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Abstract

This Thesis conducts the study of bedform developnand dynamics in the inner shelf
integrating observations at different spatial agehgoral scales. An initial assumption is that
different scales of sedimentary processes stroimgract between them and small-scale
sedimentary processes intended to foster thosargén scale. The potential contribution of
small-scale bedforms to the sediment transporaisqularly addressed. The study includes the
monitoring and analysis of sand ridges, ripples a@ar-bottom suspended sediment variations
at the Ebro Delta (NW Mediterranean Sea) and Ppordim (Atlantic Ocean) inner shelves.

A sand ridge field with maximum ridges heights d 1 and 400 m spaced is located over a
retreating lobe in the Ebro Delta. Ridges are mgosyimmetric arranging obliquely to the
shoreline. The change of the main Ebro River chidedao the progressive abandonment of the
former river mouth and to the severe coastal retreat, providing large amount of sediment
available in the coastal zone. In addition, NW vgimtluce strong near-bottom currents flowing
towards the SE, which are able to transport sediiaeh produce ridge formation and migration
towards the SE at ~10 m/y. The characteristich@ftbro sand ridges match well with those of
shoreface-connected sand ridges and, particulavi$h the initial stages of sand ridge
development on storm-dominated continental shelVese-scales related to their genesis can

be within a few decades.

The study reveals that the presence of ripplesieminer shelf is the most usual situation under
low- to moderate-energetic conditions in differshelves. In the wave-dominated and tideless
coast of the Ebro Delta ripples were observed smpeised on sand ridges. Four types were
identified: small undulations that were the preouis larger ripples, 2D wave-ripples, current-
dominated 2D-3D-ripples, and combined wave-curB&nwipples. The wave-ripples were static
while the current-dominated ripples migrated at ~fi/h. In a macro-tidal sandy beach
exposed to high-energetic Atlantic storms (Perrathpoonly wave-ripples were developed
arranging orthogonal to wave approach and they w&&c. The size of ripples changed from
larger (developed in equilibrium conditions) to deraripples, the latter interpreted as degraded
ripples in wash-out conditions. In general, ripptediction did not well-adjust to neither ripple
appearance nor dimension. However, if the obsettwextholds of seabed states are applied the

model improves ripple appearance forecast.

The near-bottom suspended sediment variability fe@oonds to months in the Ebro Delta is
described distinguishing between waves, curremd,@mbined wave-currents conditions. In
general, waves dominated the sediment resuspenaltrsugh strong currents also have an

important contribution in the suspended sedimemicentration (SSC) increases. The time-



averaged SSC usually showed redundant structuréofoging three layers with different

patterns. In the lower and intermediate layers 38 oscillated at gravity and infragravity
wave frequencies. Time-varying and instantaneoasl@s exhibit sediment patterns potentially
related to ripples presence.

The potential role of ripple migration as an adudiil long-term mechanism of sediment
transport was analysed. In Perranporth, wave ripple stationary and did not contribute to
beach recovery because of wave orbital symmetrg. SEaiment transport is alongshore during
low-energetic regimes and cross-shore during moeegetic regimes when ripples are washed-
out. In the Ebro Delta, 3D-ripples migration agredth sand ridges migration direction towards
the SE. The respective migration rates and théfierdnces in size, support that a subordinate
part of sand ridge migration can be the resultipple migration contribution under low-,

moderate-regimes. This suggests that in specificir@mments, dynamics of small-scale

bedforms can play a subordinate but not negligible in the evolution of larger bedforms.



Resum

La Tesi estudia el desenvolupament i dinamica siéolenes de fons a la plataforma continental
somera mitjangant la integracié d’observacions fareiits escales espacials i temporals. Es
parteix de la hipotesi en que els processos sethmera diferents escales estan relacionats i
que els de petita escala fomenten als majors glpecial emfasi a la contribucié de les formes
de fons petites al transport de sediments. L'estutlou la monitoritzacio i analisi dsand
ridges, ripplesi de les variacions de concentracio de sedimestuepensio (CSS) prop del fons
a la zona somera de les plataformes continentaBalta de I'Ebre (NO Mar Mediterrania) i a

Perranporth (ocea Atlantic).

Un camp desand ridges amb crestes de fins 2.5 m d’alcada i 400 m espaiad troba en un
antic l1obul al Delta de I'Ebre. Les crestes sonesiigues i obliqlies respecte a la linia de costa.
El canvi del canal principal del riu va suscitanbdandonament progressiu de l'antiga
desembocadura amb el retrocés sever de la linieosika, proporcionant gran quantitat de
sediments per formar etand ridges que actualment migren ~10 m/any. Les caracteuissiq
dels sand ridges de I'Ebre son analogues a les s#nd ridges connectats a la costa i
especialment a les seves etapes inicials a platafcontinentals dominades per tempestes. Les

escales temporals relacionades amb la seva forrpad&n comprendre décades.

Les petites formes de fons observades inclotigptes superposats akand ridges a la costa
amb marees infimes dominada per tempestes de I'Ebngples a la costa macro-mareal
esposada a tempestes atlantiques de Perranportiduts arees, la presénciardeples és la
situacié habitual en condicions de baixa i mitj&rga. A I'Ebre, es van diferenciar quatre
morfologies: petites ondulacions precursores deipples d’onatge, 2D-3DHpples de corrents

i 3D-ripples de la combinacié d’onatge i corrents. Eigples d'onatge eren estatics mentre que
els dominats per corrents migraven ~10 cm/h. Adpgorth, es van observar dues mides de
ripples d’'onatge amb crestes perpendiculars a la diredeid’onatge i també estatics. Els
ripples més petits s’interpreten com la degradacié dedlagrEl model de prediccio digpples

no s’'ajusta ni per la seva formacio ni dimensidremmateix, quan els llindars d’estat de fons

observats s’apliquen, el model millora el seu psticd

Les CSS prop del fons al Delta de I'Ebre es disix@ntre condicions d’onatge, corrents i la
combinacio d’onatge i corrents. En general, 'opadgmina la resuspensié de sediments tot i
gue els corrents també hi contribueixen de formaomant. Les estimacions d’estres total de
cisallament és un bon indicador de pics de CSSeargsla llindars d'inici de resuspensio de
sediments. Les CSS van oscil-lar entre frequént@satge gravitacional i infragravitacional.

Les mitjanes dels perfils de CSS mostren una d¢ataiwertical de tres capes mentre que els



perfils instantanis mostren patrons en els CSSnpizknent relacionats amb la preséencia de

ripples.

La migracio deipples en direccio a la costa com a mecanisme addicatalecuperacié de la
platjia a llarg termini a Perranporth va ser deatatégut a la estacionalitat dépplesi a la
simetria de les velocitats orbitals de I'onatge.tfahsport de sediment és paral-lel a la costa
durant condicions de baixa energia i perpendicetacondicions d’alta energia quan ef3ples

son erosionats. A I'Ebre, etand ridges i deripples migren cap a la mateixa direccié (SE). La
relacié entre velocitat de migracio i dimensionsreetes dues morfologies refermen que una
part subordinada de la migracié de#d ridges podria ser consequéncia de la migracio de
ripples durant periodes de baixa i mitja energia. Llaversgntorns especifics, la dinamica de
les formes de fons petites podrien tenir un papdroslinat, perd0 no menyspreable, en

I'evolucié de les formes més grans.
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Chapter I. Introduction

Chapter I. Introduction

1. The study of bedforms

Bedforms are depositional morphologies formed layititeraction between a fluid and a mobile
sediment bottom. They are composed of gravel, sanchud of siliciclastic or carbonate
sediment. The variability in the geometry and tpatsl and temporal scale of bedforms is
striking ranging five orders of magnitude in spagciftom a few centimetres to over 1 km; from
centimetres to tens of meters in height; and ticees ranges from seconds to decades and

centuries.

The first studies of bedforms were undertaken enftéld of aeolian and river geomorphology
and subsequently expanded to the coastal aredet®e ocean and the marine environment in
general. The onset of continental shelf morpholsgies, sediment distribution patterns and
material composition started in the 1950s (e.g. p&te 1948). The knowledge and
understanding of the morphological observations #me processes involved in sediment
dynamics was progressively improved accompanied aby important advance in new
instrumentation and technology designed to seafdbservations, hydrodynamic and sediment
dynamics measurements such as: the incorporatidmedfigh-resolution seafloor mapping by
multibeam echosounder, bathymetric Laser-Light Eteda and Ranging (LIDAR), side scan
sonar, Remote Operating Vehicles (ROVs), Autonomdaderwater Vehicles (AUVS); the
improvement in the resolution of observations @ ihternal structure of the continental shelf
with seismic sub-bottom profiling technics; impnogihydrodynamic measurements with high-
frequency correntimeters such as Acoustic Dopplelosimeters (ADV) or Acoustic Doppler
Correntimeter Profiler (ADCP); refining the techsiand resolutions of suspended sediment
concentrations measurements with Optical Backsc8ttstems (OBS), Laser In Situ Scattering
and Transmissometry (LISST) and Acoustic Backsca&istems (ABS) and a long etcetera.
These innovative technology has allowed to advamd¢he knowledge on fluid dynamics of a
range of bedforms (Bridge & Best 1988; Nelson andtly 1989; Wiberg and Nelson, 1992;
McLean et al., 1994), the quantification of bedfodimensions in relation to flow forcing
(Baas, 1993, 1994, van Rijn 1993), the integratibbedform into stability diagrams (Southard

& Boguchwal 1990; van den Berg and van Gelder, 1,98@ relationships between cross-strata
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thickness and bedform size (Best & Bridge 1992r8scet al. 1999), and the morphodynamics

of bedforms generated under combined flows (Li.et1896).

When the flow intensity exceeds a threshold vakemegally known as the critical condition for
initiation of sediment motion, sediment grains tstarmove instantaneously. It is function of the
amount exceeded that the plane bottom will no longenain plane becoming unstable,
deforming and developing bedforms. Numerous s@tnhiave investigated bed defects and the
first expression of bedform development on a fedisient bed, and their relation to coherent
structures in the near-bed flow (e.g. Allen 196&nKedy 1969; Dingler and Inman, 1976;
Southard, 1991; Venditti et al., 2005; Perillo Bt 2014). Accordingly, the principal physical
parameters that control bedforms development imclilov velocity and depth, fluid density
and viscosity, particle size and density, sedinseipiply, and bed roughness. The main groups
of mechanisms able to generate or maintain bedfarrdgferent marine environments include:
(i) waves, tides and wind-induced currents (e.gftSval., 1978; Kleinhans et al., 2004; Li and
King, 2007) (ii) thermohaline oceanic currents, toam currents and other specific bottom
currents (e.g. Wynn and Stow, 2002a; Masson eR@04;); (iii) density flows and turbidity
currents (e.g. Trincardi and Normark, 1988; Lealgt2002); and (iv) internal waves (e.g. Puig
et al.,, 2007; Ribo et al., 2016). Particularly, shallow waters of the continental shelf, the
trigger mechanisms for bedform development arerictstl to the oscillatory movement
generated by waves and currents induced by tideglswor asymmetrical waves (storms and
wind-driven currents). Additionally, the complexténactions between the parameters that
control bedforms development can also create méogleal feedbacks and lead to patterns
assumed as self-organized (Coco and Murray, 20@&0,C2017). However, despite the
progress achieved on sediment dynamics to datgydtential trigger mechanisms responsible
to generate bedforms and the associated sedinsrgport processes is still incomplete and
therefore the models limited (Davies and Thorn@8®ecause of the wide variability of these

features and sedimentary environments.

Large and small scale bedforms play an importalet om bottom boundary layer processes
through the interaction between hydrodynamics, egabediment particles and sediment
transport. The bedload sediment transport is ndynadtributed to bedforms transport by the

growth, morphological change, dynamism and migratibthese features. Therefore, bedforms
migration rates provide valuable information on theal and regional hydrodynamic patterns

and sediment transport. In addition, it has beemahstrated that the bedforms (small and
large) roughness increases the amount of the stsgesediment (Nagshband et al., 2014) and
modifies the pattern and dynamics of the suspesddinent e.g. vortex shedding entrainment
(O’Hara Murray et al., 2012).
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The study of bedforms is therefore important f& #avance in knowledge of bottom boundary
layer processes, such as sediment transport abddseaughness changes. Moreover, bedforms
can be used to interpret the geological record iafet the past hydrodynamics processes.
Bedforms can also host specific habitats; offerl@tgble mineral resources; provide sand
deposits for beach nourishment; or analogues dfilplesreservoir rock. Finally, the dynamism
of bedforms may have impacts and even damages astataand offshore structures such as
harbours, estuaries and offshore wind farms. Thesefthe understanding of the distribution
and mobility of sediment and bedforms can be ingurfor the sustainable development and

integrated management of some marine environments.

2. Bedforms classification

There is a comprehensive amount of bedforms withelaliversity on sizes, geometries and
sedimentological characteristics which has encagagrious attempts in classifications based
on morphological, sedimentological or genetic cidtealbeit a generic classification that covers
all this notable variety is still missing. Largeate bedforms are ubiquitous in modern sandy
environments where water depths are greater than dediment sizes are coarser than ~0.15
mm (very fine sand), and mean current velocitiesgaeater than ~0.4 m/s (Ashley, 1990). A
large amount of terms describing bedforms are useshallow water, usual observed bedforms
include ripples, megaripples, dunes, shoreface@ded sand ridges and nearshore bar systems
(McBride and Moslow, 1991; Masselink et al., 2088l and Thorne, 2007; Miles et al., 2014).
On the continental shelf, shoreface-detached samiggs, sorted bedforms, sand banks, sand
waves, sand ridges, dunes and ribbons have beenldes(Dyer and Huntley, 1999; Goff et
al., 1999; Murray and Thieler, 2004; Barrie et aD09; Duran et al., 2013). Finally, the most
common bedforms observed in the outer shelf, skopk deep areas are large-scale sediment
waves, large scale dunes and cyclic steps (WynnSaoat, 2002b; Wynn and Masson, 2008;
Cartigny et al., 2011; Ribo et al., 2016). Focusimghallow marine environments, the most
commonly used classification is that of Ashley (@P%hat proposesiunes as the name for
large-scale flow-transverse bedforms (Table ). €lassification is based on bedform spacing
using the ternmsubagqueous when it is important to distinguish them from theolian dunes
(Table I). First order descriptors of shape (e[@.a2 3D, Fig. 1) and second order descriptors
such as sediment size and bedforms superpositioa geommended to use to complete the
description more thoroughly (Table I). When flowarisverse bedforms spacing are less than 0.6
m then the bedforms are named ripples (Yalin 126ién 1968). Despite subagueous dunes are
the general term suggested by Ashley (1990) fodwaynamic, flow-transverse bedforms on
shallow waters, megarriples or sand waves areused to describe the same type of bedforms,

the latter usually related to tidal currents (All&880).
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Tablel.  Classification scheme recommended by the SEPM Bedf@and Bedding Structures Research
Symposium (Ashley, 1990).

Subaqueous Dune

First Order Descriptors (necessary)

Size  Spacing small 0.6-5m medium 5-10 m large Q@+h very large > 100 m
Height* 0.075-0.4 m 0.4-0.75m 0.75-5m >5m
Shape 2-Dimesional
3-Dimensional
Second Order Descriptors (Important)

- Superposition: simple or compound (sizes andivelarientation)
- Sediment characteristics (size, sorting)
Third Order Descriptors (useful)

- Bedform profile (stoss and lee slope lengths amgles)

- Fullbeddedness (fraction of bed covered by bexd&)r

- Flow structure (time-velocity characteristics)

- Relative strengths of opposing flows

- Dune behaviour-migration history (vertical andihontal accretion)
*Height calculated using the equatiin= 0.0677L°8°% (Flemming 1988)

STRAIGHT STRAIGHT TRANSVERSE SINUOUS
TRAMNSVERSE SWEPT IN PHASE

__‘-L-"""--___--"""._-“-"‘-—
Bl T, S
_—-.___‘_‘_-___..J_.--—-.__“_‘__
TRANSVERSE SINUOUS TRANSVERSE CATENARY TRANSVERSE CATEMARY CATENARY
QUT OF PHASE IN PHASE OUT OF PHASE SWEPT

Fig. 1. Idealized classification of current ripples and esiron the basis of plan-view shape. Flow is
from the bottom to the top in each case (Allen,8)96

Other classifications for continental shelf bedfserare based ohed phase states diagrams

(Baas et al., 2016). These diagrams define a sequarequilibrium bedforms states as the flow
velocity increases for a given sediment-size, basedata collected in laboratory flumes and
field conditions (Rubin and McCulloch, 1980). Thedform states defined from less to more

9
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flow energy typically comprise: lower-stage plaredpripples, dunes, upper-stage plane bed,
and antidunes (Fig. 2). Ripples and dunes areceglby upper-stage plane bed conditions via a
transitional phase of wash-out (van Rijn 1993; Qaeme and Larson, 2006). Bed phase
diagrams have been defined in function of threeqggpal types of flow: (i) unidirectional
currents, using dimensional (e.g. Southard & Bow#th1990) (Fig. 2 a) and non- dimensional
parameters (e.g. van den Berg & van Gelder, 1998) R b); (ii) short-period oscillatory flows,
which generate wave-ripples, hummocks and uppeesfane beds (e.g. Kleinhans, 2005)
(Fig. 2 ¢); and (iii) combined flows, in which umiectional and oscillatory currents work

together to reshape the seabed (Fig. 2 d).

