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the maintenance of the distinet two-dumensionality found on puie gravel beaches such as
Slapton at an inermechate time-scale (between 12 hours and 12 months) Since
longshore transport primarily occuis in the swash, tidal range, translation rate and wave
set~up will have donunant roles to play Alongshore t1ansport serves to either supply or
remove material to the cross-shore profile of interest. but m such a way as the removal
takes place umformly across the profile Sheiman and Noidstrom [1985] term this
process ‘swash grazing’, but wheieas on sand beaches this can lead to scarping and steep
slopes, on gravel beaches, because of the strength czf individual backwashes under the
mfluence of stecpe slopes 1t leads fo mowe spatially-unifoim sedimentation patterns
(thereby controlling the slope) Thus, in the short-team, cross-shore transport processes
ate thought to account for the existence and closs-shore location of secondaiy
morphological features such as the berm and step, but alongshore sediment t1ansport
processes may be responsible for the gioss sediment supply, and thus the slope of the
foreshore at tune-scales greater than one t:dal peiiod

An alternative hypothesis for the bieakdown of the size-slope 1elationship m this study
concerns the near-surface stratigraphy A given cross-shore profile may be steep but fine
because its core 1s primarily composed of coarse material and the surface fincs sampled
are Just a veneer. Chapter 6 showed how sediment size on the suiface was not necessanly
a reflection of that at depth Vauable sediment size with depth may also modify the
hydraulic properties of the beach The sub-surface generally mote positively skewed
than the suiface, may even be on average coarser than the surface, and thereby may
have a g1eater tendency to faster convey water acting under seawards-directed hydiaulic
gradients (especially 1n lagoon-backed barmers such as Slapton) At pesent the effects of
these bailier-scale variations in groundwater on toreshore profiles 1s largely unknown

{Isla and Bujalesky, 2005)

Spatial differentiation of sedument propetties, and sediment tiansport

gradients

Flwud forces on heaches drive sediment tiansport gradients which 1esult in different
spatial sedimentation rates, and hence morphological change Since thresholds for

sediment entiainment vary as a function of paiticle size, and possibly by the 1atio of
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particle size to bed i'oughn'ess [Wiberg and Smith, 1987; Williams and Caldwell, 1988;
Rubin and 'Topping, 2001}, it has been commonly assumed that the détailed featiu;'es.of a
sediment size-frequency distribution may be used to infer information about the relative
fluid forces acting upon the sediment. The hope is that a better understanding of the

- changes which occur in size distributions in one location (and relatively over space)
during cycles of erosion, transport and deposition, would shed more light on the
underlying processes of sediment transport {our current understanding of which.is
largely empirically based). That systematic grain-size and sorting patterns are
associated with secondary morphological features such as berms [Masselink and Li, 2001;
Austin and Masselink, 20064], steps [Bauer and Allen, 1995], ripples [Doucette, 2002;
Gallagher et al., 2003], and cusps [Longuet Higgins and Parkin, 1962; Sherman et al.,
1993, is therefore tantalising, and suggests that the processes which drive changes in net
sedimentation may he reflected in the sedimentology, if only the correct tools could be
found to find such an association.

One would expect net morphological change to be reflected in the sedimentology of a
beachface if fnite and constant gréss volumes are assumed, i.e. under relatively short
time-scales, where recently displaced sediments in areas of net sedimentation gains are
equal and opposing in number to those recently displaced from areas of net
sedimentation losses. Two additional requirements ave that probability mass over the
size range of the sediment population is preserved, and the spatial gradient in
sedimentation parameters across the locality where net sedimentation is zero was
negligible prior to the resulting “morphological change. Spatial sorting by size or other
properties which was in perfect accordance with spatial net sedimentation patterns
would manifest if source aveas supplied only grains of a certain type to sink areas, thus
the gradient in that sediment property or suite of sedimentary parameters, térmed
‘grading’, would perfectly reflect the sediment transport gradient.