(a) Flow depths: 0.25-0.40 m (b)
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= D antidunes 1
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E _-
z Hr=0.84 —= washed-out
5 a2 o ripples
3 upper-stage - 3D @ i N
e 1k planebed -~ 38 1t -
208 LEEETT % washed-out
e P P 15 : dunes
m 06 |- s - a current ripples =~
[} - - = | o« TN TS r e
E I e ¥ = =
= e - =
504_ : \’5’9,’ 1 EOW— ~—
[ current ripples * : - '»@H'e/q
?) - no movement = no movement 3 F?Urkg —
S
202 .
1 1111 | 1 1 1 1 1111 1 | 1 1 111 0.01 1 1
0.05 0.1 0.5 1 5 0.1 1 10 100
10°C-equivalent mean bed sediment size (mm) particle size parameter, D*
(© (d) Bed sediment: 0.210 mm
TLTTT T T TTTITT T T TTTTIT T T T TTIT T T TTTTI [ T T T T T T T TTTTTT
upper-stage plane bed upper-stage
1k E 1 E hummocks plpaae bedg E
= hummocks = r ]
C 1 £ hummocks ]
r hummocks 1 [ oriented i
B T hummocks
23 5 wave ripples
5 - 5 O1F E
© wave ripples @ F We ripples modified 3
E 01 E [ (flattened?) 1
A = 5 current
8 = 3 g m'x_Ed wC bedforms
2 ] 2 ripples
5 B =)
g - - E 0.01 E
K i F no movement wC ripples 1
i no movement current
) I ripples ~ dunes i
0.0 Lol Ll Lol L L 0.001k ENTReT P W ETITY i rradi 4
0.01 0.1 1 10 100 0.001 0.01 0.1 1
modified particle size parameter, E* mobility parameter B'c

Fig. 2. Bedforms phase diagrams for: (a) current-generagelfiorms, 2D section of the bedform phase
diagram of Southard & Boguchwal (1990), showing Q@Yfuivalent mean bed sediment sizes against
10°C-equivalent mean flow velocity between 0.25 arim flow depths; (b) current-generated ripples o
van den Berg & van Gelder (1993); (c) wave-generatdforms of Kleinhans (200E" = 0.04789D";

(d) bedforms generated by combined waves and dsrmdrKleinhans (2005jor sand sizes between 90
and 250um. LSPB, lower-stage plane bed; Fr, Froude nundret; WC, Wc and wC, waves and current
of similar strength, wave-dominated and current-thaited, respectively. Dashed and continuous lines
denote gradual and abrupt boundaries, respectivbglified after Southard & Boguchwal (1990), van
den Berg & van Gelder (1993), and Kleinhans (2005).
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3. Ripples and sand ridges on the inner shelf

This study is focused on ripples and sand ridgeradterisation and dynamics, which
correspond to small and large subaqueous dunés iAghley (1990) classification. Small-scale
bedforms (ripples) are the most common and thelestadcale transverse bedform type on the
seabed surface, which represents low-velocity ftmaditions (Kennedy, 1969). It is the first
flow-transverse bedform to develop for sedimenéesiiner than coarse sand. The maximum
height and wavelength of current ripples are 0.08 8.6 m, respectively (Ashley 1990),
although most current ripples are less than 0.0Bigh and 0.3 m wide (Baas et al., 2016).
Ripples can be asymmetric or symmetric featured whir down-current surfaces slopes
usually at or near the angle of repose of the sedlinfKennedy, 1969), and their up-current
slopes usually gentler (Southard, 1991). They areeated by wave-, current- or wave- current-
induced flows (Flemming, 1980; Baas et al., 201&) aan be dynamic bedforms migrating
usually down-stream (Traykovski et al., 1999; Crandfand Hay, 2001). Ripples are generally
classified as straight-crested (2D-ripples), orstraight-crested (3D-ripples) (Fig. 1) based on
their crest alignment; and as very smal~(1 cm), small{ < 10 cm), mediunm(> 10 cm) and
large or megaripples;(> 1 m) based on their heighf)( Note that, large ripples or megaripples

can be also called “small dunes” in Ashley (1998}¥sification (Table I).

Sand ridges are large scale bedforms widespreatbhoy continental shelves world-wide. They
are also referred as large or very large subaqudonss when they are active bedforms
(Ashley, 1990). Sand ridges have elevations ranfyorg 1-30 m, widths from 700-8000 m and
can be up to 60 km long (Amos and King, 1984). Tkhpw linear, elongated shape and
predominantly asymmetric transverse profile, witeeper down-current flanks (Amos and
King, 1984; Bassetti et al., 2006; Li and King, ZD0They have lineal to sinuous crest line in
plan view and are oblique (or parallel) to the eatrflow. Exist two generic sand ridges types:
“tidal-current ridges” (Dyer and Huntley, 1999; Lat al., 2007), which are formed by strong,
prevailing tidal currents, such as those in thetiN&ea; and storm-generated ridges implying an
intermittent process of development usually assedisith storm wave activity and storm/wind
driven currents such as those in the Mid-AtlantigBt (Goff, 2009; Swift et al., 1978). When
sand ridges are located from the foot of the slageeto the inner part of continental shelves
(depths lower than ~20 m) they are defined as $hoeeconnected (or attached) sand ridges
(SFCRs); otherwise they are defined as shorefatzsided sand ridges (SFDRs). The presence
of superimposed bedforms over sand ridges is fratyuaised as an indicator of active

bedforms.

The inner shelf sediment transport, the associai@ghological changes and the modifications

induced by ripples and sand ridges in the bottomnbary layer can be examined at very
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different time-scales, from the instantaneous nmotibsingle grains (seconds) to seasonal and
longer term movement of large sand bodies (Larsmh@ Kraus, 1995). The spatio-temporal
scales of bedform and the sediment transport aselgl related. For example, the sediment
transport rate over wave-ripples is estimated as ribt result of the oscillatory motion
(Traykovski et al., 1999; Hurther and Thorne, 20thile the mesoscale sediment transport
should be estimated from longer periods includiegsenal, decadal and secular trends in
presence of large scale bedforms (dunes, sandsjidgeg. Larson and C. Kraus, 1995;
Masselink et al., 2006; Snedden et al., 2011; Nneffial., 2014; Miles and Thorpe, 2015; Scott
et al., 2016).

Small-scale bedforms are usually observed supesegon larger bedforms, typically dunes
(Knaapen et al., 2005; Barnard et al., 2011). Beead the volume of sediment stored in them,
the larger bedforms are relatively stable on ticedes of months or years, whereas the smaller,
ubiquitous, superimposed bedforms are more dynagoimetimes even ephemeral, responding
to minutes, daily and/or spring-neap tide fluctoasi (Venditti et al., 2005; Reesink and Bridge,
2007; Barnard et al., 2011; Nagshband et al., 20h43pite of these differences, when small

bedforms are superimposed to a larger one, itissaged a close relation between both.

4. Aims and objectives

The scope of the Thesis deals about the studyritEnwgporary sediment dynamic processes on
the inner shelf at different temporal and spati@les in presence of bedforms, based on field
observations. To achieve this goal, a large amofirdata, a wide variety of observational

methods and technigues have been used and inkgrate

In shallow environments dominated by the combingiba of waves and currents, the presence
of ripples (the smallest categorized bedform) aureent and frequently superimposed on larger
scale bedforms. However, ripple contribution to Hegliment transport on the inner shelf is
poorly understood. It is commonly assumed that dacple sediment transport can be
attributed, at least partially, to the sum of thaaB-scale sediment processes. Therefore, delve
into the detailed knowledge of small-scale procgdseessential to interpret the larger-scale
ones because small and large scale sediment dyshi@recsomehow connected. This Thesis
evaluates these sediment processes interactiotim@iscales from seconds to decades and
spatial-scales from centimetres to kilometres.d=@dservations from two study sites are used,
the Ebro and Perranporth inner shelves locateleaN\tW Mediterranean and SW of England
respectively, providing examples of two distincvieonments. The study of the initial stages of
shoreface-connected sand ridges formation attetmpitsprove our understanding of the timing
and processes involved in shoreface-detached sedgedsrdevelopment, particularly for the

middle and outer shelf of the Mediterranean Searelher, the study of the morphology and
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dynamics of ripples can provide new insights ondbietribution of small-scale bedforms to the
migration rates of larger bedforms and to the sedinexchanges between the inner shelf and

the nearshore.
The main specific research questions involved are:

v' What is the temporal scale for the developmenthofreface connected sand ridges?
Which are the particular conditions required fagitHormation and potential preservation?

v' What is the morphological expression and varigbditripples on the inner shelf under
waves, currents and wave-currents conditions? Aeg tmorphologically and/or dynamically
different between tideless and macro-tidal envirents?

v" Does simple model of ripple prediction satisfactagyee with observations?

v" What are the main mechanisms responsible of the-b@tom suspended sediment
variability over flat and rippled bed?

v' What is the contribution (if any) of ripple dynamito the migration of sand ridges?

v' What is the contribution (if any) of ripple dynamim the onshore sediment transport
from the inner shelf to the nearshore as a polangahanism of beach recovery?

5. Outline of the Thesis

This Thesis is divided into the following chapters:

In Chapter 11, the two study areas are described focussing@édblogical and oceanographic

settings.

Chapter 111 describes and explains the methodology followedanduct the research of this

Thesis.

The purpose ofhapter IV is to analyse the contemporary formation of a saige field on the

shoreface of a tideless erosional deltaic systdm: Ebro Delta. It is characterised the
morphodynamics, geological setting and timing ofedepment of the sand ridges, and the
processes associated with the onset of the fiahdllf, the potential analogies with SFCRs and

SFDRs on storm-dominated shelves are discussed.

In Chapter V, the dynamics of ripples superimposed on the sagks in the Ebro Delta

shoreface are studied. The development and dynawfisipples under waves and/or currents
and the feasibility of ripple migration as a potehtontributor to the sand ridges migration are
analysed. The reliability on using ripple predist@nd sediment transport estimations is also

discussed.

13
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In Chapter VI, the ripple occurrence and dynamics at the maded-site of Perranporth is
analysed. The feasibility of ripple migration agpatential contributor to onshore sediment
transport and beach recovery is evaluated. Fingidby reliability on using ripple predictors and

sediment transport is also discussed.

In Chapter VII, the near-bottom SSC variability under low- to m@de- energetic
hydrodynamic conditions induced by waves, curramid combined wave-currents in the Ebro
Delta inner shelf is examined. The main mechanisomgrolling SSC variability are discussed
as well as the potential role of sediment transpotesses using simultaneous measurements

of SSC, waves and currents, wind field, suspenaeticfe grain size and ripple observations.

Chapter VII11, the conclusions and future research lines are gegpo

14



Chapter Il. Study areas

Chapter Il. Study areas

Large-scale bedforms (sand ridges) and near-bottospended sediment variability studies
were based on observations collected in the Ebitalmner shelf while small-scale bedforms
(ripples) development and dynamics were foundediedd observations acquired at two sites:
the Ebro Delta and Perranporth inner shelves, septeng distinct morphologic and

hydrodynamic environments.

1. Ebro Delta

The Ebro Delta is the third largest delta of thedkerranean Sea (Fig. 3 a), with an emerged
area of 325 kim The submerged Ebro Delta (prodelta) covers am afe~2300 krh of the
continental shelf and extends alongshelf up tokriGouthwards from the present river mouth
(Diaz et al., 1996).

The Ebro Delta is located in a micro-tidal, wavevitoated coast with a maximum astronomical
tidal rage of 0.25 m. As the tidal currents areligdge with very weak intensities and only
detectable in absence of waves and winds, the Btegitean Sea is frequently considered as a
tideless sea (King and Williams, 1949). Howevertaumlogical tides (storm surges) play an
important role as they cause increases in seatéwgd to ~1 m (Bolafios et al., 2009). This area
is characterised by persistent strong, dry andllyst@d winds that blow from the NW (Mistral
wind) through the Ebro valley (offshore wind) dyriautumn and winter. The Mistral wind
influenced by the orography, is channelized intiimated band, forming a seaward wind jet
usually developed in a ~50 km wide band offshorgf¢® et al., 2016). The NW winds have a
clear seasonal pattern with the most intense ansispent winds during winter and autumn.
However, during spring and summer, offshore winds also flow with high- intensities
(Cerralbo et al., 2015; Grifoll et al., 2016). TN&V wind regime results on relatively small
waves because the short fetch (< 50 km) along tive Eoast. On the other hand, the most
intense swell-dominated storms come from the eastttors (E or ENE) where stronger winds
coincide with a maximum fetch of approximately 7R@ (Bolafios-Sanchez et al., 2007,
Sanchez-Arcilla et al., 2008). These storms havenarage duration of less than 24 h, and

typically occur more than 10 times per year, bdlsicncentrating in the periods of October-
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December and March-April (Sanchez-Arcilla et aQ08). These eastern wave storms have an

annual return period significant wave heigtit)(of 3.5 m (Bolafios et al., 2009).
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Fig. 3. (a) Ebro Delta location. (b) Subaerial Ebro Deltzaded-relief and bathymetric contours
offshore with location of swath-mapped areas duting three cruises. Location of tripod, sediment
sample, Buda Island meteorological station and-hégiolution sub-bottom profiles. The location of th
former Ebro Delta lobes and channels (white arraa/giso shown. Location of the view for Fig. 5g Fi
13, Fig. 20 a, Fig. 21.

Morphodynamics in the Ebro delta nearshore are dat®ed by the easterly waves that generate
net alongshore currents directed towards the NW SWd at the north and south of Cape
Tortosa respectively (Jiménez and Sanchez-Arcli#93). The nearshore along most of the
coast is characterized by a morphodynamic beath sfdlongshore bar and trough” with the
presence of 1-2 dynamics bar systems in the pr(lellén and Palanques, 1993). Small-scale
bedforms (1 cm high and 8-14 cm spaced) also apghearg fair-weather conditions at ~10 m
depth on the shoreface of the Ebro Delta with tieither vanishment because of seabed
bioturbation (Guillén et al., 2008). Based on strlgtam bathymetric profiles, Guillén and
Palanques (1997 b) identified a number of bareifmeted as relict nearshore bars) on the
shoreface of the eroded Cape Tortosa mouth. Thewesh that the sediment size over these
bars was more or less uniform and composed bysfmels with grain size slightly decreasing
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towards deeper areas of the lobe (250 to 125 pojh&more, they also indicated that mud
sediments outcrop along the troughs of the bagsirf@i 4 P-24 in Guillén and Palanques,1997
b). Later, Urgeles et al. (2011) described the molgy of a subaqueous dune field based on a
multibeam bathymetric survey that located the digid from 7 to 15 m water depth (area of
3.7 knf). The dunes made of sandy sediment were 0.2 tchRym spaced 145 to 320 m apart
and 480 to 1300 m long. They were reported to lyenasetric and arranged perpendicular to
the bathymetric contours. In view of the crest ralignt with respect to the shoreline of the
Ebro River mouth, Urgeles et al. (2011) suggested liongshore currents generated by wind

storms were the main mechanism responsible forloewent of the dune field.

2. Perranporth

The study area is located at the SW of England,ttedf Perranporth town (Fig. 4 a). This

Atlantic coastal region typically consists on haamtk cliffs and embayed sandy beaches
exposed to macro- to mega-tidal ranges (mean sgidegrange (MSR) from 4 to 12 m) and

medium- to high-energy waves (Scott et al., 201@®cated on the west coast of Cornwall

(north Cornish coast), Perranporth beach is a rgdat sandy beach with a semi-diurnal tidal

regime and mean neap and spring tidal range of3ahd 6.1 m, respectively (Austin et al.,

2010; Inch et al., 2017). The beach is 3.5 km land has an intertidal area ~200-300 m wide
which widens at the southern end to ~400 m clogbadPerranporth town location (Fig. 4 b).

The beach is backed by an eroding sand dune systdridevonian hard rock cliffs at the north

and south extremes of the beach, the steep vegetates field reach nearly a mile inland (Fig.
4 b) (Poate et al., 2014, Scott et al., 2016).

Perranporth is straight beach facing the W-NW talsdhe Atlantic so it is fully exposed to the
dominant westerly waves approach, receiving botamt swell and locally generated wind
waves (Austin et al., 2010; Inch et al., 2017). Tean annual significant wave height) and
mean peak period’(), measured with the nearshore Perranporth buapgitine period 2006-
2015, were 1.6 m and of 10.5 s, respectively, dgmifecant wave height with an annual return
period of 7 m (data from the Channel Coastal Olaery online 2016 report,

www.channelcoast.ojgDominant wave directions come from the W forndeing the passage

of Atlantic low pressure systems; however theralg a small, but significant, amount of
energy from northerly waves which often occur fallog sustained high pressures and
northerly winds (Poate et al., 2014). The wave atamhas a marked seasonality, with wave
height and wave periods increasing during wintentis, e.g. the monthly averagHd andT,
values from the nearshore wave buoy of Perranfogfiresenting the same as previous 9-year
record from 2006 to 2015) range from 1.19 m ands8rb July to 2.26 m and 12.5 s in January

(www.channelcoast.ojgThe shoreline location also shows high variabdis a consequence of
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this weather seasonality (Davidson et al., 201@mFNovember to February shoreline retreat
occur in response to a succession of erosive stavirige beach recovery begins in late March,

at slower rate (~1/4) than the retreat, often péng until October (Davidson et al., 2017).