On beaches, spatial patterns in net sedimentation can be variable as a result of
sediment convergence and divergence, and where sediment transport gradients operate in
every direction, and over multiple scales [Masselink et al., 2008]. Thus the idealised
situation outlined above is compounded by sediment transport gradients operating at the
same scale but in different directions, for example under wave-induced transport, and

under current-induced transport. As a result, research into the sedimentological reflection
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of moiphological change over time is contiadictory Some authors have reported that 1t
1s dufficult to detect and predict moi pho-sedimentary 1elationships on beaches over short
(sub-lunar tidal cycle) time-scales [Stubblefield et al., 1977 Houn, 1992: Liu and Zanllo,
1993 Masselink et al | 2007], whilst otheis have found such a 1elationship [Guillen and
Hoekstra, 1997 Medina et al , 1994} It should not assumed that such 1elationships exast
without proper verification, as 1n a recent papel [Li et al  2006]

The 1esults from the sediment tiend analyses found that the sedunent t1end model of
Gao and Collins [1992] farled to predict observed sediment transpoit directions
However, a model based pwely on the improvment in soiting worked better This 1s
probably because sediment size can become either coarser m the direction of net
tiansport, for example by the overpassing of coaiser grains due to 1elative boundary
layer protrusion [Cair. 1969], the prefential removal of fines elsewhere [Greenwood and
Xu, 2001, Masselink et al..-2007], o1 through percolation losses [Masselink and Li, 2001},
or finer m the duection of net f1ansport due to size-thieshold winnowing or because of
the mput of fines from elsewhere, for example from mbertted turbulence [Greenwood and
Davidson Arnott, 1972, Jackson et al , 2004]. Indeed, sand beaches have been shown to
both coarsen [e g Guﬂlcr‘l and Palanques, 1996] and finc [¢ g Wmkelmolen and Veenstra,
1980] as a result of storms In short, theie aie no rules with respect to size common to
all types of beach Sorting, on the other hand, does tend to impiove in the dinection of
transport

In some respects the problem s finding the smallest scale at which systematic changes
mn beachface sedimentology reflect those of sedimentation and hydiodynamic foremng,
where the natural vauation of gran-size parameters is usually much meater than either
In general, the conclusions of Nordstiom [1977] and Massehnk et al {2007:] st:ll apply
the differences amongst beaches with 1cspect to surface sedimentology are nevel as
conspicuous as one might logically deduce

The distribution of grain-sizes on a gravel beach may not be representative for some
specific mean or steady hydrodynamic conditions This may be because there 1s no
time-integrated response to hydiodynamic and sediment transport processes affecting
the sediment properties, or becaunse the sediments aie inadequately parameterised to
reflect the hydrodynamic and/o1 sediment transport ciimate Equally, it could be that

the environment on a macrotidal gravel beach is too changeable, or that theie 1s a
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t-:erta.in amount of ‘memory”’ in the sed'iment;aj'y system which induces reponse at some
lag. What is clear is-that, where so many size fract-ioué are available, and they are
interacting in some complex way through non-linear and even ‘granular-controlled’
sedimenit transport processes, the fundamental laws.governing the sorting patterns

obtained are imperfectly known.

Futuie Work and Implications for Modelling

Complex patterns have been observed in the sedimentology of a gravel beach at a
munber of scales. The internal variation of various sedimentological parameters has been
shown to be (perhaps surprisingly) high and relationship between sedimentological and
morphodynamiics is highly three-dimensional, dissipative, and non-linear. Currently,
there are no models able to replicate their development, although a first approximation
would require something to be said about the relationship between the ‘triad’ of
sediment patchiness, hydrodynamic forcing, and morphological change. This study
resolved o document the spatial and temporal patterns in sedimentary parameters at a.
number of over-lapping scales, in order to elucidate the nature of the variability and
change, which should find utility informing future models of sedimentological change.
Data-driven (statistical, possibly site-specific) model.s, such as CCA, EOFs, and
parametric-probabilistic models, were used in order to uncover associations between the
" triad. Whilst the sedimentary time-series were always naisy and highly variable, the
results alluded to the fact that underneath a lof of randommess there was an associative
signal, thus the sedimentology of a gravel beach may l;e, admittedly perhaps some way
in the future, modelled deterministically. Further work in this area should include a
move towards more generic, process-driven models.

Many short-medium term morphological models in widespread usage for beaches solve
the so-called ‘imitial value problem’, which treat waves as random and morphological
developments as heing sensitive to initial bed configurations and as some function of the
previous state. Currently, the approximations and assumptions for paramecterising
sediment transport and morphological change under such a framework are poorly
resolved compared to thosg for the hydrodynamic field. Equipped with the insiglit

revealed by the present study (i.e. the inherent non-linearity and lack of auto-regression
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in the sediment dynamics). the modeller of gravel beach sedimentation and
sedimentology may not decide to adopt such an approach, arguing that another layer of
complexity (the sediment dynamics) may produce non-hnkable set of sub-processes.
Seti;mg a 'boundary-layer problem’ and modelling morphological and sedimentary
change as a function of random external forcing rather than given some estimate of
cuarent conditions. may m the first instance be of greater ntility to coastal management
The implication 1s that that modelling mter-beach sedimentological variability may be

able to predict the mevitability of an event but not 1ts timing The modellers’ decision 18

intimately hinked with scale
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CONCLUSIONS

... No-one promised this when I was a kid ...
Kicking pebbles on a beacl,
When time conldn’ reach me

Qcean Colour Scene. “Charlie Brown Says”.

Summary of Findings

In assessing the ;ﬁresent state of scholarly interest in gravel beach morphodynamics,
Chapter 2 argued that on. gravel beaches, sedimentological changes in space and time
could be as pronounced and important as morphological changes. It was argued that in
order to further our understanding of gravel beaches, sedimentological data would need
to be tollected and analysed at a temporal resolution similar {o that of the
Iiydrodynamies.

To help quantify and substantiate this conceptual framework, there was a pressing
need (o develop inmmovative automatic sediment sizing techniques based on digital images
of sediments. This alone would allow the collection and analysis of high-resolution
sediment data. Chapter 4 expanded upon the ‘digital grain-size’ methods proposed by
Rubin 2004} and Rubin et al. [2006] for use on sand sized sediment, for nse on lz.u"ger
sediment sizes {coarse sand to pebbles). Importantly then, sizing from images is now
possible in the full range from fine sands to very coarse gravels. A number of new
techniques were introduced for automated grain-size estimates from digita]- images of
sediment, which will broaden the applicability and accuracy of the technique. The

principles behind all techniques were theoretically explored. A new method was
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introduced to obtain better estimates of the entire distribution fiom the statistical
information contamed within an image of sediment, and despite the theoretical
difficulties 1n compating GSDs (grain-size Distiibutions) obtamned from two-dimensional
images with GSDs obtained from sieving, the results were very encouraging

A total of 8805 sediment samples were collected dur]ug three years for thns doctoral
thesis, of which 6850 weire 1maged using a digital camera and analysed using a ‘hybrid’ of
two of the methods elabmated upon in Chapter 4 The keinel density approach
developed there better approximated the GSD from images In addition, 1955 (including
those use to calibiate the 1maging techmque) were manually sampled and sieved The
manual sieving and data handling fook an éstimated 122 working days (8 hours each)
total, or % year, thus the samples digitally imaged saved an estumated 428 wor kg days
{or just under 1 % years)