The modal morphodynamic classification of Perratipdreach is low-tide bar and rip with
typically single-double subtidal bars located awbuime seaward limit on the surf zone,
however, winter periods are often typified by highlissipative beach states (Austin et al.,
2010; Poate et al., 2014; Scott et al., 2016; Dsondet al., 2017). The wide and highly
dissipative beach has a low tide beach gradiertagf = 0.012 being the intertidal beach
relatively flat (taft = 0.015-0.025), with concave-shaped profile. Téd@irment is composed of
medium quartz sand 4¢l= 0.35 mm) with a relatively high carbonate conterb0%) which
suggests the influence of the offshore sedimentcesu(Austin et al., 2010; Poate et al., 2014;
Inch et al., 2017). Perranporth beach is relatiieBtureless throughout the upper intertidal
region and homogeneous alongshore, but the wedldped bar system interspaced with rip
channels is exposed at spring low water combingt wilinear to crescentic subtidal system
(Austin et al., 2010, 2013; Poate et al., 2014hletcal., 2017).

Research on surf zone currents at Perranporth ées well established through a number of
field deployments (Austin et al., 2009, 2010, 2(A@1 3; Scott et al., 2014; Pitman et al., 2016).
The beach system is dominated by cross-shore eud driven sediment transport and shore-
normal waves (Scott et al., 2016). The flow ofaiprents is stronger at low waters and appears
to cease until a threshold depth of ~3 m underdoergy waves conditions. At depths where
rip circulation are not active, longshore curregtssern (Austin et al., 2010). Under shore-
normal storm conditions, bed return flow currerdgjed by (mega-) rip currents are the
dominant mechanism driving offshore sediment trartspy advection of sediment from the
intertidal mid-upper beach and depositing it integss of single and sometimes double subtidal
sand bars located around the seaward limit of tinkzene (Scott et al., 2016). Perranporth is
occasionally affected by extreme wave storms perigden significant amount of sediment is
eroded from the emerged and intertidal beach, aamidlyndeposited in large subtidal bar and
even sometimes reaching offshore deeper water slépthd m) (Masselink et al., 2016; Scott et
al., 2016). Under low energy conditions, wave rggplheights ~2 cm and lengths ~20 cm) were
observed to develop on the nearshore (between 1dépth) and superimposed to megaripples
(heights ~10-30 cm and lengths ~1-1.8 m) (Milealgt2014). In higher energy conditions the
wave ripples flattened and the megaripples domehtite seafloor morphologies displaying the
largest sizes when the orbital velocities rangad/é&en 0.5-0.8 m/s (Miles et al., 2014). Onward
migrations of the megaripples and wave ripples rdoumted to the onshore sediment transport
(Miles et al., 2014).
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Fig. 4. (a) Location of Perranporth study area and (b) stiadlief of Composite Digital Terrain Model
(DTM) at 1 m of resolution from LIDAR data avail&bhthttp://environment.data.gov.wdnd bathymetry
at 2m resolution from UKHO INSPIRE Portal & Bathytme DAC. The bathymetric contours are
displayed every 5 m. The Mini-STABLE rig locatios indicated with a white triangle and the offshore
Buoy of Perranporth location is indicated with aitettircle.
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Chapter Ill. Data acquisition,
methodology and materials

1. Seafloor characterisation and analysis

1.1. Bottom sediment samples

Sediment samples were collected using a HAPS battoer on the sand ridge field at the same
location than the benthic tripod before the deplegtrat the shoreface of the Ebro Delta (see

location in Fig. 3 b). The corer was 13 cm longj @&was sampled every centimetre.

Two sediment samples were recovered at the saratdndhan the Mini-STABLE deployment
using a Van Veen Grab during the tripod recoventhmn 13" of March of 2017 at the inner
shelf of Perranporth (Fig. 4 b). The grabs weresanipled.

All samples were analysed at ICM-CSIC facilitiebey were first dried in an oven at 80°C for
24 hours. The sediment fraction finer than 2000 was examined using an LA-950V2 laser
scattering particle size distribution analyser (HBW), while the coarser fraction was sieved
using a column with three sieves (6000, 4000 araD atn). The grain size distribution and the

median gain size {g were estimated.

1.2. Topo-bathymetry data

1.2.1.Ebro Delta site

High-resolution multibeam bathymetric data werdested in three different surveys (Fig. 3 b).

The first survey (hereafter referred as B-2004) easied out in summer 2004 using a Simrad
300 kHz Kongsberg EM3002d multibeam echo-sounddrveas gridded at 4 m node-spacing
(Fig. 3 b). The area covered by this survey was ksd7(Urgeles et al., 2011). Two additional

cruises were carried out in the framework of theRMED project: The second (hereafter B-
2013) was carried out in October 2013 using an EMeDtikSeaBeam 1050D multibeam echo-
sounder system on board the R/V Garcia del Cid.sTwath-mapped area (40 Rmvas gridded

at 1 m resolution with a spatial arrangement thas womplementary to that of the previous
survey (Fig. 3 b). The third (hereafter B-2015) veasried out in November 2015 using an
R2SONIC 2024 broadband multibeam echo-sounder raysidis third bathymetric dataset,
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used in this study for the morphometric analysighefsand ridges, was gridded at 0.5 m node-
spacing; it overlaid the previous two surveys aadially extended them landward, covering a
total area of ~5.5 kA(Fig. 3 b).

The bathymetric data were processed by correctagling, heave, pitch and roll, and filtering
and manual cleaning of spurious depth records. iloeessed digital terrain models were
imported into a Geographic Information System (ABG desktop v. 10.3) for analysis. The
detailed geo-referenced shaded-relief images hawdlamination with an azimuth of 315° and
an elevation of 20° with two times vertical exagdem to highlight the morphological details
of the seabed. All images are displayed using avé¥sal Transverse Mercator (UTM 31 N

zone) projection in the World Geodetic System (W&I$-geographic coordinate system.

1.2.2.Topo-bathymetry of Perranporth site

The geomorphological setting of the study site leetwthe nearshore and the continental shelf
was put in context by a Digital Elevation Model (Econstructed by combining LIDAR data
at 1 m of resolution and multi-beam bathymetry data m resolution. LIDAR was provided by

the “Environmental open-data applications and @#$dsof the Department of Environment

Food & Rural Affairs of UK [ttp://environment.data.gov.yiland the multibeam was provided
by United Kingdom Hydrographic Office (UKHO) INSPERPortal & Bathymetry DAC. The
DEM was corrected and referenced to Ordnance Datiemlyn (ODN) using the Vertical
Offshore Reference Frame model (VORF) facilitatgdtire United Kingdom Hydrographic
Office, courtesy of Nieves Garcia Valiente from @entre for Coastal and Ocean Science and
Engineering (CCOSE), University of Plymouth. Acdagito the web site the bathymetric data
were collected during surveys between th® @0April of 2009 and the'3of March of 2011 by
Fugro aboard MV Meridian for UKHO using a Reson I&ta7125 MBES and Starfix HP/XP
(0.2 m 2 vertical) to IHO Order la. The DEM was importedoirGeographic Information
System (ESRI's ArcGIS© desktop v. 10.3) (Fig. 4e detailed geo-referenced shaded-relief
images had sun-illumination with an azimuth of 386Y an elevation of 20° and two times
vertical exaggeration of bathymetry dataset to liggh the morphological details of the seabed.
The bathymetry and the topography were displayeédgua Universal Transverse Mercator
(UTM 30N zone) projection in World Geodetic SystdiWGS-84) geographic coordinate

system and Datum.

1.3. Morphometric parameters

A morphological characterisation of the sand ridgésthe Ebro Delta was evolved. An
automated morphobathymetric analysis proceduredibi@cts the location of the crests and the
troughs of the sand ridges was developed to claraetthe ridge geometry in surveys B-2004

and B-2015. Based on the methodology of Knaapef5R®50 transects orthogonal to the
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crests and spaced 11 m apart were used for thehwimathymetric analysis of the swath-
mapped sand ridges (Fig. 5 a). Coordinates anditbes were sampled every 4 m along each
profile (the lowest resolution of the different bametric data sets). The crests and the troughs
were identified as local maxima or minima alonghepmfile when a new maximum/minimum
elevation was preceded by a maximum/minimum elewatigher/lower than 0.5 m in order to

avoid undesirable values (noise) (Fig. 5 b).

0°53'30"E 0°54'0"E 0°54'30"E 0°55'30"E

. 40°44'0'N

40°43'30"N

40°43'0"N

40°42'30"N

A Tripod/Corer
—  Profiles

' '
© o«
1

=
o

Depth (m)

_.
D=
1 1

-
w

Fig. 5. (a) Detail of the 250 profiles oriented perpendicuto the sand ridge crests used for the
morphobathymetric analysis. The triangle indicdlbeslocation of the tripod and the sediment saniple.
An example of a bathymetric profile showing the metry of the ridges and the location of the crasis
troughs extracted automatically. The location @&f pinofile is indicated with a black bold line in).(&lote
vertical exaggeration of 100.

The wavelengthgl] and the heightdd) were calculated as the horizontal distance batvee

consecutive troughs (Fig. 6), as follows:

L=x3—x (eq. 1)
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H = ’QZ_LZZ (eq. 2)

The asymmetry inde)4() and the steepnessp() were calculated as
Al = (Ly — Lp)/ (L1 + L2) (eq. 3)

Note thatAl positive values indicate that the lee side ofstied ridges faces to the SE whereas

negative values indicate that the lee side facésatdNW.
Sp=H/L (eq. 4)

Statistical parameters characterizing the bedformese determined using morphometric

histograms.

X, X, X,

Distance along profile (m)

Fig. 6. Sand ridge geometric parametdrswavelengthi, andL,, sequential distances from troughs to
crest;H, ridge heightz,, z,, depth of the relative maxima and minima detectgedyx,, x;, position of
the troughs and crests along the bathymetric jerofil

1.4.Sand ridge migration

Ebro Delta ridge migration was estimated as thtadi® between the crest point positions on
the bathymetries B-2004 and B-2015. This approaab used to estimate the mean migration,
the migration rate, the differential migration ajoeach crest and the variation of these values
with depth. The migration rate was calculated yding the mean migration by the time span
between the two cruises (11.33 years), considédritly the whole sand ridge field (mean value)

and each ridge separately.
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1.5. Delta plain evolution

We used a nautical chart from 1880 and aerial ghiafhs of 1947, 1957 and 2014 from the
Cartographic and Geologic Institute of Catalon@GLC) to study the morphological changes in
the Ebro River mouth during the last century. Afjep-referencing the old nautical chart using
ArcGIS software, by superimposing images and ba#tgies we identified changes in the river

mouth configuration and its morphological evolutiomm 1880 to the present.

1.6. Seismic dataset

Six high-resolution seismic profiles were acquioe@r the study area in the Ebro Delta on the
9" of November of 2015 with an INNOMAR SES-2000 Cowmtpaarametric sub-bottom
profiler (Fig. 3 b). This profiler uses the pararieprinciple that generates a secondary low
frequency of 4-12 KHz, capable of providing a layesolution of up to 5 cm, and emits at a
ping rate of up to 40 pings/s. The profiles werected along NW-SE—-oriented lines (Fig. 3
b). The dataset was analysed using the Kingdome Stoftware. The depth of the tracked
horizons was transformed from two-way travel timeseconds to metres, assuming a constant
sound travel velocity in sea-water of 1550 m/s. fhekness and volume of sediments involved
in the sand ridges were obtained from the horizoacked along the six profiles using ArcGIS

software.

2. Winds and waves

2.1.Ebro Delta site

Wind field measurements from tiBeida Island meteorological station (Latitude (Lat): AWz°
N, Longitude (Lon): 0.834° E) were supplied by @e&talan Meteorological Service (SMC) (see
location in Fig. 3 b). The time series data progidégnd speed intensities (gust velocity) and

directions every 30 minutes during the study period

Wave field measurements and statistics data weesenalal from the offshore buoy of Tarragona
available online and provided by the Spanish PAdtority with hourly sampling interval
(www.puertos.es The buoy of Tarragona is located at approxinya®€l km to the east of the
tripod location at 688 m of water depth, Lat: 4@%8Bl and Lon: 1.47° E.

For the large-scale analysis, the wave data wengagiated from the buoy location to the tripod
position considering only the shoaling effect. V@Hibr the more detailed smaller-scale analysis
the wave field was propagated using and integratedel considering the bathymetry, the

waves and the wind fields.
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2.2.Perranporth site

The wave field information was obtained from theddtional Waverider Buoy off Perranporth
(Datawell; Directional Waverider MKIIl) online avable via Channel Coastal Observatory
(www.channelcoast.orgl.he buoy was located at a water depth of ~20 mND& (WGS-84):
Lat: 50°21.18" N; Lon: 05° 10.48" W. Because of tbeation of the Perranporth buoy and the
location of the Mini-STABLE frame deployment thevas no need to propagation (see location
in Fig. 4 b).

3. Benthic tripod instrumentation

Instrumented bottom frames have been used sinc&d6@s to investigate bottom boundary
layer processes and sediment dynamics withoutfignt flow interference near the seafloor
(Sternberg, 2005). Instruments attached at thehbard tripod structures allow scientists to
obtain measurements and observations of seabed-bathymetry, seafloor images, sediment

characteristics, near-bottom hydrodynamics andeswdgd sediment concentrations.

Substantial part of this work is based on timeesedand datasets obtained by two benthonic
tripods deployments: (i) at 13 m depth in the sfame of the Ebro Delta shelf (NW
Mediterranean) from the 13f October of 2013 to the"8of April of 2014; and (ii) at 20 m
depth Ordnance Datum Newlyn (ODN) in the inner sbePerranporth (SW of England) from
the 18" of January to the I0f March of 2017.

3.1.Ebro Delta benthic tripod instrumentation

An instrumented benthic tripod was deployed off €drtosa at the Ebro Delta inner shelf
over a sand ridge field at approximately 13 m walepth from 13 October 2013 to 8 April
2014 in the framework of the FORMED project (Figh)3

The frame is a three-legged structure standingO~&h%high and the feet forming an equilateral
triangle of 3 m on each side, with weights at efadt to maintain structure stability (Fig. 7).
The frame was self-contained, fully submerged anhdwas attached various batteries,
instruments and dataloggers. The attached instrismesed in this Thesis were basically
measuring current intensities and directions (ecumeter), turbidity (tubidimeters), suspended
sediment concentration and grain size (Laser lo Sttattering Transmisometer), suspended
sediment concentration along the water column (AtowBackscatter System), direct seafloor
images (video camera), and topographic seabed biéyia(altimeter). Instrument basics
characteristics, location above the bottom (dedkefship) and sampling strategy are shown in
(Fig. 7 and Table IlI). The main instruments techhitharacteristics and set up are described

below.
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> Currentmeter
An Aanderaa currentmeter (RCM-9) recorded the ourirgensity and direction at 0.94 meters

above the bottom (mab) every 30 minutes using aodsiic Doppler sensor emitting at 2 MHz
and a magnetic compass (Table Il). The instrumitt was equipped with a turbidity sensor
that measure suspended sediment concentratior®52t @ab (Table 11).

Fig. 7. Image of the tripod structure during the deploymaanoeuvres on the deck of the ship on the
13" of October of 2013. Number indicate the positibthe instruments used here: (1) video camera; (2)
currentmeter; (3) LISST; (4) ABS; (5). Turbidimetpand (6) altimeter.

> AQUASCAT
An AQUASCAT system provided with down-looking Acdigs Backscatter Sensor (ABS)

measured the backscattered acoustic wave intenalbeg the water column from ~1.14 mab to
the seabed. The ABS recorded vertical profilesaakbcatter amplitude at 64 Hz, averaging the
64 profiles and storing 1 profile every second fifets). The resolution was 1 cm storing the
backscattered received signal for each centimetorgih the profile distributed along 110 cells
(high temporal and spatial resolution). The ABS twrsts of 9 minutes every hour (540
profiles per burst), and had three channels emitiinl, 2 and 4 MHz frequencies and powers of
30, 30 and 40 dB, respectively. Damping coeffigenft0.2, 0.2, and 0.25 dB/cm were used for
the corrections, respectively. Acoustic sensorssaresible to sediment grain size mostly as a
function of its own frequencies. The choice of #ppropriate frequency/channel is function of
the desired resolution and the in situ sedimenngize. In this work, channel 2 (2 MHz) was

used because of it provided the most suitable wésalto work with the sediment of the area.
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Four Seapoint turbidimeters connected to the AB&sue=d the turbidity at 0.29, 0.42, 0.56,
and 0.76 mab in Formazin Turbidity Units (FTU) wihsampling interval of 6 s every hour
(range of 0-500 FTU).

> Altimeter
An altimeter ALTUS measured the topography varigbdf the seabed as the distance from an

acoustic transducer located at a 0.2 mab to thbeseavery 15 minutes (Table Il). This
instrument was designed specifically to non-disinde of the field area, with millimetre
resolution of the elevation changes of the seabedn( resolution), autonomous operating to be
placed on isolated coastal areas and measuremezusding facilities (Jestin et al., 1998).
ALTUS operation is based on emitting 2 MHz acoustiave. The echo signal is filtered,
amplified, rectified, and then it is compared witle programmed threshold to give a detection
signal (Jestin et al., 1998). The travel time a #toustic wave corresponds to two times the
distance from the transducer to the target. Thinetér also had a pressure sensor which

provided information about the water level variato

The altimeter time series was post-processed iardalremove automatically the spikes that
appeared along the time series. The condition egpbnsisted in comparing point by point
with the standard deviation of a 5-points windowl anbstituting the point by its previous when

it was bigger than the deviation.