The morpho-sedimentary variation of the study site over individual semi-diuinal tidal
cycles was the subject of Chapter 5 A numbel of experiments which locked at the
evolving beachface over a number of hours were cailied out. It was found that the gravel
beach step and berm are aceretionary features strongly linked to tidal stage, 1€
shoreline position, evolving with different relaxation times Imtiation of step morphology
requires tidal stationarity and 1s perhaps triggered by a change wave breaker type from
plunging to smuging The step and beachface may be differentiated using sedimentary
momenis, and different morphological featuies such as the step bioadly have typical
spatial sedimentary 1esponses Step dynanucs are tidally modulated they are
consistently more pronounced af ngh tide compared to mid-tide due to stationarity, and
often absent at low tide, instead 1eplaced, under calm conditions, with a series of
subtidal nipples with long wavelengths. It was concluded that the importance of the step
m gravel beach development must not be downplayed- 1t appeais to be a very important
mechanism by which the upper beachface loses or gains mateinial. by "hberating’ material
erther onshore or offshore depending on the hydrodynamuc conditions The erosive phase
of the tidal cycle peisists longest m the lower swash zone, and the dynamics of both the
step and berm are asymmetiical with respect to tide The latter 15 easier explaned than
the former m terms of the effects of groundwater Morphodynamuc prefile models of
gravel heaches need to be able to 1eplicate the behaviow of the step, whilst preserving

its 1elationshup to the berm, and also 1ts umque sedimentary chanacteristics which may
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Be key to understanding the dynainics (;f the step, and thus the dynamics of ‘the whole
intertidal zone. A new technique to determine bed mobility from the nearshore of a
gravel beach, using underwater video cameras, was devised. Nearshore sediment

~ transport was tenlt;atively suggested as being related to sub-incident frequencies (wave
groups), but appeared to be a linear function of neither velocity magnitude nor direction.
Therefore, a befter description of sediment transport may mcmire instantaneous
sediment size information, which has‘JtO be remotely sensed. Better parameterisation of
‘bed motion’ is also required. Critical thresholds for sediment transport were often
exceeded in the shoaling zone, therefore sediment transport on a gravel beach is not
restricted to the swash and breaking zones.

Chapter 6 focussed on the morpho-sedimentary-dynamics of the gravel beachface at

Slapion over the time-scale of a spring-spring tidal cyi:le, and over a spatial scale of one

or two cross-shore profiles sampled every 0.5-1m. Detailed measiements of profile and

sediment dynamics were obtained. Swface and sub-surface sediment samples, beacly
proﬁles,‘ and disturbance depths were taken from the intertidal zone on consecutive low
tides over half-lunar tidal cycles, along with wave and tide measurements. Results from
two separate field surveys (autumn 2005, and spring 2007) were presented, representing
26 and 24 consecutive low tides, respectively. Morphological change was consistently

dominated by relative depletion high on the intertidal beachféce, prior to ‘cut -and fill’

tot

berm building. It was found that disturbance depths were not proportional to slope
[Anfusa, 2005] or breaking wave height [Jackson and Nordstrom, 1993; Anfuso et al.,
2000; Anfuso, 2005] (as on sand beaches), but rather step dimensions, which are less a
factor of wave height than tidal stationarity. This stationarity is, however, related to
beach slope. No aspect of morphology/morphelogical change cogld be found to have a
statistically significant association with sedimentology /sedimentological change.

A combination of Canonical Correlation Analysis (CCA) and Empirical Orthogonal
Function (EOF) analysis was used to identify a number of consistent relationships in
morphological and sedimentological variables not readily apparent using ordihary
correlations, EQF analysis showed that sediment size was consistently more variable
than sorting. Beachface morphology and sedimentology -are more similar at a given
spatial location over time than over space (cross-shore) at any individual time. In other

words, temporal variability in any location is much less than the instantaneous spatial
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vauability sub-suiface sedimentology over the depth of disturbance indicates that the
step can be traced through the sediment characteristics Strong hysteresis over space was
piesent in the EOF modes associated with the most variance in the data sets for both
sediment size and sorting Statistically sigmficant relationships were found between the
temporal modes of (absolute) size/sorting and net sedimentation associated with the
la1gest variance in the non-decomposed respective data sets Finally, sigmficant
relationships were found between a suite of measured hydrodynamic time-series
(including wave, tide and morphodynanuc parameters) and pairs of sigmficantly
corielated morpho-sedimentary eigenmodes The techniques used were thus able to
objectively demonstrate linear association between morphological and sedimentological
change on a giavel beachface over a seru-lunal tidal cycle, and also that simultaneous
changes in each could be linearly cortelated to hydrodynamic forang, especially wave
lLieight and tidal 1ange. -

Whilst the available evidence mplied that morphological change co-varied with
sedimentological change, it was only with the use of relatively advanced statistical
models, and 1t was not possible to demonstrate cause and effect (for example by
consistent cross-coirelations at lag or phase 1elationships) The 1csults imply that
median sediment size and geometric sorting ale suitable parameters for detecting
morpho-sedimentary relationships, but also that relatively sophisticated techniques ale
1equired fo sabistactonly detect them These techmigues are puiely statistical, so cannot
be expressed i any physically-meamnpgful umts Whalst adequate for the objectives of
the present study as an cxercise of exploratory data analysis providing evidence for a
concept (morpho-sedimentary dynamics), it does hmit 1ts utiity beyond, for example n
physical-numerical modelling

Morpho-sedimentary variations at Slapton were documented over one calendar year,
using a data set of regular fortmghtly beach profiles and sediment samples The baruier
underwent net northerly ‘rotation’ during the year, however the asymmetrical behaviow
of the rotation differed fiom bay beach rotation observed in many other areas of the
world, and perhaps should be more coriectly termed ‘embayment deepenmg’. The
volumes lost from south of the 10tational paint did not match those ganed fo the noith,
implymg that the site is not a closed sedimentary system as some resesachers previously

suggested This work highlighted the importance of alongshoie sediment transpoit
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processes, even on this supposedly ‘swash-aligned’ beach. A comparison. of measured and

previously published modelled alongshore sediment‘raté Suggesped that these models,
currently the best available for coarse beaches, should be regarded as sediment transport
-(maximum) potentials, assumming no net on-offshoré exchange of material, and a closed
sedimentary systén1. The beach was alinost always negatively skewed, regardless of .
morphological changes, and the Beach was generally more poorly sorted when
morphological change was at a minitum. At the broadest lével, sediment size was
greatest where net morphological change was preatest; providing broad support for the
eﬁergy—sediment sizé relationship found by previous rescarchers. Sorting was much moie
variable in the winter, whereas skewness was significantly more variable in the summer.
Changes in sediment size, especially the seemingly relatively long-term fining of the
beach, were more difficult to explain, but appeared to be phase-decoupled from, and
distinctly non-linearly related to, 11101'ph010gi_ca1'<_:11ange. The hypothesis of Muir Wood
[1970] —that the strength of the alongshore gradient in size is a sign of a
volumetrically-stable beach —is verified by the present study.

In the absence of process models which would seem likely to explain or replicate the
observed patterns of behaviour, and in light of the fact that few if any previous studies
had morphological and sedimentological information at identical sampling resolution,
Chapter 8 looked at a particular class of models for use in the nearshore which may have
been able to predict observed sedimentation patterns from the statistics of grain-size
data. The implicatlion was that, if the models succeded m rep]icating‘ observed patterns
of behaviour, despite the apparent stochasticity of sedimentary variables and the
complicated nature of change, it would support the basic assumptions behind the
models. In turn, this might provide a starting point for modelling the relationship
between gravel beach morphodynamics and sedimentology.

The ‘hyperbolic shape triangle’ sedimentation model of Barndorff Nielsen and
Christiansen [1988], which is based on the bivariate plot of log-hyperbolic skewness (y)
and kurtosis (£), was tested on the intertidal zone of active sedimentation. A large field
data set was used to test the shape triangle’s ability to both classify and retrodict
sediment samples according to their sedimentation history. When parameters were
suitably averaged, the model was found to be a reasonable predictor of recent mean net