> Digital Image Sequences
A GOPRO Hero3-Black Edition version 1.1 recordegusmces of 10 seconds (s) every 4 hours

(h) at 1.6 mab. The digital video camera provideligoe images at 12-120 frames per second
(fps), video effective pixels (k) of 12 MP. Providi an oblique image, the camera has
1920x1080 resolution and micro HDMI with field ofew modes: narrow (90°), medium

(127°), and ultra-wide (170°). The seabed coveveagapproximately of 1.9m

> Laser In-Stu Scattering Transmissometry
A LISST-100X type B (Laser In-Situ Scattering Tremssometry) recorded turbidity and

sediment grain size distribution at 0.27 mab (TdBleThe grain size measurement, angular
scattering distribution, is obtained over 32 rirggegttors whose radii increase logarithmically
from 102 to 20000 pm (LISST-100X Particle Size Amsar User's Manual v5 available at

https://www.sequoiasci.com/product/lisst-100X/he rings cover an angular range from 0.0017

to 0.34 radians that correspond to grain size maffigem 1.25 to 250 um. The measurements
were recorded at 1 Hz during one minute every lobtaiining bursts of 60 measurements every
hour. Finally, particle concentration was measurgdptical transmission as the portion of light

transmitted through a turbid medium which can lteratated due to absorption in the medium
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or scattered out of the beam. The LISST also hagssure sensor which provides information

about the water level variations.

Table Il.  Technical characteristics and specifications ofitlseruments deployed at the Ebro Delta Tripod
Instruments Measurement used Sampling Location
interval
AANDERAA Horizontal Current Speed 30"
RCM-9 (cm/s) At a 94 cmab
Recording Current Meter Current Direction (Deg.M)
Depth (m) 15'

ALTUS 26001 Altitude (mm) At a 20 cmab
GO-PRO Video images 10" every 4h Ata 163 cmab

ABS (output) 60’ Ata 114 cmab

Seapoint 4: 76.5 cm

AQUASCAT - " Seapoint 3: 56 cm
Turbidity (FTU) 6 Seapoint 2: 42 cm
Seapoint 1: 29 cm

LISST

Turbidity, sediment

diameter (um) 1h 27 cmab

Laser In Situ Scattering
Transmissometry

3.2.Perranporth Mini-STABLE tripod instrumentation

The data used at Perranporth site was provided tl@mMarine Physics & Ocean Climate
Group at the National Oceanography Centre (NOQ, gfathe Natural Environment Research
Council) of Liverpool. The data are in the frameBifUEcoast project, a UK national project,
and specifically as part of the Work Package 1 tiicus on high-energetic open coast and the
measurement of the suspended and bedload sediaespdrt from beach to the inner shelf and

vice versalittp://projects.noc.ac.uk/bluecogst/

The data used were acquired during the Mini-STABldployment at approximately ~20 m
depth (ODN) from the 18of January to the 120f March of 2017 at Perranporth inner shelf
(Fig. 4 b). The Mini-STABLE is a compact version tdie Sediment Transport Layer
Experiment (STABLE) series of the seabed scientifinder systems produced by NOC
Liverpool to study the near-bed turbulent curreatsl the associated sediment dynamics
designed and built at the Proudman Oceanograptboratory (POL). The Mini-STABLE is
the small version of the benthic landers, thregéelgstructure rig which stands about 1.8 m and
2 m in diameter and has a triangular shape with sate about 1.5 m (Fig. 8 a) (Bolafios et al.,
2011). The rig was equipped with different instrumseto measure currents, waves, suspended
sediment concentration, sediment size, temperatnick seabed morphology (Fig. 8). This work
is based on the measurements of the three dimeh#opustic Ripple Profiler (3D-ARP) (Fig.

8 b, ¢) and the Acoustic Doppler Velocimetry (ADHig. 8 b, d), mounted on the Mini-
STABLE (Fig. 4 b).
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> 3D-Acoustic Ripple Profiler (3D-ARP)
The 3D Acoustic Ripple Profiler (3D-ARP) is an imshent used to obtain the seabed

morphology and its changes along time (3D bathyyrtatre series). By collecting regular time
series scans of the seabed, the evolution of tHarimphology can be related to the changing
hydrodynamic conditions (Thorne and Hanes, 20023)e BD-ARP was clamped to the
underside of the frame at a nominal height of 1.abmave the deck floor. The acoustic pulses
backscattered from the bed, the signal level isd use identify the bed location (x,y,z

coordinates) and thereby measure the local betldedemorphology (Table 111).

Fig. 8. (a) Recovery of the Mini-STABLE frame on the™af March of 2017 at Perranporth inner
shelf; (b) location of the 3D-ARP and the ADV clagdpat the underside of the Mini-STABLE rig; (c)
detail of the distance from the head of the 3D-ARRhe deck floor; (d) detail of the distance frtime
three acoustic receivers of the ADV to the deckiflo

The 3D-ARP is a dual axis pencil-beam sonar scgnwiith an internally rotated transducer
operating at 1.1 MHz which scans mechanically autér area of the seabed (Marine
Electronics Ltd., 2009). The sonar is mounted valty, looking down at the seabed (Fig. 8). In
a stepwise procedure, it scans a complete ciraraa underneath the sonar dome. A full
backscatter profile is stored over a pre-programiector and once swath is completed, the
head rotates about the vertical axis 0.9° reaghetéorm the next vertical swath. This process is
repeated until the complete area beneath the sysierheen scanned over 360°. For every scan,
there are 200 swaths (180° in 0.9° steps) and esaay takes about 12 minutes. Swath arc or
width was set at 120° and the range was set amn25 has an effective beam width of 1.8°.
Other integrated sensors on the 3D-ARP are preg¢dapth measurement); +20° pitch and roll;
conductivity; and temperature. The pitch and retisors provide attitude correction so that the
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3D surface data is orientated correctly. A fullHyaetry scan was recorded every 2 hours.

With the sensor at 1.2 mab, the circular area @ul/by the scans was ~4 m of diameter.

The average speed of sound in water considereal¢alate the 3D-ARP ranges was 1480 m/s.
The blank distance was set at 0.4 m, to excludéitiie echo level close the transducer due to
the ringing, and the stop range at 2.4 m resuttim@ total range of 2 m. The vertical resolution
was 2 mm directly below the transducer (or bendéathnadir or central vertical beam). The

scattered data points were gridded with a horizegatmlution ofAx = Ay = 5 mm resulting in a

digital elevation model (DEM) with consistent gddlls.

In general, the ARP images showed that the seabeghwlogy was altered by the frame at the
surroundings of the legs of the structure (see @nayl). The frame weight and the flow-
structure interaction formed relatively large scatwund the legs of the frame with 1-1.5 m of
diameter and ~0.1-0.15 m deep reaching maximumneganound 2.5 m and 0.30 m respectively
and in some occasion even merging the scour frendiffierent legs during the highest energy
hydrodynamic conditions (see Chapter VI). Despite scour formation, ripples continued
developing over the recorded area. Although ripfbemation were observed simultaneously
with the scour, the time series data were evaludtethg periods when the scour were not
present or small enough to consider that they ditl affect the hydrodynamics and the
processes related to the ripples formation and mijcg(from the 18 of January to the'3of
February of 2017).

> Acoustic Doppler Velocimeter (ADV)
The Nortek Vector is an Acoustic Doppler VelocinmetdDV), which is a single point, high-

resolution and high-accuracy 3D Doppler currentmed®V uses pulse-coherent process: the
instrument sends two pulses of sound separatedtioyealag, to measure the further phase of
the return signal from each pulse. The changedrptiase divided by the time between pulses is
directly proportional to the velocity of the paldis in the water and it provides the best possible
spatial and temporal resolution. The signal stiemgaches a maximum when the pulse crosses
the centre of the receive beam which belong tosmpling volume. The ADV uses one
transmitter and two or three acoustic receivers 23D, three in our case). Then, the ADV
combines velocity measurements from each recelwewing the relative orientation of the
three bi-static axes, to calculate the 3D wateoaig} at the sampling volume at 14 cm below
the transmitter (vertical centre of the samplintuate). For 3D probes, each receiver is slanted
at 30° off the transmitted and the receivers atated at 120° relative azimuth angles. ADV
measures bi-static velocities, each along axesoff5the vertical axis, and converts them to
Cartesian velocity using probe geometry. Then ADMpat provides the three velocity

components, three signal strength values (for eackiver) and three correlation values (for
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each receiver). The ADV is configured with XYZ cdorate system by default. A rotation of
the axis was applied considering the mean headigtp aecorded by the own instrument during
the first 400 bursts (period of the study) and thba velocity components were referenced with
respect to the ENU (East North Up) coordinate systeelative to the true North). The ADV
was configured with a sampling rate of 16 Hz andnimal velocity range of 1 m/s. The
sampling interval was set at 1 h recording duri@d Iminutes of burst of 12000 samples. The
ADV transducer was located at 119 cm above dedk {[dable IlI).

ADV pressure sensor measured the pressure of ttex a@umn in decibars (dbar) at the same
frequency sampling than the velocities. Howeverfaé in frequency recording at mid-
deployment (beginning of February) occurred. Thetlderariable could be used for the further
calculations and estimations during the specificgtperiod (from the 18of January to '8 of
February), although depth representation during wiele time series was not available.
Alternatively, a Signature 1000 Acoustic DoppledgeeCoherent (ADCP) was also deployed
and here used to performance the water depth tamessalong the whole period of the Mini-
STABLE frame deployment. The instrument was up-ingkattached to the upper side of the
frame at a nominal height of 1.82 m above the skébable III).

ADV quality measurements were verified, tested gnocessed by applying a quality data
control procedure and a despiking method baseti@exclusion of spikes from the ADV data

using a phase-space threshold method proposeddrinfGand Nikora, 2002).

Table lll.  Details of the setting of the instruments attachethe Mini-STABLE frame and the buoy of
Perranporth
Instrument Measurement used Sampling interval Locabn
o . N 1.19 mab (Mini-
ADV Velocity intensity and direction 1h STABLE)
3D-ARP Seabed micro-bathymetry scans 2h 1.2 mab (Mini-
STABLE)
. 1.82 mab (Mini-
ADCP Signature Water depth 0.25s STABLE)
Directional Waverider . 20 m of water
Buoy Ho oo Ty 30 min depth (ODN)

4. Time series data

Specific data quality controls were evaluated facteinstrument and sensor following their
own protocol and recommendations in order to ast#essvalidity of the measurements. In

addition, data were processed to obtain the desagddbles as follows:
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4.1.Seabed time series

4.1.1.Ebro seabed definition

At the Ebro Delta study area, the altimeter prowidirect information about the seabed

variability as the distance from the transducethtotarget or seafloor. However, the definition
of the seabed position from the ABS output dat@otsobvious. Different approaches have been
proposed for bed detection in echo data (Kramer \Atiater, 2016). In general, the water-
sediment interface is assumed to be characteriggddebmaximum of the backscattered signal,
followed by a more gentle decline towards a condtankground noise level (Bell and Thorne,
1997a). Therefore, we define the seabed positioime@snaximum acoustic backscatter signal

measured along each profile subtracting one cetriéme

4.1.2.Perranporth bed detection and mean bed level

The acoustic profiler can be used to record thgeaat which a threshold backscatter level is
encountered for each head position that under icmaditions, should be used to pick out the
position of the seabed as a simple set of coomnéBell and Thorne, 1997a, 1997b). The
simplest method to bed detection is then to piekniaximum value of echo intensity. However,

in practice the threshold sea bed level can bgdreg by suspended sediment, marine life or
other instrumentation that can contribute alsottong reflectors acting as a noise for the bed
detection and in other cases the required sigmal Ie not reached from the bed echo. In order
to solve these issues and because of the importancthe seabed location when micro-

bathymetry and ripples bedforms morphology aretdinget of this sensor in our study, the data
were processed using the bed recognition algorghiggested by (Bell and Thorne, 1997h)
which extracts the precise position of the bed et obtain the coordinates (x,y,z) of the sea
bed for each scan. The method compares the sigttabvdesirable pattern and select the best
match between both (Bell and Thorne, 1997a). Thkléeel in a single water column ping is

found along-beam. Furthermore, a routine is appiddch detects anomalous points and
replace them with the best guess based on valees fhe adjacent space and time bins
avoiding then the bed echoes that are completebkethby i.e. the reflection of the echoes with
suspended sediment along the water column (weakeals In addition, with increasing range

from the transducer, the backscattered echo leadinds due to signal losses to reverberation
and scattering in the water column. To reduce noeecho signals were smoothed by a five-

point window moving average at the bed profile stafier the bed detection.

The seabed topographic variation at the studyaite calculated by averaging the z-coordinate
of each scan from the 3D-ARP data during the whelgod studied (including the periods with
the scour formation around the frame legs). Thisalsde gives information about the distance

from the 3D-ARP transducer relative to the seabgdll
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4.2.Ripple observations

Ripple geometry and dimensions are here describadeaorientation of the crestlines, and the
cross-sectional ripple height and wavelengtlad), respectively). In general, to obtain ripple
height and wavelength the morphology is usuallypified and schematized as a regular train
of triangles or a sinusoidal wave train becausehefr rhythmic behaviour and appearance.
However, field works show that in general ripples far from these regular shapes and they can
be highly irregular in size, shape and spacing Kvard Blom, 2007). To determine the spatial
variability and the geometric properties of ripplasnethod that determines the locations of the
crests and troughs in a measured bed elevationlepisf needed and then, the geometric

properties of individual ripples can be determined.

4.2.1.Ripples at the Ebro Delta

The seabed morphology and evolution were analysedyumages from the video sequences

recorded with the digital video camera located.&tritab. The images provided a useful tool to
identify changes on seabed morphologies and patiguto identify periods of ripples
development. Seabed configurations were schematinedsummarized along time. Periods
with biological activity were also observed althbutpey were not included in the time series.
About the 18 % of the video sequences were qupbiyr or unclear (those classified as “no
data”) because of technical failures of the cam@gh turbidity levels or biological activity that

cover the visual field of the camera.

Ripple heights were estimated from the topograpisllations of the seabed level, recorded
with the altimeter. The seabed position during eaethod of ripple formation was detrended
using a polynomial fit to estimate ripple heigharfr fluctuations of the bed elevations around a
horizontal reference level removing bigger and $endded undulations or irregularities or other
morphologies not related with the ripples. Therplepheight was estimated statistically by
using the root mean square of the elevation migtiphy a factor equal tov2. This is based on
assuming a sinusoidal ripple cross section, siaca sine wave the height is equalt® times

the elevation of the standard deviation (Traykowtlal., 1999).

The instantaneous images were acquired from treogidnd were first geometrically corrected
using ground control points. Then, the ripples Viewgths were measured as the distance
between successive ripples crests, mostly measure central areas of the images where the

resolutions as well as deformations were the mpistnoim.

Migration rates were estimated as the time betwherpass of two crests recorded with the
altimeter. The ripple crests were first detectashéidering a vertical threshold of 0.3 cm) and

the distance between the two crests were assumied tioe time between the pass of a ripple
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crest. Then the wavelength divided by the time afrest pass resulted on ripple migration

estimation. However, robustness of the method d#gmbon where the measure was taken along
the ripple crest which was unknown. It is worthingtthat the altimeter data time series did not
allow identify the direction of the ripple crestgsa Therefore, guarantee that the migration
estimations is based on the orthogonal pass ofipipée crests cannot be tested leading to be

cautious with the interpretations of these results.

4.2.2.Ripples at Perranporth

The ripple dimensions are here estimated from mh@llsscale gridded bathymetry dataset from
the 3D-ARP by the following steps:

1. The central area of the scans was cropped arirgijdonly a square of 0.6 x 0.6 m in order to
consider only the points directly below the centbglam or nadir angle where each scan
provides the best resolution (Fig. 9 a and b) atogrto Bell and Thorne (1997b).

2. The global trend was subtracted from the bathgman order to focus only on the

fluctuations of the seabed elevations around azbotal reference level ignoring other
morphologies not related with ripples (Fig. 9 ¢ ahdA fifth order polynomial based on least
squares were computed and removed profile by prdévath by swath) for each scan. The

resulting residual bathymetry is a zero-mean ba#dtgm

3. A first approximation of ripple wavelengths westimated by using the transect method. This
method evaluates for the local extrema (crest emdjh) between zero up- and down- crossings
and measure the distance between. Therefore, éseanientation of the ripples was considered

by selecting the direction which ripples crestsemapbser (the smallest wavelength).

4. The scans were rotated perpendicular to théesppests-lines. Ripple crests were detected at

each profile or transect.

5. Ripple height was estimated statistically byngsihe standard deviation of the elevation
multiplied by a factor equal V2. This is based on assuming a sinusoidal ripplélersince

for a sine wave the height is equal 262 times the elevation of the standard deviation
(Traykovski et al., 1999).

6. Ripple wavelength was another time estimatedidigg the same transect method but now
considering transects perpendicular to the rippésts. Smooth window was applied at each
transect to remove small irregularities of the selahot related to ripples. The wavelengths
larger than 40 cm were also removed consideredebiggabed undulations or irregularities.
Finally, the mean wavelengths for each transectfandach scan, were calculated and defined

as the mean ripple wavelength.
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Fig. 9. Example of the pre-process automatically appliedeéewh scan before ripple dimensions
analysis: (a) complete scan measured with the 3IP-AR the 3% of January at 0 h, the black square at
the centre is the cropped area of 0.6 x 0.6 mih(®e-dimensional view of the cropped area; (cpzer
mean residual bathymetry after subtract the gldbehd where from the ripples dimensions and
dynamism analysis were evaluated; (d) three-dinoeasiview of c).

Ripple migration was evaluated by using 2D crossetation method, which accounts for tidal
rotation and wave forcing at different angles (ltichn, 2017). The migration distances were
calculated from spatial difference between suceesdi2-hourly) 3D-ARP bed scans,
determined by 2D cross-correlation. The distancgrawéd between two scans divided by the
120 minutes gave the migration rate. The area fmsatie 2D cross-correlation were the copped
square of 0.6 x 0.6 m in order to use the besiutgpn area and remove the potential influence
of the frame and the scour formed around the friage The subsampled areas were detrended
in order to remove large-scale bed topography @wviqusly explained in the dimension

estimations procedure (Fig. 9).

The 2D cross-correlation function gave small migratrates under the resolution of the scans
being these values uncertain. Furthermore, statiaardefacts in the scans, like the hemisphere
line, could also be affecting the 2D cross-corietatIn addition, no ripples migration was

visually observed from the scans. All these reasetido consider stationary ripples during the

studied period.
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4.3.Wave field time series

4.3.1.Ebro wave field

The wave field variables here used from the budg daurce were the significant wave height

(Hy), the wave peak periodf) and the wave directiorD{r) and the wind variables used here

were the maximum half-hourly gust-velocity and tbgpective direction.

The Tarragona buoy location is at 688 m of watg@tliat approximately 50 km to the east from
the tripod location while wind data meteorologistdtion (llla de Buda Meteorological station)
is located inland at ~5 km to the west from thead location. From October to December
2013, when the strong Mistral winds (NW winds) fldmtensively, the Tarragona buoy
measured high significant wave heights mostly beeanf the long fetch. However, at the tripod
location, the NW wind had not enough fetch to depeklatively big waves because it is very
close to the coast. Actually, the former Cape Tsatbuoy had been recorded during years wave
filed data and showed a blank region or a lack aveg in a window between 220°-310° with
respect to N (the former Cape Tortosa buoy wasitgthat 25 m of water depth relatively close
to the tripod location). Therefore, wave field séormation and wind conditions were highly
recommended to be integrated in a model able tsfivam waves, propagating them from the
Tarragona buoy to the tripod location but also gatieg and accounting wind-induced waves
from inland winds. To overcome the problem, the evdield data time series at the tripod
location was obtained using SWAN model by simuladiof wave generation and propagation
along the Ebro Delta shelf from th& af October to the 31of December of 2013, courtesy of

Angels Fernandez-Mora.

The simulations were carried out with the SWAN @yitl v. 41.20 model. The SWAN model
(Simulating WAves Nearshore) is a third-generatimave model for simulating wave
generation and propagation (shoaling, refractioth @diffraction) in coastal and estuarine areas
from given wind, wave and current conditions anthymetric geometry (Booij et al., 1999).
The model is based on the wave action balance iequégnergy balance in the absence of
currents) with sources and sinks. The simulatioesewun using the standard values of all
parameters recommended in the SWAN user manualfuftbrer information of the physical
processes, the numerical schemes and model sdétupgaehe SWAN Scientific and Technical
Documentation and SWAN User Manual. The wind fagcimas considered throughout the
entire domain to account for wave generation. Thegeaforcing was defined by the parametric
wave spectra: the significant wave heigtf)( the peak periodr}), the wave direction and the
coefficient of directional spreading, interpretedthe directional standard deviation in degrees.

The wave spectrum employed in the simulations cemsd 20 frequencies that were
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logarithmically distributed over the frequency raraf 0.05-1 Hz and 36 directional bins of 10°
each bin.

The analysis area comprised the continental shalf shoreface of the Ebro Delta. The
computational domain in UTM coordinates ranges frdti778 to 340000 m E and from

4494043 to 4521327 m N (Fig. 10 a). The bathymle&y 90 m of grid resolution and it ranges
from -100 m at the deepest outer region (E) to -&ttlhe Ebro Delta (W). The bathymetry data
were extracted from the Catalano-Balearic Sea batlhyc chart (Farran, 2018). A uniform

regular grid was used (cell size: 140 x 140 m)t tdomformed more than 43000 computational
cells (Fig. 10 b).

SWAN was run in stationary modéN/ct = 0), for each hourly wind and wave conditions
during the study period (October-December 2013)suméng that waves propagate
instantaneously throughout the model domain withiramediate response to wind field

changes.
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Fig. 10. Computational domain and bottom elevation showhegused regular computational grid (one
of each five grid lines in both directions are shpw

4.3.2.Perranporth wave field

The data used from the directional buoy off Peroatipwere: the significant wave heigl,{]
(which later was transformed to the root mean sjweave height H,.,,;) by the equation
H,..s = Hs/\2); the zero up-crossing wave peridy)(defined spectrally and often referred as

the mean wave period;f); the peak periodl},); and the peak wave direction (direction of the
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waves with the highest energy) all of them provideda every 30 minutes sampling interval
(Table III).

4.4.\Wave orbital velocity

The wave orbital velocity was calculated followirggmall-amplitude linear wave theory
considering regular waves. The orbital velocityt jisove the wave boundary layer over the bed

due to monochromatic (single frequency) wave hdifhtand periodT) in water depthkK) is:

U, = #H(kh) (eq. 5)
where sinh is the hyperbolic sinek = 2r/L is the wave numbel, is the wavelength and
H=H,,, and T =T, from the wave buoy (Soulsby, 2006). The wave numbewas
determined by applying the Newton-Rapshon iteratinethod to the dispersion equation
following (Fenton and McKee, 1990) algorithm, whiabcounts for the effect of the currents
and includes the wave-current angle correction. Wiaee-current angle is 0° when waves and
currents are travelling in the same direction aB88°1lwhen they are travelling in opposite

directions.

For most practical applications, waves are genesglécified by spectral parameters suciHas
and one (or more) of zero-crossing period or speatiean periodT},), or peak perioc(Tp).
However, values of wave period often yield mucls Ististically robust values &, thanT,
because the first is picked as the single highgsttsal (Tp) whereasT,, is derived from the
whole spectrum. It is therefore preferable to Tisevhen calculating the wave orbital velocity
(Soulsby, 2006). However, the most relevant pefayduse in force, shear-stress or sediment
transport calculations %&,, because this is the period at which the energeigred (Soulsby,
2006).

4.5.Velocity Skewness

When waves travel and propagate across the inmdf fsbm deep water towards the shore,
waves transform from sinusoidal to skewed in theaghg zone, to highly asymmetric shape in
the inner surf and swath zone to finally run-uptbe beach (Ruessink et al., 2011). Skewed
waves are characterized by a high narrow crestaalnbad shallow trough. The skewness (as
well as the asymmetry) is reflected in the locahrAged orbital velocity beneath the waves,
resulting in onshore sediment transport becauséigtier flow velocities in the onshore

direction under the crest of waves (Ruessink e2all1).
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The velocity skewness is defined as (Elgar, 1987):

_ (uEzon-w3

USk N Urms(2)? (eq 6)

Whereu(z,t) is the cross-shore horizontal velocity (instantargseor intraburst); the overbar

denotes the time-averaged (over a burst) andtzliealepth of measurements.

U (2) = Wz, O — )2 (eq. 7)

4.6.Bed roughness

When small bedforms are present in the seabed @enérm-drag due to the pattern of

dynamic pressure distribution over their surfadee Torm-drag may be many times larger than
the skin friction acting on the sand grains andfien the dominant cause of resistance felt by
sea flow (Soulsby 1997). For sediment transporp@sgs, the skin friction is responsible for

bedload transport and entrainment of sand frombde while the form-drag is associated to
turbulence which diffuses the suspended sedimenntopthe flow (Soulsby 1997). Sediment

transport roughness component should be also m@eaccount, as it is related to the intensity
of transport, at very high flow speeds, the momenéxtracted by the flow to move the sand

grains arises in this third roughness componergréfbre, the total roughness lengty) is the

sum of the grain-related or skin-frictiorg,(), form-drag £,r) and sediment transport

componentsZ;):

Zo = Zos + Zor + Zo¢ (eq. 8)

Where

ZOS = kS/30 = 25d50/30 = d50/12 (eq 9)
7]2

Zof = ar (eq. 10)
5Tps

20t = J0000sp) for currents (eq. 11)

Zo; = 0.00533 - U,,%%° for the waves (eq. 12)

Tos IS the skin-friction shear stress according tolSmu1997, and, is an empirical coefficient

a, =0.533 according to Raudkivi (1988)]s the ripple height andlis the ripple wavelength.

Note that in the Ebro there was not continue datgpple dimensions along the period studied
(see Chapter V) and the drag-form roughness conmparmaild not be considered (eq. 13 and

15). At Perranporth, form-drag was only considei@dwaves but not for currents, because of
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ripple arrangement and currents flow direction weaeallel and therefore ripple effects can be
negligible (see Chapter VI) (eq. 13 and 14).

Zoc = Zos T Zot (eq. 13)
Zow = Zo = Zos T Zog t+ Zot (eq. 14)
Zow = Zo = Zos t Zot (eq. 15)

Wherez,. is the total roughness length accounting for currentdribution andz,, is the total

roughness length accounting for waves contribution

4.7.Bed shear stress

The bed shear stress is defined as the frictimraéfexerted by the flow per unit area of the bed
because of the fluid-sediment interaction (Soulstmd Clarke, 2005). The forcing flow
conditions are generally induced by waves and/oeots. The wave-current interaction is non-
linear causing bed shear stress greater than theokthe individual components (Soulsby and
Clarke, 2005). When waves flow in opposite diractithan currents, wavelength becomes
shorter (decreases) and wave height becomes kangezases) than the no-current case and the
reverse happen when waves and currents travel deviae same direction. On the other hand,
when currents and waves travel perpendicularly dimection has no effect on the waves
(Soulsby et al., 1993).

The bed shear stress was calculated following tthodology proposed by Soulsby and Clarke
(2005) and modified by Malarkey and Davies (2012)ler combined waves and currents for
hydrodynamic rough bed conditions and under theceqmation of << BL << h wherez, is

the bed roughness length; BL is the wave boundamrithicknessh is the depth. The method

is based on laboratory and field measurementseo€yle-mean bed shear-stress (Soulsby and
Clarke, 2005). The mean bed shear stress due tbigethflow ,,,) over hydrodynamic rough

beds (sand and gravel beds) is:

T, =1, [1 + 1.2( Tw )3'2] (eq. 16)

Tct+Tw

Wherert, is the bed shear stress considering currents alode,, is the bed shear stress due to

waves alone
1. = pCpU? (eq. 17)

Where U is the depth averaged current speed, in our dasectirrent measured at the

currentmeter or ADV deptlG, is the drag coefficient defined as:
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CD=[ 0.40 ]2

In(h/zo0)—1 (eq. 18)

For a sinusoidal wave of peri@d and orbital velocity/,,, the amplitude of the bed shear stress

is given by
1 2
Twr = Epferw (eq. 19)

Wherer denotes rough bed,,. = 1.39(4/z,,,) %> is the rough-bed wave friction factor and
A =U, T/2m is the orbital amplitude of wave motion at the b&adz,,, is the bed roughness

length of waves.

Finally, the maximum bed shear stress due to cozdbilow (Soulsby, 1997) is:

Tmax = [(Tm + Twlcosp)? + (zIsing)?]*/2 (eq. 20)

Whereg is the angle between the current and the waveltdirections.

4.8.Shields parameter and its thresholds

The Shields parametef), also called Shields criterion or number is a donensional variable
used to identify or determine when seabed statesgehtypically the initiation of motion of
sediment in a fluid flow (van Rijn, 2007a). The &ds evaluation gives also an approximation
of the boundaries or limits of seabed morpho-stateslation with the incident hydrodynamic
conditions (eq. 21) considering in our case a @nstediment size along the studied period and
evaluated during waves and currents separatelyigSpat al., 2012).

T

= .21
g(ps—p)dso (eq. 21)

Particle movement occurs when the instantaneoigsffiuce on a particle is just larger than the
instantaneous resisting force related to the sufpaaigparticle weight and the friction coefficient
(van Rijn, 2007a). The initiation of motion alsodwn as the threshold of motion or critical
Shields parameter is defined when the dimensioridessshear stress (Shields parameter) is
larger than the threshold value or critical Shigfdgsameter { = 6.,.). The critical Shields
parametefd,.,) using the formula of Soulsby and Whitehouse (199¢)ven as:

9. = Ter 03
™ g(ps—p)dse  (1+1.2D%)

+ 0.055[1 — exp(—0.02D")] (eq. 22)

wheret,, is the critical threshold for the bed shear stréss= ds,[(s — 1)g/v%]Y/? is the
dimensionless sediment size beibf = 5.24 at the Ebro site anf* = 6.64 at Perranporth
site; v = 107° (m%s) is the kinematic viscosity coefficient = 9.81 (m/s) the gravity

acceleration; ands, the median grain size.
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The Shields parameter due to waves is defined as:

S U
W = gD (ea. 23)
The Shields parameter due to currents is defined as
T2
o0 (eq. 24)

€7 g(s—1dso

During strong energetic hydrodynamic conditionsgples can be washed-out. According to
(Soulsby et al., 2012), the effect of wash-outaagé current speeds can be included using a
criteria given in terms of skin-friction Shieldsrpaneters as function of D*. Then, the limit of

wash-out is:

6,,, = 1.66D,” 13 whenD* > 1.58 (eq. 25)

It corresponds to the inception of the sheet flegime where most of the sediment transport
occurs in a thin layer close to the bed (CamenehLanson, 2006). Sheet flow regime occurs
when the Shields parameter reach some threshole whkt may vary between 0.2 and 2
(Camenen and Larson, 2006; Camenen, 2009). Thefradtion sheet flow threshold as
function of D* proposed by (Soulsby et al., 201) i

0ss = 2.26D,”"* whenD* > 1.58 (eq. 26)

The transition to sheet flow state is usually déscr in empirical predictors. Camenen (2009)
reviewed some of the expressions purposed since a9 developed an evaluation about sheet
flow estimations. Because of the expressions asedan empirical equations it resulted on
large variability in this value depending on thenfiala used (0.2-2). Camenen (2009) purposed

an expression for the inception of sheet flow Sisiglarameter as:

— d
05 = 10D* 7%/ /5iw°(1 +7,)2 (eq. 27)

Wheres,, = \/% is the thickness of Stokes boundary layer gpe: —wmex_twmin tha \yaye

Uw,maxtUw,min
asymmetry withu,, 4, the maximum velocity onshore ang,,;, the minimum velocity

offshore.

Other sheet flow criteria are:

60 < (:—W) < 6000 (Soulsby and Whitehouse, 2005) (eq. 28)

50 Sf
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Osr =0y + 0., =1 (Kleinhans, 2005) (eqg. 29)
05 = 0.413D*7%3% (Li and Amos, 19909) (eq. 30)
Osr =1 (Nielsen, 1981) (eqg. 31)

4.9.Ripple prediction

Ripple predictors to estimate the bedforms charatites are mostly exclusively focussed on
ripple geometry parameters: height and wavelenftiese predictors usually are defined for
current-generated, wave-generated or combined flgwes while the orientation, shape and
slope of ripples are much more rarely consideredoévg and Harris, 1994; Soulsby and
Whitehouse, 2005; van Rijn, 2007b; Camenen, 2008ieMand Hay, 2009; Soulsby et al.,
2012; Nelson and Voulgaris, 2014). The capabibtydrecast the development and appearance
of ripples is of practical importance because eppseabed causes larger resistance to flow
(larger bed roughness) which modifies the flondjghe roughness can also influence the wave
dissipation, promote and increase sediment sugpemrsihancing the sediment transport; and

the acoustic signals are reflected and absorbéstelitly than plane beds (Soulsby et al., 2012).

Soulsby et al., (2012) methodology of the theorgadilibrium ripples dimensions is here used
because its simplicity and because it is basedhencomparison of the Shields parameter
thresholds obtained with the hydrodynamic measunésneFrom the methodology for
equilibrium ripple predictor, different morpho-statare expected to develop under different
hydro-states. The hydro-states are here differtextidy the thresholds proposed from the
Shields parameter: (i) the threshold of initiatishsediment motiond,), sediment starts to
move and therefore ripples can start to form. Tinidt is theoretically evaluated for a given
sediment size and then, ripples develop with a temmsheight and wavelength if the
hydrodynamic conditions are constant during enaige (Soulsby et al., 2012). (ii) wash-out
of ripples 6,,,) and (i) sheet flowds). The Shields thresholds are compared with Shiees

to waves §,,) driving to wave-generated ripples and with Stsedde to current®() leading to

current-generated ripples:

> Wave-generated ripples
When waves dominated, the estimated ripple dimessahanged, growing when the energy

increased and decaying when the energy decreasaddeeof they are directly function on the
wave orbital velocity. 1f6,, > 6., ripples height and wavelengthg @nd A, respectively) are

defined as:

% = [1 4 1.87 x 1073A(1 — exp{—(2 x 10~*A)15})]~1 (eq. 32)
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% = 0.15[1 — exp{—(5000/A)35}] (eq. 33)
WhereA = A/ds,
Otherwise A andn are taken as the pre-existing values (relict @ppl

> Current-generated ripples
If 8. > 6., current-generated ripple develop. The method siggeonstant and maximum

bedform dimensions under current dominion. For\eemjigrain-size that developed ripples of

constant height and wavelength if the current sieeathintained during sufficiently time then:
Nmax = d50202D, 70554 for1.2 < D* < 16 (eq. 34)
Amax = ds0(500 + 1881D,71%) for1.2 <D*< 16 (eq. 35)

Soulshy et al., (2012) defined a linear reductiomnipple height betwee#,,, and6.s assuming
that the wavelength is unaffected by wash-out arefjuivalent to the maximum value indicated

above. Then, the equilibrium ripple height incluglimash-out is:

Neq = Pre-existing value (relict or frozen ripples) 0<8, <86, (eq. 36)

Neq = Mmax Ocr < 0 <Oy (eq. 37)
95 _BC

Neq = Nmax (95;——9\”0) Owo < O, < 95f (eq. 38)

Neg =0 6. > Bsf (eq. 39)

One important point to be considered in predictanripple characteristics is the Shields
parameter for the inception of sediment movensgptand for the inception of sheet flafiy,,
which should border the limit for the ripple existe (Camenen, 2009). When currents
governed over waves, these boundaries of rippleswall-stablished by imposing ripple
dimensions decreased,(, < 6. < 6s¢) until they completely wash-out imposing flatbed
(6: > 0555 n, A =0) (Soulsby et al., 2012). However, if waves domedabver currents the

method did not attempt for wash-out of ripples sioeet flow.