sedimentation on a gravel beach when used with surface samples, and over individual .
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tides In all other scenarios the model failed to collectly assign the sedimentation history
of the samples, as deternuned from beach profiles. Corielations between mean
morphological change and shift in mean x position over individual tides (termed 7.,
representing Baindorrf-Nielsen and Christiansen’s [1988] ¢, or *fluud controlled’
erosion/deposition) were reasonable, and improved when net mean morphological change
over indivldual tides was > £ 5cm. However, mean morphological change and sinft in
mean £ position over individual tides (termed r,. 1epresenting Barndoirf-Nielsen and
Clnistiansen’s [1988] x, a1 ‘grain contiolled’ erosion/deposition), did not correlate well.
In addition, the systematic piedictions made about how mean size and sorting would
behave under net € and s erosion/deposttion were unverlfied The closest equivalent
clagsification system to the log hypeibolic shape tuiangle which uses o1dinary sample
moments, the Ciaig Diagiam [Leroy. 1981], was found to be a potentially useful
preandicator of log-hypeibohe model it Finally, 1t was tentatively suggested that the
distributional forms class:ﬁec'i by the Craig diagram map directly onto the parameter
space of the hyperbolic model, opening the future possibihty that diectly determimng
and ¢ by fitting log-byperbolic distuibutions to data could be circummnavigated

Chapter 8 also tested use of the spatial distribution of sedimentary paiameters to
derwve likely sechment t1ansport pathways Researchers on beaches have had mixed levels
of success with these techmques [Masselink, 1992, Pedieros et al | 1996, Masselink et al ,
2008] The sedunent trend model of Gao and Collins [1992} was apphed without success,
therefoie this work added to a gowing literature winch has called into question the
ufality of the techmque [Flemmung, 1988, Masselink, 1992, Guillen and Jimenez, 1995,
Masselink et al 2008] This 1s perhaps because the rules upon which the model 15 based
are too stmplstic for application on a gravel beach However, tiend vectors based on
sorting alone, out-performed a traditional sediment trend vector approach, which implies
that if sortig had a greater weighting 1 the GSTA model, 1t might find better accord
with observed sedimentation patterns

Fmally chapter 9, by integrating the three scales studied and based on a numbe: of
very large data sets, showed that the relationship between morphology. or morphological
change, and sedmmentology, perhaps has a relationship that cannot be expressed by
averages, and 1t is distinctly non-linear i character. Surficial sedument size has been

shown to be a hughly stochastic variable Two important findings me that swuface
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sé.mpling appears to be inappropriate to charactefise sedimentological change at
time-scales greater than a semi-diurnal ti‘dai C}fclé, énd' that sub-surface sampling on the
intertidal zone on diurnal and semi-lunar time-scales may be useful in assessing the
dynamics of the step, itself a potentially important mechanism for onshore and offshore
net vohuﬁetric transport. In the light of this information, é general (Iiscuséion was
presented on errors in sediment sampling and aliasing, and the implications for
coarse-giain transport and morphological modelling,. Tlxe observed failure of the positive
size-slope relationship, and of sediment trend modelling, was also-(.liscussed. Sediment
modeiling approaches are fundamentally limited by the fact that in order to know how
many sarr;ples are required for a given area and environment, a certain relationship
between the population of grains and tlie processes in operation upon them must be

assumed @ priori, and this relationship is currently verjr poorly elucidated.

Concluding Cornments

In accordance with many previous studies on sand beaches, temporal grain-size changes
are largely unrelated to seasonal changes in wave climate and morphologies [e.g. Davis,
1985; Liu and Zarillo, 1993; Guillen and Palanques, 1996}. Unlike these studies, however,
it was found that grain-size varies in time to a greater extent than over space. Even with
large numbers of samples, there is a lot of noise in sedimentary data, although sorting is
much less noisy than size and so may prove more useful in further studies. There has
been enocugh evidence presented in this thesis to show that sedimentological changes are
related ir & non-lingar fashion to hydrodjfnamjc- forcing, but whether or not
sedimentological changes ave forcing or responding to morphological change, especially
on a short time-scale, is still not clear.