> Wave-current dominance criterion
When crossing wave trains, large and abrupt chainggave direction or the presence of waves

and currents at the same time can lead to cometicéiiree-dimensional ripple patters.

However, for simplicity, Soulsby et al. (2012) ripgprediction model for waves and currents
acting together assumes that only one ripple teammesent at any time, and this is the dominant
between both (Li and Amos, 1998).
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If 6,, =6, the wave-generated ripple expressions are used

If 6,, <6, the current-generated ripple expressions are used

4.10.Sediment transport rate

The sediment transport rate was estimated followhegvan Rijn (2007a, 2007b) methodology
because of its simplicity to obtain estimationstioé bedload and suspended load sediment
transport in coastal flows. The method only recquibe basic hydrodynamic parameters (depth,
current velocity, wave height, wave period, eteill dhe basic sediment characteristicg)(d
(van Rijn, 2007a). In addition, the (van Rijn, 2@DPfransport formula is universal in the sense
that it can be applied to the full range of seditgres (8-200(um) and the full hydrodynamic

regimes (included coastal flows).

In theory, when flow and sediment characteristiosnloine to produce Shields parameters
greater than the critical value, sediment is sentgion resulting the initiation of a non-zero
transport of sediment (van Rijn, 2007a). It is knothat the transport of the near-bed material
particles may be in the form of bed load or suspdndad (van Rijn, 2007a). Basically, the
depth-integrated sediment transport is in the fafmeither bedload and/or suspended load,
depending on the sediment size and the flow canditi(van Rijn, 2007a). The bedload
transport is the transport of sediment particlesa iin layer close to the bed (of the order of
0.01 m) dominated by flow-induced drag forces apdjtavity forces acting on the particles.
The suspended load transport of sediment partiglabove the bedload layer considered as the
irregular motion of the particles through the watelumn derived by turbulence-induced drag
forces on the particles. The net (averaged ovewthes period) total sediment transport rate in
coastal waters is defined as the vector sum ofordtoad §;,) and net suspended loaglX

transport rates:

Qtotar = 9p + qs (eq. 40)

For coastal flow (steady flow with or without waydke bedload transport according to (van
Rijn, 2007a) is defined as:

qp = Ofb,f)sUh(dso/h)l'zl‘/fel'5 (eq. 41)

Where q;, is the bedload transport rate (in kg/s/my; =0.015; M, = (U, — U..)/
[(s — 1)gds0]%® is the adimensional mobility parametd;, = U + yU,, the effective velocity
(m/s) withy =0.4 for irregular wavedl/ is the depth averaged flow velocity (m/8), is the

orbital velocity (m/s) (eq. S)Uc = Bucy + (1 — fugy the critical velocity (m/s) with
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p=U/U + Uy); us is the critical velocity (m/s) for currents basau Shieldsyu,,.,, is the

critical velocity (m/s) for waves, which when 0.3 ds, <0.0005 m, are:

Uere = 0.19(d50) % log(12h/3dgg) (eq. 42)
Ueryw = 0.24[(s — 1)g]0'66d500'33Tp0'33 (eq. 43)
h is the water depth (mjsothe mean particle size (m); and= ps/p,, is the relative density.

The simplified suspended load transport rate foanpubposed by (van Rijn, 2007c¢) for coastal
flows defined as the current-related suspendedpn which is the transport of sediment by

the mean current including the effect of wave istiyion the sediment load is:
gs = 0.012p,UdsoM,>*(D )0 (eq. 44)

For high current velocities (> 0.5 m/s) the forntigias tend to overestimate sediment transport

rate estimations (van Rijn, 2007c).

4.11.Suspended sediment concentration (Ebro Delta site)

4.11.1.At one point above the bottom

The turbidity data from the currentmeter time sen&s used to obtain the suspended sediment
concentration at ~1 mab. The data were processedrtect non-consistent values (peaks with
physical meaningless) by three steps: (i) checkiesllarger than the average of the two
preceded measurements plus 100; (ii) measuremargsr|than the previous and following
values plus 20; (iii) the values that accomplisk tiwo conditions were replaced by their

average.

4.11.2.Suspended sediment concentration profiles

Suspended sediment concentration time series wasred from the ABS and the 4
turbidimeters. Each instrument provided measuresngntdifferent output units and specific
calibration curves for each device were requirednaer to transform units from instrument

outputs to suspended sediment concentration (mg/l).

The four Seapoint turbidimeters measured in Formdzirbidity Units (FTU). They were
calibrated in the laboratory using mili-Q water datbwn concentrations from clean water (0
mg/l) to 5000 mg/l using in situ bottom sedimenmpées (Fig. 11). Transformations from
output signal into SSC units (mg/l) were estimatgdinear regression obtaining one equation

for each turbidimeter and=0.99:
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Yo0.29 map-18-922x-21.511 (eq. 45)
Yo.42 map-16-476x-18.382 (eq. 46)
Yo.56 map-16-881x-19.439 (eq. 47)
Yo.76 map-16-582x-20.188 (eq. 48)

Fig. 11. Laboratory calibration of the four turbidimetersngsin situ bottom sediment sample and known
concentration.

Suspended sediment and seabed detection is sensgitithe selected frequency of ABS
channels (Meral, 2008). The higher frequency (4 Mfdzours the detection of finer particles,
but offers less penetration capacity into the sgéabée lower frequency (1 MHz) provides
lower suspended sediment concentrations (detectficcparser sediment) and deeper seabed
position. The suitable frequency/channel is tharction of the in situ sediment grain size and
the resolution (Thorne and Hanes, 2002; ThorneHumther, 2014). In this study, after a first
general overview of the SSC time series, ABS chia@n§ MHz) gave reasonable results
compared with the other two frequencies detectlhtha SSC peaks at the desired resolution.
Therefore, hereafter we refer to channel 2 with Bz2Wf frequency emission as the ABS data
and for all the further analysis and results.

The ABS down-looking profiler recorded the backtratd signal from the transducer to the
seafloor every centimetre and every second duringirfutes every hour. The signal was
recorded as a voltage and automatically convertéd fABS output” units which are
proportional to the Suspended Sediment Concemtraff®SC) after range and damping
corrections. The ABS output signal was transforrimed mg/l by calibration using the four
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turbidimeters. The ABS cells corresponding to tdirbeters at 29, 42, 56 and 76 cmab, were
obtained at the beginning of the deployment and,tB&C measured with the turbidimeters in
mg/l and the “ABS output” signal was compared dmal best-fit equation by linear regression
during an specific period was calculated (Fig. L2lmorder to consider in the calibration the
sensor response during changing conditions it wist®d a period with an increase, a peak and
decrease of the turbidity. The coefficient of detieration obtained using the four turbidimeters
was low, because the closest and furthest turbigimmerom the seabed introduced outlier
points in the calibration (Fig. 12 a). When onl ttwo turbidimeters located in the middle of
the array were used, they improved the coefficiehtdetermination (Fig. 12 b). Because of the
turbidimeter located at 42 cmab showed some bimbeéalviour (Fig. 12 b), if only the
turbidimeter located at 56 cmab was used, the dddinear regression equation is similar and
the coefficient of determination slightly imprové&65) although scarce number of points are
used. Consequently, the calibration was finally elleped using the two intermediate

turbidimeters.

10% 10*
. (a) ABS channel 2 (2 MHz) - 29cmab . (b) ABS channel 2 (2 MHz) 42 cmab
o X 42 cmab — 56 cmab
3 10° y=1.77 x -1.42 Ly x w4 D108 y=1.47x-0.83 03°
E r?=0.46 £ =054 4
£ . £ i cdl’)
2 10 2 10 §
[=2] [=2]
o o
10" 10’
ot . J [ L - L - NSO PN
10 10’ 102 10° 10* 10 10" 10° 10° 10*
log[ ABS output ] log[ ABS output ]

Fig. 12. Linear regression to calibrate from ABS output aigof channel 2 of 2 MHz to mg/l using (a)
the four turbidimeters located at 29, 42, 56 anadm@b; and (b) only two turbidimeters located aaagd
56 cmab; considering only the period between tH2 d@fd the 19 of November 2013. The respective
equations and the Coefficient of determinatid 4re indicated.

The equation obtained and applied for the chann@ R®IHz) calibration to transform from

output backscatter data to mg/l was:
SSC(mg/l) = 10147 +xlog(ABSdata_chan2)—0.83 (eq_ 49)

The time series of SSC profiles in mg/l from thatsd to the cell 85 cm of the ABS were
obtained from October to December 2013. From therBXell to the ABS transducer location
the suspended sediment concentration profiles smmetshowed affections by other sensors
and/or punctual fouling. Therefore, to charactepmgperly the SSC time series and avoid noisy

data, cells from 85 cm to the ABS transducer wensaved.

It is worth noting that the calibration of the AB&th in situ sediment under controlled

laboratory conditions have to be taken with careabhee sediment grain size distribution in
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suspension can be significantly different from tbhthe seabed and the suspended sediment
grain size can change with time and under diffemm@rgetic conditions (Davies and Thorne,
2016). Moreover, SSC profiles exhibited minimum camtrations always higher than ~16 mg/I
at whatever the depth was measured, which was listie&ven in a deltaic area as the Ebro
Delta. These minimum concentrations were invariahlgng calm conditions suggesting that
overrated minimum concentrations could be consexp@f calibrations. While the absolute
value of SSC is affected by calibration errorssiteixpected that the relative variability of
measurements in space and time provides a goochagsin to the study of the suspended

sediment dynamics.

> Burst-averaged SSC-profiles
Nielsen (1992) proposed a convection-diffusion-tgmpproach for the time-averaged vertical

distribution of the sediment concentration profilesich deal with vortex trapping effects for
sediments in oscillatory flows. Accordingly, thertveal transport rate per unit area can be

approached as:

dc
4z = —& 4, (eq. 50)
And therefore, the time-averaged vertical distitnutof the sediment concentration profile is

described as:

wsC + 55% =0 (eq. 51)
Where w; is the settling velocity of the sediment graidsthe mean suspended sediment

concentration ang, the turbulent eddy diffusivity or sediment mixiogefficient.

This is the most common approach to model the sukguksediment transport and it is based on
the advection-diffusion theory. The first term b&tequation represents the downward transport
of sediment by gravity (settling) and the secondnteepresents the upward transport by
turbulent processes (mixing), which adopting tHéudion model is proportional to the vertical
concentration gradient. The solution of the equetiepends on the selected form of the vertical
distribution of the mixing coefficient, typicallyhé exponential and thepower-law profiles
(Davies and Thorne, 2016).

> Exponential profile
The exponential profile resulted from the assummptiof a constant-in-vertical mixing

coefficient. It implicitly means that the water goin is assumed to be well-mixed and given by:

Cz = Coexp(_zgs/ws) (eq. 52)
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Assuming that the dominant processes are conveostead of diffusive, coherent structures in
the fluid motion must exist to produce the upwaehsport of sediment particles. Under non-
breaking waves, Nielsen (1992) assumed that the#oement is mainly dominated by wave

action and therefore, equation can be rewrite as:
C, = Coexp(—z/Ly) (eq. 53)

WhereL; is the decay length scale, afig is the reference concentration at bottan=(0). In
this work, both variablesC and L;) were derived from the adjustment between known

concentrations measured with the ABS and the etohrexponential profile approach.

> Power profile
The power concentration profile assumes that thenent diffusivity varies linearly with

elevation above the bottom. This approximation ssially employed in environments with
combined waves and currents contributing both ® gthdiment mixing being the sediment
suspended within the wave boundary layer and diffuturther up into the flow by the
turbulence associated with the current (Glenn araht;1987; Soulsby, 1997). The sediment

diffusivity is defined as:
& = YKkUyyeZ for z/6, <1 (eq. 54)
& =vku, .z for z/8, >1 (eq. 55)

Wherey (here taken as 1) is a constant accounting fordifferences between turbulence

diffusion of water and sediment particles.

The mean suspended sediment concentréliat a height z above the bottom is given by:
C, = Ce,)(z/ 8,,) Y (ws/kitc) for z> 6, (eq. 56)
C, = C(ZO)(Z/ZO)_Y(wS/ku*wc) for z < 8, (eq. 57)

Beingz, the height of the bottom roughnessgs,, andC,, the reference concentrations at the

top of the wave boundary layer andzgtrespectively.
Accordingly, the power equation approach used twefie the concentration profiles was:
C, = Cp(z/2,) 7Y (@s/ku) (eq. 58)

WhereC(, is the concentration along the profile (z) giventlhe ABS measurements aédthe

concentration at the reference levgl)(
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The burst-averaged concentration profiles exhibibrng acoustic signals due to the ABS

response to the very strong sound reflection bdtmvreal surface of the seabed. Above the
strongest acoustic return exists a break-slopet piithe SSC-profiles which is considered as

the lowest echo uncontaminated by backscatter fhanseabed (Lee et al., 2004; Cacchione et
al., 2008). In this work the position of the brespe point along each profile is found when

the second discrete derivative converged to zere €entimetre above this point was here
defined asz,. and the reference concentratiaf). Y was the concentration estimated at this
reference level#. ). For practical reasons, the reference level ilneé here as the position (in

cm) relative to the ABS cell.

The SSC-profiles were analysed using the exporieatid the power approaches and also
separating two approaches from the seabed (SH)etadference levelz{) and above it as

suggested by some authors (Bolafios et al., 20e®and Thorne, 2016).

> Intra-burst or time-varying SSC analysis
The ABS recorded the backscattered signal duringjriutes at a sampling rate of 1 Hz every

hour (one burst), which results on 540 profiles parst. These 540 SSC profiles are here
mentioned as intra-bursts or time-varying SSC-fesfand provided key information about the
high-frequency SSC patterns and their evolutioma ishort temporal and spatial-scale and the
potential processes controlling sediment resuspensand transport. The SSC and
hydrodynamics relationship was not always directevident because of the lack of high-
resolution hydrodynamic measurements. In additienser internal factors and/or external
factors (related to the environment) could modifg tlirect interconnection or response of the
sediment movement induced by the hydrodynamics.eleeless, general trends could be

observed and inferred.

The spectral analysis is a useful tool to analpshé frequency domain the SSC rhythmicity at
a desired height above the bottom or through thasomed profiles. The analysis in frequency
domain allows elucidating if the suspended sedimbotvs rhythmic patterns as a consequence
of i.e. gravity waves. Frequency domain was sephrainalysed into 0.05-0.25 Hz frequencies
range potentially triggered by the sea-swell wawv#h peak periods of 5-20 s and into 0.005-
0.05 Hz frequencies range potentially related foagravity waves or wave groups with peak
periods between 20-200 s.

> Fast Fourier Transform
The SSC frequencies were evaluated with specti@lysis using the Fast Fourier Transform

(fft). Fft has been widely used in studies of segtimand bedform dynamics when high-
resolution data is available generally, at the faster from the seabed. Fft analysis provides

identification of the frequencies and domains of BSC events and potentially linked to
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sediment and hydrodynamic interrelations (Kularatnd Pattiaratchi, 2008; O’'Hara Murray et
al., 2012; Bakker et al., 2016; Bertin et al., 20The SSC time series was first detrended by
the subtraction of the mean value resulting onra-meean time-varying series of SSC at each
ABS cell. The zero-mean time series were filtenat infragravity (0.005-0.05 Hz) and sea-
swell (0.05-0.25 Hz) frequencies band using a bpess filter and the Discrete Fast Fourier
Transform was calculated at each frequency banderting the SSC time series from time

domain to frequency domain. Finally, a 5 pointsdew was applied to smooth the spectrum.

> Wavelet
Wavelet analysis is a common tool for analysinglized variations of power time series which

discomposing into time-frequency space allow tedeine the dominant modes of variability
and how those modes vary in time (Torrence and @orh@98). Wavelet analysis indicates the
SSC spectral density oscillations and the frequenlinked to these oscillations in hertz (Hz).
One of its distinguished features is the capabititgnalyse time varying signals with respect to
time and space, which let to capture rapid chaingeynamic properties of i.e. surface waves
(Liu and Babanin, 2004). This Fourier analysis Begten is particularly effective using

continuous wavelet transform with the complex vdlidorlet wavelet that provides a local

energy spectrum for every data point of the tineseg(Liu and Babanin, 2004). The wavelet
transform produces an “instantaneous” estimatecal lvalue for the amplitude and phase of
each harmonic and this allows detailed study ofstationary spatial or time-dependent signal

characteristics (Meyers et al., 1993).

The wavelet analysis requires that time series mmagé zero mean and be localized in time and
frequency space (Farge, 1992; Torrence and Con@8&)1Thereafter, Morlet wavelet function

was applied at each ABS cell.
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Chapter IV. Contemporary genesis of
sand ridges in a tideless erosional
shoreface

Part of the content of this Chapter is publishe&irerrero et al. (2018): Guerrero, Q., Guillén,
J., Duran, R., Urgeles, R., 2018. Contemporary gjsngf sand ridges in a tideless erosional
shoreface. Mar. Geol. 395, 219-233. doi:10.1016/jge0.2017.10.002

1. Introduction

Subagueous dunes are ubiquitous bedforms on catdinghelves with heights ranging from
centimetres to several metres and wavelengthsmgrfgpm a few metres to hundreds metres
(Ashley, 1990). In sandy environments, these bedfoare usually classified as subaqueous
sand dunes, sand waves or sand ridges in relatitheir genetic mechanism (see Simarro et al.,
2015 for a discussion of these terms). In gen#ralterms sand dunes and sand waves are used
to refer to transverse bedforms linked to unidicewl or bidirectional flows, respectively
(Allen, 1980; Ashley, 1990). They are usually aetim response to present-day hydrodynamics.
On the other hand, the term sand ridges is usecdefer to bedforms of slightly larger
dimensions that can be either active or relict (al989; McBride and Moslow, 1991; Dyer
and Huntley, 1999). They have a “geological histdrgm their generation in shallow waters,
as sand ridges connected to the shoreface, uayildlrown as a consequence of sea-level rise,
forming a field of isolated bedforms in deeper waitahl et al., 1974; Amos and King, 1984;
McBride and Moslow, 1991; Dyer and Huntley, 1998g8den and Dalrymple, 1999; Snedden
et al., 2011; Nnafie et al., 2014; Simarro et 2015; Durén et al., 2016, 2017). When sand
ridges are located from the foot of the shorefadieé inner part of continental shelves, they are
defined as shoreface-connected (or attached) s@gesr(SFCRS); otherwise they are defined as
shoreface-detached sand ridges (SFDRS).

Huthnance (1982) proposed a fluid-dynamic model limear sand banks in tide-dominated
settings which has later been accepted for the sgere# sand ridges on storm-dominated
shelves (Dalrymple and Hoogendoorn, 1997; SneddenCalrymple, 1999). Based on this

model, the requirements for sand ridge developraeat(i) availability of sufficient sand, (ii)
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presence of currents capable of transporting sadd(ia) an initial irregularity in the seabed
topography. The availability of sediment is typigassociated with ebb-tidal deltas or fluvial
deltas (McBride and Moslow, 1991; Dyer and Huntl#999; Snedden and Dalrymple, 1999),
while sand transport is mainly attributed to neattdim currents induced by wind storms, waves
and/or tide-induced flows at the foot of the shacef (Trowbridge, 1995; Goff et al., 1999;
Snedden and Dalrymple, 1999). Trowbridge (1995)lampd SFCR formation on storm-
dominated shelves as morphodynamic self-organizatiglated to recurrent storm-driven
currents. In this model, the physical mechanismtlier development of the sand ridges is the
offshore deflections of the storm-driven alongshficev at the ridge crests and sediment
convergence in the offshore direction due to tl@esl Successive improvements of the model
included bedload, suspended load sediment tranapdra depth-dependent stirring of sediment
by waves (Calvete et al., 2001; Nnafie et al., 230T4ough all these models assume constant
sea level, Nnafie et al (2014) tested the effettea-level rise on ridge dynamics. They showed
that under sea-level rise the height of the ridgeseases and their migration speed decreases
until they become inactive because they drown. fiine-scale involved in SFCRs has been
linked to changes in sea level and is thereforth@fsame order of magnitude as these eustatic
variations (Nnafie et al., 2014). However, the genmechanisms and timing required for the
development and evolution of SFCRs are currentlywell constrained because of the long

time-scales usually considered (hundreds/thousaingisars).

Sand ridges in the Mediterranean are mostly locditeth the middle to the outer shelf
(Correggiari et al., 1996; Bassetti et al., 200@paBro et al., 2015; Duran et al., 2015, 2016).
They are located at depths where the present-ddsotiynamics are insufficient to transport
enough sand to generate them, and they sometinmgairtdioclasts typical of coastal areas
(Bassetti et al., 2006). In general, it is accepteat sand ridges on the middle and outer
Mediterranean shelves developed as SFCRs in forooastal environments and in a
transgressive scenario. Particularly, their genésisset during periods of sea-level rise
deceleration such as the Younger Dryas (Bassedti,e2006; Duran et al., 2016). During these
periods, the combination of sediment availabilitgl dhe reduced rates of sea-level rise allowed
sand transport and/or reworking, leading to thesttgpment of sand ridges. Subsequently, when
sea-level rise accelerated, SFCRs were progregsivelvned and detached further from the
shoreface (Correggiari et al., 1996; Bassetti et2806; Simarro et al.,, 2015; Duran et al.,
2016).

The purpose of this chapter is to analyse the cgmbeary formation of a sand ridge field on the
shoreface of a tideless erosional deltaic systbm:Bbro Delta, in the western Mediterranean
Sea. We characterize the morphodynamics, geologatahg and timing of development of the

ridges, and the processes associated with the ohgkée field. Finally, we discuss potential
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analogies with SFCRs and SFDRs on storm-domindteldess. With this study we aim to better
characterize the initial stages of SFCR formatind enprove our understanding of the timing
and processes involved in SFDR development, péatigufor the middle and outer shelves of

the Mediterranean Sea.

2. Holocene Ebro Delta evolution

Direct sediment supply by the Ebro River during feocene has allowed the delta to prograde
seaward across the inner shelf and develop the fitodelta (Diaz et al., 1990; Somoza et al.,
1998). As in other large deltas of the world (¢hg Mississippi, the Nile, the Yangtze and the
Rhone), the base of the sedimentary progradatidegbsits is attributed to the sea-level
stabilization (coinciding with the present sea lpdering the last 5000-7000 years (Maldonado
and Riba, 1971). The thickness of the Holoceneadd#posits ranges from 18 m on the
landward side of the delta to 51 m at the deltatfi@@omoza et al., 1998). The Holocene
stratigraphy is formed by retrogradational and pmdgtional high-frequency sequences set
within the transgressive and highstand system t{&imoza et al., 1998). The upper
sedimentary sequence of the Ebro inner continesitalf is made of several superimposed
prograding delta lobes that developed due to ssseeshannel switches on the delta plain
during the last millennium (see Maldonado and R/ 1; Diaz et al., 1996; Somoza et al.,
1998; Somoza and Rodriguez-Santalla, 2014; forxéended description of the former delta
lobes and channels). Other than the present rieethmtraces of three ancient river mouths and
their respective lobes can be found on the delan {Maldonado and Riba, 1971; Somoza et
al., 1998; Somoza and Rodriguez-Santalla, 2014¢h E&f these former river lobes was
developed from its corresponding river channelg).(Bib): (i) theRiet-Vell Lobe is the most
southern lobeKiet river course) and was active between 1100 and 230@® Domini (AD);

(i) the Sol-de-Riu Lobe resulted from the progressive avulsion of therriveuth to the north
and was fed by th&iet Zaida, the river course that remained active between E%D1700
AD; and (iii) the central lobe (located between thve ancient lobes) consists of tMégjorn
Lobe developed in the period 1700-1800 AD and Bda Lobe, which developed to the north
from theMigjorn Lobe and had three river channels: taela del Nord River Channel, the East
River Channel and theSouth River Channel (< 1880-1937 AD) (Fig. 13). Th&uda Lobe
constitutes the Cape Tortosa river mouth. In th#0%9a new river mouth opened to the north of
Cape Tortosa, and has progressively become the riv&n mouth (Guillén and Palanques,
1997b; Somoza et al., 1998). This last changea@rritrer mouth position led to severe coastal
retreat (ca. 2500 m between 1947 and 2014, ~37 at/yhie abandoned river mouth (Cape
Tortosa). Here, the loss of delta plain surfacauoed at different rates, with the period from
1957 to 1973 the time-span with the largest co@stadion rates (Jiménez and Sanchez-Arcilla,
1993).
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Fig. 13. Ebro Delta aerial photograph of 2014 with the coirrever mouth course. The bathymetric
contours of 1880 are overlapped (dashed lines}tanébrmer Cape Tortosa river mouth is indicatethwi
grey shadow area. The blue lines correspond wéhatitient river courses of tiNerth East and South
River Channels (river channels active during this period).

3. Results

3.1. Sand ridge field characteristics

The grain size analyses of the surficial sediménbh® sand ridge field showed a poorly sorted
fine sand composition with agbf 210pum (91% sand and 9% mud) at the tripod location. (Fig

3 b). The mud content increased and the sedimeatie silty sand along the corer depth.

Detailed morphobathymetric analysis of the ridggdfion the shoreface of the Ebro Delta was
carried out for surveys B-2004 and B-2015 and mmicant morphometric changes were
observed over the study periods. The sand riddg diecupies an area of 6.5 kimetween the 5

and 15 m isobaths of the B-2015. However, the figlibably spreads out in shallower waters
beyond the mapped area (Fig. 14). The field is as®eg of seven major ridges lying over the
shoreface of the Ebro Delta. They display straightilinear crests arranged approximately 40°
from north that often display bifurcations (Fig.)1#he orientation of the crests with respect to
the shoreline varies from 18° to 50° because ofctrmular-shape of the shoreline. The ridges
are ~2000 m long over the mapped area, thoughdbielg be up to one km longer considering

that they probably extend into shallower, non-mapwaters (Fig. 14). Two areas where ridges

56



Chapter IV. Contemporary genesis of sand ridgeso(BElelta)

display a slightly different morphology are distiished: the deeper north-northeastern sector,
where the ridges are steeper and the crests ai@neay and the shallower south-southwestern
sector, where they are smoother and have widetscr@slarge amount of rounded hole-like
features are found along the troughs of the satges, mostly in the deeper north-northeastern
sector. Some of the hole-like features are arratigedrly in a NNW-SSE direction along the
troughs of the bedforms (Fig. 14).
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Fig. 14. Very high-resolution bathymetry (0.5 m grid-spagimgquired in 2015, showing the sand ridge
field. The triangle shows the location of the béntlipod and the sediment sample and the polygon
shows the extent of the 2015 survey.

The morphometric analysis using the highest-regpiutathymetry (B-2015) indicates that the
ridges are 0.5-2.5 m high with a mean height 06 Ir3(Fig. 15 a). The statistical distribution of
the heights shows a smooth gauss-shaped curvepadiks of frequency between 1 and 1.5 m.
The highest sand ridges are located in the ceatrdl SE sectors of the field and the height
decreases progressively towards deeper and shalbneas (Fig. 14). The wavelengths range
from 100 to almost 400 m (median 250 m) (Fig. 15 A3 observed in the heights, the
wavelength also displayed spatial differences, Mattger values in the S-SE sector and in
shallower areas, and smaller values in the N-NWoseand in deeper areas, where the crests
tend to be arranged progressively closer (Fig. Ydjues of the asymmetry index embraced the
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full range from -1 to 1. The gauss-shaped distidioutvith the peak around zero indicates that
the sand ridges are mostly symmetric, though peséind negative asymmetries (lee side facing
SE and NW, respectively) are also observed (Fig)1%he sand ridge steepness ranges from 0
to 0.01, with a mean value of 0.005, indicatindheatsmooth bedforms (Fig. 15 d). The clear

unimodal behaviour of the steepness histogram aelscno significant spatial variability in this

parameter.
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Fig. 15. Distribution of geometric parameters for the saife field obtained from the bathymetry
acquired in 2015. The histograms provide statisticghe analysed variables with the values inttpe
right corner in each histogram indicating the retipe median values of (a) sand ridge height; é)ds
ridge wavelength; (c) asymmetry index; and (d) mtess.

3.2.Sand ridge migration

Sand ridge migration rates were determined by coisga of the ridge crests in the region
where bathymetries B-2004 and B-2015 overlap. Eid (a) displays the estimated migration
from August 2004 to November 2015 superimposedhenntost recent bathymetry (B-2015),
where the arrows represent the migration magnialdeg the profiles (from the crest position
in B-2004 to the analogous crest point in B-201®Yerall, the migration seems consistently
towards the SE over the entire field (Fig. 16 d)isTmigration ranges from ~40 m to 180 m and
the migration values displayed a normal distributiovhile the mean migration is ~116 m,
which nearly coincides with half of the sand ridgavelength (Fig. 16 b). The migration rate is
therefore ~10 m/y (11.33 years between acquisitidribe two bathymetric data sets). Looking
at each crest separately, it can be seen thateae migration ranges from less than 85 m (crest
number 5) to more than 140 m (crest number 3) (Hécg, c). Ridges with longer crests (2, 4, 6,
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7 and 9) had similar mean migration values andreom@r range of variability (Fig. 16 c). This
lower variability probably results from the factathlonger ridges have more representative
statistical variables. Despite large scatter in sueaments, it can be observed that in general
migration rates decreased with depth (Fig. 16 dyrMion rates predominantly ranged between
60 and 120 m in water depths >10 m and betweem@&Qd40 m in water depths <10 m.
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Fig. 16. (a) Migration magnitude along profiles. Arrows d&p the magnitude and direction of the
migration from the initial point (the crest poimt ihe 2004 data set) to the final point (the cpasit in
the 2015 data set). The numbers refer to the Gdggts in Fig. 16c. (b) Histogram showing migratiate
distribution and mean migration rate (top-rightram) (c) Mean migration rates for each crest seplyra
(d) Migration values as a function of depth for 2845 data set.

Bathymetric differences between the 2015 and 200¢eys (Fig. 17) show a banded pattern of
alternating negative elevation differences (erosimnsediment loss) and positive elevation
differences (sedimentation or sediment gain) inddetral sector of the sand ridge field, while
erosion took place mostly in the surrounding arfgég. 17). Indeed, the ridge crests in 2004
were eroded ~2 m (maximum values of 3 m), whilettheghs in 2004 underwent deposition of
up to ~2 m of sediment (Fig. 17). This is in agreatrwith the magnitude of migration of the
sand ridges (approximately half the wavelength)which the trough locations in 2004 were
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replaced by the crests in 2015 and vice versa.eftwer, Fig. 17 actually displays the migration
of individual sand ridges. A differential thicknesdative to depth is also evident in Fig. 17,
with higher values in the central and shallowet@scof the survey and a progressive decrease
along the crests towards deeper waters. Overalls¢dimentary balance in the area where the
two surveys overlaps between August 2004 and Noeer@d15 (~2.6 km?) is 0.635-%.61° of

sediment loss.

40°4330'N

40“43’0"N

Fig. 17. Sediment erosion/accumulation map obtained frofeihtial bathymetry (2015 minus 2004).

Negative elevation differences correspond to er@dicareas and positive elevation differences to
depositional areas; non-differences are areasagisg only minor changes. The surface is overlaid o

the shaded-relief map of B-2015.

3.3.Wind, wave and current time series

Wind speed time series during the tripod deploynmartod display a cyclic daily behaviour
with higher values during days and lower valuesrgunights (Fig. 18 a). High-gust wind
speeds of up to 10 m/s were quite frequent, buewespecially persistent in November and
December and from mid-January to mid-February. Ftloenend of February, the cyclic daily
behaviour was accentuated, with diurnal-nocturifeérénces of up to 20 m/s. High wind speed
events were also frequent from the end of Marctinéoend of the time series data (mid-April).
When high wind speeds occurred, the wind directiearly funnelled towards the SE (Mistral
winds), which is the characteristic wind directiarthe area.

The wave time series show several periods of iseaignificant wave heightif), especially

in November and December, corresponding to theosa@asegime of the area. In general, the
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most severe wave-storm events came from the E-Biugh NW wave-storm events also
occurred (Fig. 18 b). During the recording peribd two largest storms came from the east and

had maximunt, values reaching almost 4 m in November and Dece(flg 18 b).

The near-bottom current intensity measurements stiosimilar behaviour to the wind and
wave data, with the most energetic events in Nowsnmand December (Fig. 18 c¢). From
January to the end of the recorded time seriesiljAgporadic high-intensity currents also
occurred (Fig. 18 c). The maximum near-bottom aigewvere between 0.4 and 0.6 m/s,
flowing towards the SSE (Fig. 18 c). In generag, thurrent direction funnelled towards the SE
when the velocity increased to 0.2 m/s. Wind anderu time series reveal that high-intensity
events of both variables were simultaneous. Iniqadar, current events flowed towards the SE
when wind events came from the NW, suggesting higt-speed near-bottom currents were
induced by the NW (Mistral) winds.

The progressive vector of the near-bottom curnetanisities resulted in virtual displacement of
up to 1100 km towards the south and almost 250 davatds the east during the recording
period (Fig. 18 d). Most of this virtual displacemeook place during the first period of the
whole time series, when the most severe wind angewstorm events occurred. Accordingly,
high-intensity near-bottom currents induced by ti&/ winds and eastern wave-storms

governed the hydrodynamics and consequently theeetidynamics in the area.
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Fig. 18. Time series dataset during the tripod deploymenf{apfwind maximum gust speed and the
respective maximum wind gust direction at the Budiand observatory (location in Fig.1). (b)
Significant wave height and wave direction propaddrom the location of the Tarragona buoy to the
tripod location. (c) Current velocity and currentedtion at the tripod location at ~1 mab. Blackek
correspond to the speed magnitudes and dots tditbetions for subplots a, b and c. (d) Progressive
vector of the current intensities where the y-ahéplays the N-S direction and the x-axis displingsW-

E direction of the near-bottom current intensities
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3.4.High-resolution sub-bottom profiles

High-resolution seismic profiles display a seaflegth a clear convex-shape typical of a delta
lobe with sand ridges lying mostly in the centnadaa(Fig. 19). Differences in the morphologies
of the ridges seem to be related to slight chahgése seafloor slope and depth because of the
lobe-convex form: the sand ridges are more symmatrd higher in the central area of the delta

lobe, becoming progressively smoother and flatieards deeper water.