Hartmann [2007] identified four major branches of sediment dynamics research, and
the present study falls into two of those categories. The first, which he termed “Process
Oriented Population Statistics” (POPS) is-the study of sedimentary systems where
sediments, forces and morphology can all be measured directly. Since such work has
relatively small spatial and temporal coverage, it should aim for as fine resolutioq as
possible. The second, termed “Sediment Dispersal and Trend Analysis” (SEDITRANS),

uses surface sediment samples to mutually connect locations, thus identify dominant
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dispersal processes and directions A POPS analysis has traditionally been cairied out to
identify a number of connected sedimentary sub-populations This study used some of
these 1deas and technigues to investigate whether there are any such sub-enviionments
on a gravel beach. It was found that techniques based on bi-vanation of sedimentary
parameters were not useful mn thew classic sense, but the use of diffaent parametrice
models and/or dimensionless scaling may have further utihty Sedimentaiy analysis with
respect to any aspect of mophological or liydiodynanuc change, using hineas techmques

and tiaditional parameterisations, proved less imtful and m this 1espect a POPS

approach largely failed More advanced statistical techmques, however, were able to

demonstate relationships between hydro- and moiphodyname variables and sedimentary
parameters A SEDITRANS approach over a larger scale and longer teim was found also
to be flawed, however substantial inpiovements were made by sunplifying the ‘rules” of
the basic model

It has been shown that f1aditional methods of process identification and classification,
for example the statistics of hinear association, using paiameterisations based on cential
tendency or variance, failed o reveal satisfactory insight between gravel beach
morphodynarmics and sediment dynamics This failure 1s hikely to be due to many
potential factors For example. sdrface samphig may be mappropriate, and the
messurements may not have had the 1equired accuracy and/or precision to characterise
the changes However, the techmaques used to measwme the hydrodynanies and
morphological change aie standard, and ther maccuracies are well known Winlst 1t 15
acknowledged that some of the measurernents techmques used to characterise the
sedimentology were novel, they wetre rigoiously tested before application Note that all
particle size measurements aie prone Lo substantial errors due to the sampling and
mechanical measuwiements in the laboiatory, which are themselves a ‘stochastic process’
[Winkelmolen, 1982]. The look-up cataloguing procedure used m this study has at least
two methodological advantages over all others the first 1s that the samples have not
been 1emoved fiom thewr natural context, thus not destroying the spatial arrangement of
grains, and the second 1s that the photographic techmque provides equivalent and
comparzble measmes of grain-size across a vanety of sediment types

It is mote likely that mOLE IMACCUracies Weie mtroduced to the study due fo

inappropuate sampling fameworks and expernmental designs rather than accuracy in
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the field methods. The measurements may not have been mg.de at the required
spatial/temporal coverage and/or resolution to cl-mr'aéterise tl"le changes. However,
spatial trends in greiin;size, sorting or skewness actually diminish progressively. the larger
the length over which one averages, which suggests that- the resolution of n-leasurements
was suitable for the spatial coverage of individual components of the study. Farther, it
has been shown that important findings can be obtained if samp;led with such resolution,
for example that bi-variation of sediment parameters find strongest association between
skewness and sorting, irrespective of scale. In addition, thai size-slope relationships are
stronger at shorter time-scales, but can be positive or negative, and sorting has an
influence on the relationship befween size and slope. A key finding of this work is that
morphodynamic relationships preserved in sedimentary spatial trends may be better
found in grain sorting rather than grain-size.

There may be no linear association between morphological change and
sedimentological change, thercfore traditional descriptive and basic inferential statistics
may be inappropriate tools. Sources of non-linearity may include time and spatial lags at
all scalés, as well as forcing the morphological-sedimentological system out of equilibrium
at any given'scale. This information may not even be obtained by sampling sediments,
becanse the assumption there is that the processes of beach change leave some signature
preserved in the nuances of the distributional form, which only requirves the correct
statistical technique(s) to tease out. In this respect, the fact that this study found that
more sophisticated analytical techniques and models perform better, is encouraging. For
example, dimensional- and ‘noise’- reduction (such as EOFs), or parametric models with
more free parameters (such as the Lyperbolic shape triangle), revealed associations using
ordinary parameterisations, implying there is detectable covariance underlying a lot of
stothastic system noise. I implies that the parameterisations and measurement
techniques do not necessarily need to change, only the way in which we collect and
analyse the data. Chapter 5 demonstrated that ‘bed motion’ in the region of
near-breaking could be modelled as a first-order Markov process. What this broadly
implies is that its behaviour is non-deterministic, in that the state it is in at present does
not fully determine its next state. Even though cach peirticle is moving in a _deterrni_nistic
path, hence 131'edictable using classical physics, is the motion of a collection of them

computationally and practically unpredictable? It will be a better characterisation of the
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direct and emergent properties of the sedimentology of the nemshoie which will
determine, 1n the long term. the answer to this question.

To the authoirs’ knowledge. this study has diawn upon measurements which are more
finely resolved than any previous study on gravel beach morphodynamucs, and has arded
coastal management and engineermg practices n thiee broad ways Firstly, it has
documented and quantified the spatio-tempoial vaniability of morpho-sedimentary
change on a gravel beach, 1ts intra- and inter-variabilily and its scale-dependency This
information is likely to mecrease the aceuracy and reduce the maigin of eror mn a number
of applications, including sediment transport modelling, and beach 1echarge Secondly, 1t
has provided a number of conceptual frameworks within which to study gravel beach
mot pho-sedimentary dynanucs at a more geneuc level than was previcusly attempted
Finally potentially innovative solutions have been forwarded such as, digital grain-size
mappimg, and the use of dimensional-decomposition technigues on nowsy sediment data

Fmally, the possibility still :emains that theie 18 no association between moiphological
change and sedimentological change Howevei, 1 teims of the contribution of sediment
dynamics to the morphodynamics of the beach, it may not matter because the
Morpho-Sedimentary Dynamic (MSD) hypothesis and co-varation m sedimentology and
morphology are not necessarily the same thing That the present study found that, at all
scales studies, there 15 at best a weak correlation between
sedimentology /sedimentological change and mo1phology/mo phological change, does not
strictly bear much 1elevance on MSD because the influence of sedimentology on
morphodynanmics may be obscured by the readiness with which we see morphologies
evolve As an example, this study venfied the general notion that the coarsest zone of
the beachface 15 the {urbulent mea of wave breaking, an observation which has been
made on tideless [Fox et al., 1966] and tidal [Bascom, 1951, Inman, 1853, Miller and
Ziegler, 1958] sand beaches, and giavel beaches [Krumbein and Guffith, 1938. Jenmmngs
and Shulmerster, 2002] One might conclude that hydrodynamics concentrate the
‘coarsest seduments, and advect the fines (equilibrium/null-point a1 gument). However,
this study also showed that the avea of most dynamic morphological change was in the
region of wave brealkking A moiphodynamic mterpretation would be that the
morphologies and hydrodynanucs are co-evolving. waves and currents fiansport sediment

which builds steep slopes, which force wave breaking and maintain steep slopes, ete. As
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a. result-., the coarse particles remain and the fines are removed. An MSD-approach _woil_ld
advocate the possibility that there is sonie contribution to the turbulence caused by the
coarseness of the particles, or that there is some contribution by the sedimentology to

_ the slope, or that ther.e was some contribution made by the sedimenffology of the
beachface to the initial conditions required to start the morphodynamic feedback loops.
MSD is about keeping that possibility open until it has been proved beyond reasonable
scientific doubt, i.e. knowing, in the words of Werner and Kocurek {1997 in the context
of wave ripples, whether or not *the tail is wagging the dog’. Whilst expressing and
quantifying the inherent uncertainties in the gravel beach system may be difficult, what
is clear is that a constant grain-size is not bester than a perfect characterisation of
grain-size at all spatial and temporal scales when sediment transport is a non-linear

function of sediment size. Models should be improved to incorporate such information.
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