On sub-bottom profiles, a major erosional surfaginihg two major sedimentary units can be
traced across most profiles. This surface corredpda a high-amplitude, fairly continuous

albeit irregular, semi-horizontal reflector that enges at the seabed in places (Fig. 19 a).
Though the erosional surface could not be traceadl &cations (e.g., beneath the largest sand
ridges), it clearly marks the base of the bedforfie sedimentary unit that corresponds to the
sand ridges, limited by this erosional surface #mel seafloor, displays very little internal

reflectivity (at some points there is even no pextiin), probably because of the relatively

homogeneous sandy composition of the sand ridggsi®).

The seismic unit below the erosional surface isadttarized by dipping reflections. At the NW

tip of the profiles, these reflectors seem to diphie NW, while in the central and SE sectors of
the sand ridges the apparent dip is to the SE (E9gb). These reflectors are sometimes
truncated at the seafloor at the location of tr@eughd in the deepest part of the ridges’ stoss
side (see zoom, red rectangle, in Fig. 19 b). &, fihis geometry suggests that the sand ridge
troughs have been progressively eroding the loblemsmts, presumably as a result of their

migration. Therefore, the occurrence of such assienal surface suggests an erosional period

before or concomitant with the sand ridge develagme

In the sand ridge field area there is considerafidence of fluid (likely gas) expulsion in the
form of gas flares (Fig. 19). These gas flaresagsociated with the hole-like features identified
in the swath bathymetry and display a V-shape ofiler view, suggesting that the hole-like
features are pockmarks linked to fluid migrationtire dipping strata below the erosional

surface.

The erosional surface tracked along the sub-botioofiles was interpolated to produce an
isobaths map over the sand ridge area (Fig. Z0h&) erosional surface extends from 7 to 19 m
below sea level, defining a lobe-like shape. Comspar of the erosional surface with the
nautical chart of 1880 suggests that the erosiendhce and the former Cape Tortosser
mouth are closely related (Fig. 20 a): the ancdmth, East and South River Channels can be
identified on the erosional surface, especiallyhia case of th&ast River Channel, the main

river channel at that time (white arrows in Fig.&)0
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The thickness of the sedimentary unit above thsi@nal surface in 2015 (considering only the
sector where both surfaces overlap) ranges from2.rh in most areas, although it may reach
more than 3 m at the bedforms crests (Fig. 20 bg fbtal sediment volume involved in the
sand ridge sedimentary unit (calculated only indhea where the three surfaces overlap, ~2.6
km?) was about 4.6- £0n® in 2004 and 3.9- fan® in 2015, suggesting that this area of the delta
lobe is currently eroding.
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Fig. 19. Detail of two high-resolution sub-bottom profiledation in top-right corner). The main
erosional surface and the NW and SE dipping reftscare indicated with upwards vertical arrows;
acoustic plumes interpreted as gas escape to dfle@eare shown with horizontal arrows. The zodm o
Fig.10b represents the dipping reflectors and #eetof the sand ridges that outcrops at the seafioo
the troughs and on the stoss side, indicating ttaigh migration has been eroding progressively
downward into the older sediments.

0°51E 0°52'E 0°53'E 0°54'E 0°55°E 0°54'0"E 0°54'30"E 0°55'0"E

40°44'0°N

3| 10

£
f=
@
©
<
o

e

40°420°N

J
a Tripod / Corer
10 Bathymetry 2015

Erosional surface
- AT
e )
e

Fig. 20. (a) Erosional surface beneath the sand ridge fibtdined from interpolation of tracked depth in
sub-bottom profiles. The surface is overlaid onnhetical chart of 1880. Black lines show bathymetr
contours from the 1880 nautical chart. Former Risleannels are also indicated with their names and
white arrows, as interpreted on the erosional serfgb) Sediment thickness of the sand ridge unit
calculated between the erosional surface and tA815- survey, with the bathymetry-derived hillshade
grey-scale.
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4. Discussion

4.1.Evolution of the Cape Tortosa and the onset of theand ridges

The last change in position and orientation of Eveo River mouth is chiefly responsible for
the morphological variations of the delta plain asdliment dynamics on the shoreface. The
contemporary evolution in the Cape Tortosa areabzadivided into a progradational period
from 1880 to about 1940 and an erosional perioah ft840 to the present (Fig. 21).

The circular-shaped configuration of the erosionatface obtained from high-resolution sub-
bottom profiles is compatible with the progradasibperiod of the Cape Tortosa river mouth.
Furthermore, the delta plain morphology and the0188r channels can be identified on this
erosional surface (Fig. 20 a). The NW and SE digppflectors below the erosional surface
identified on the sub-bottom profiles were alscaaged to the north and to the south of the
main channel in 1880 (tHeast River Channel). Therefore, these reflectors are probably related

to progradation of the delta relative to the acpeeiod of the Cape Tortosa River mouth.

In the 1940s, a new river mouth opened to the namth progressively became the main river
channel (Fig. 21 b, c and d). Thereafter, the for@epe Tortosa river mouth was progressively
abandoned and eroded, leading to severe shorelireatr of ca. 2500 m from 1947 to 2014 (~

37 mly) (Fig. 21 d). This shoreline retreat was -naiform being the highest rates between

1957 and 1973 with maximum values of ~ 70 m/y. Aftet period ~ 25 m/y was the average

rate of the coastal retreat at the Cape Tortosaeoriver mouth (Jiménez and Sanchez-Arcilla,

1993). Thus, the erosional surface can be intexgras a ravinement surface that developed
during the retreat of the Cape Tortosa river motitie sediment eroded from the river mouth

after the 40s was transported by waves and cureentgedistributed along the delta plain and

shoreface, forming the sand ridge field. In mostregles around the word sand ridges develop
above an equivalent erosional surface caused biynenttansgression (Snedden and Dalrymple,
1999; Goff, 2009).

The precise date of the initial development of saiddes is uncertain, although it can be

bounded between later forties and eighties. Trat fibservations of “sand bars” on the Cape
Tortosa shoreface were recorded in 1988 (Guill@éhRalanques, 1997a), but it is probably that
bedforms started to form earlier on, some yearsylealecades) after coastal retreat started

during the forties.
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Fig. 21. Ebro river mouth evolution from1880 to 2014. (a)ubMeal chart of 1880 with bathymetric
contours (dashed lines), which correspond with phegradational period of the Cape Tortosa river
mouth, and the corresponding active river chanoeirses (in blue). (b) 1947 aerial photograph and
multibeam bathymetric map of 2015, note that tkerrchannel switched to the north with respecht t
previous main river channel. (c) 1957 aerial phoap and multibeam bathymetry (B-2015) when the
retreat and erosion of the Cape Tortosa river metatted, note that then the northern river chanel
the main river channel. (d) 2014 aerial photograpid multibeam bathymetry (B-2015) where the
shoreline retreat and the erosion of the formegrrimouth can be observed since the forties. Thatitot

of the sand ridges with respect to the Cape Tormiwea mouth can also be appreciated.

4.2.Sand ridge genetic mechanism and dynamics

As previously stated, the requirements for sangeridevelopment are availability of sufficient
sand, the presence of currents capable of tramsgastind and an initial irregularity in the
seabed topography (Huthnance, 1982). These comgliioe fulfilled in the Ebro Delta sand
ridges field. First, the sand ridges were forme@urnerosive context after the abandonment of
the Cape Tortosa river mouth and the bedform dewedmt was favoured by the availability of
large amounts of unconsolidated (eroded) sand.r8ledbe presence of waves and currents

capable of mobilizing the sandy sediment favoureel $cenario for sand ridge formation.
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Finally, a ravinement surface full of irregulargisuch as incised channels could have provided
the necessary pre-existing roughness for flow-sgafteraction, and the river mouth sand bar
that was emerged in 1880 could even have beenital precursor and have evolved into sand

ridges.

The genesis of sand ridges is commonly linked tdlitectional or bidirectional near-bottom
currents induced by tides, wind storms and/or wsteems in the coastal zone ( McBride and
Moslow, 1991; Dyer and Huntley, 1999; Snedden aathinple, 1999; van de Meene and van
Rijn, 2000; Li and King, 2007; Snedden et al., 20Tieler et al., 2014; Simarro et al., 2015)
In agreement with these observations, the hydradimaneasurements acquired in this study,
together with the wind field data, show a diredatienship between the strong NW winds
(Mistral) and high-speed near-bottom current evéfitg. 18 a and c). A combination of high-
speed current and wave-storm events is capableobiliming sand (Jiménez et al., 1999;
Guillén et al., 2002; Palanques et al., 2002). Adiogly, considering the arrangement of the
sand ridges with respect to the present-day EbtaBaoreline (18-50°) and the direction of
high-speed currents with respect to the sand ridgests (~50°), the sand ridges were probably
generated and mainly maintained by the southeadtaarents induced by the Mistral winds,
as suggested by Urgeles et al. (2011). The objispfithe Ebro sand ridges with respect to the
shoreline is what leads to the convergence of guérmsent flux to the ridges crests and the

further offshore deflection, in agreement with Thrislge (1995).

The sand ridges in the Ebro shoreface migrated mfOtowards the SE between 2004 and
2015. Sand ridges migration displayed a decreagiadient from shallower to deeper parts of
the area. Actually, the sand ridges migration imtgsually related to depth (Nnafie et al., 2014)
and ridge height (Van de Meene and van Rijn , 200@akening of the flow-induced bedload
sediment transport with depth along the ridge caralpotential contribution to the oblique
crestline orientation. On the other hand, the dimecof sand ridges migration would therefore
imply asymmetries with the lee side of the sandegifacing to the SE. However, the ridges are
mainly symmetric and sometimes even show oppositmmetries with the lee side facing both
to the NW and the SE (Fig. 15 c). This ridge camfggion could result from competition
between the severe E-SE wave-storm events andrdmg urrents induced by the NW winds.
Both could reshape the sand ridges with the firstlipcing NW-facing lee sides and the second
SE-facing lee sides. The combination of the noréisterly directed wave-induced current and
the south-easterly directed current induced bysthengest local (Mistral) wind acting in an
opposite direction could reshape the ridges to mgnemetric geometries (as observed in other
areas e.g. Li and King, 2007), particularly in $hakr areas where the wave effects are more
intense on the seabed and sand ridges display syomenetric geometries. In fact, an active

sediment transport inferred from ripple formatiamdamorpho-dynamics caused for both SE
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currents and eastern storms has been describédsiarea (Guerrero et al., 2017). Therefore,
sand ridge migration might have taken place by gmlshen current events occurred and

thereafter been reshaped by the E-SE storms torfayre symmetric geometries.

4.3.The Ebro Delta sand ridge field: an analogue for th initial stages of sand
ridges

Sand ridges have been observed on many contingmeftes worldwide (Swift et al., 1978;
Figueiredo et al., 1982). Their abundance is aequsnce of the global sea-level rise during the
Holocene, which left continental shelves coveredshypdy sediments left behind by shore
retreatment, in addition to transgressive condgittrat favoured the formation and maintenance
of the ridges (Snedden et al., 2011). Table IV sanwes the main characteristics of some of
the sand ridges (connected and detached from thefalce) on storm-dominated continental
shelves, including the Ebro Delta ones. In genesahd ridges form elongated sand bodies
ranging from a few to tens of kilometres long, hiats$ of metres to a few kilometres apart, and
one to ten metres high. They are all arranged oéligto the shoreline or to the bathymetric
contours (Table IV). Storm-dominated sand ridgescamposed of fine to coarse sand and are

generally asymmetric.

Storm-dominated sand ridges are usually associaitd fluvial/ebb-tidal deltas and barrier

islands in a shoreline retreat setting that provide amount of sand needed for ridge
development (Swift et al., 1972; McBride and Mos|d®91; Snedden et al., 1994; Snedden
and Dalrymple, 1999). The erosion of the former €€djprtosa river mouth is the source of
sediment on the shoreface, and the river mouth bandhat was emerged in 1880 may have
acted as a nucleus for the shoreface sand ridgelapeaent. The offshore, down-current
direction migration rate (~10 m/y) of sand ridgestlie Ebro Delta during the study period
(2004-2015) lies in the range of storm-dominate@BHnigration, as on the US Atlantic coast
(1-7 mly; Swift et al., 1978; Swift and Field, 198Mhieler et al., 2014) and Sable Island (5 m/y;
Li and King, 2007). This migration rate is also s@tent with models using oceanographic
forcing conditions similar to those of our studgarwhere SFCR migration rates are from 1 to
10 m/y (Calvete et al., 2001). Furthermore, theratign of the sand ridges on the Ebro Delta is
currently contributing to the shoreface ravinenmuicess, mostly in the troughs (zoom Fig. 19
b). The erosional surface that represents the dlatee sand ridges commonly outcrops at the
seafloor in the troughs as well as on the stoss, sidlicating that trough migration has been
eroding progressively downward into the older sextfita (zoom of Fig. 19 b). A similar

configuration has been described in other stormidated SFCRs, where ridge migration

combines with wave erosion to foster shorefaceneaaent, by eroding the lower shoreface and
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transferring sand to the sand ridges (Dalrympleadgendoorn, 1997; Goff, 2014; Schwab et
al., 2014b).

Though SFCRs are widespread on continental sheliese are no present-day examples of
SFCR development on the Mediterranean shelves €TBHL The morphology, the oblique
arrangement with respect to the shoreline and #ia mind-induced current, the sediment grain
size, the down-current migration and the develofgrabove an erosional surface are common
characteristics of sand ridges located on stormhudated shelves (McBride and Moslow, 1991,
Snedden and Dalrymple, 1999; Calvete et al., 2@01]) of the Ebro Delta sand ridges. Hence,
taking into account the onset of the Ebro Deltads#@iges, they could be reasonably considered
as a modern example of the initial stages of sadderdevelopment on Mediterranean

continental shelves.

Looking further, time-scales involved in the geseasi transgressive sand ridges are thought to
be of the same order of magnitude as those ofeseh-changes: from hundreds to a few
thousand years (Snedden and Dalrymple, 1999; Nretfial., 2014). However, here it is
observed that sand ridges in a retreating shorebunéd develop very rapidly, in a time-scale of

the order of tens of years (Fig. 21).

The average estimated present-day Ebro Delta srxsedis 3 mm/y (Canvi Climatic, 2008;
Alvarado-Aguilar et al., 2012). Taking into accouht global sea-level rise of ~1.5 mmly
according to the Intergovernmental Panel on Climakange (IPCC, 2013), the estimated
relative sea-level rise (RSLR) in the Ebro Deltaswda5 mm/y during the period 1992-2007
(Canvi Climatic, 2008). This RSLR rate for the Elbelta is quite similar to that during
deceleration periods of the SLR in the Holocenehsas the Younger Dryas (e.g. 5.6 +0.4
mm/y, Bard et al., 2010), when most of the SFDR#hefMediterranean shelves are suggested
to have developed (Bassetti et al., 2006; Durél.e2015, 2016). Therefore, this RSLR seems
to favour the development of sand ridges. Howesand ridge preservation is unlikely in the
Ebro Delta under the present conditions. If theralivte position stabilizes, the sediment
availability will drastically decrease, exposing thand ridges to progressive degradation as a
consequence of reworking by waves and currentfadn the sediment volume comparison of
the surficial sedimentary layer suggests that tka & currently eroding. The loss of sediment
between 2004 and 2015 (about 0.7 &) results in ~24 mml/y of height loss, of which 4.5
mm/y can be attributed to RSLR and the remaindegrtsion of the sand ridge layer (19.5
mm/y). In this regard, it is worth noting that thes no evidence of sand ridge development on
the two ancient lobes of the Ebro Delta. Since dns of coastal retreat and large availability
of sand in the shoreface should be equivalent dutie former lobes abandonment, it implies

that sand ridges (if developed) were eroded. Ih ¢hae, it is inferred that the preservation of
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sand ridges should be associated to the sea lseehnd the consequent deepening of sand
ridge location. In absence of rapid sea level rike,shoreline tends to stabilize after several
decades retreating, the amount of sandy sedimailable decrease and the erosion dominates
the shoreface because the high sediment dynamichahow waters. Preservation is only
feasible when sea-level rise suddenly acceleradash(as during the Holocene after the
Younger Dryas). If the sea-level rise acceleratasd ridges will drown, relocating the SFCRs
to the middle/outer shelves as SFDRs in which #mr#bottom sediment dynamics is weaker
and intense wave effects cannot reach the sealwdtlgtGal., 1999; Nnafie et al., 2014). In fact,
drowning of sand ridges should occur in a relagivethort period just after or during their
development; otherwise they will vanish fast beeanfsreworking by waves and/or currents or
lack of sediment to maintain them. It is accepteat sand ridge morphologies (height, width
and length) do not change significantly beyond #2@epth (Goff et al., 1999; Nnafie et al.,
2014), so drowning beyond that depth would probablgble the ridges to be preserved.
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Table IV.  Morphologic characteristics of sand ridges on stdominated shelves
. Height Wavelength/width Length :
Location Angle to the shoreline Depth (m Type Author
(m) (km) (km) g pth(m)  Typ
Ebro Delta 051025  0.1t00.4 2 ~181050° (clockwisé) ~ 51015 SFCR
shoreface
Middle Atlantic Shelf 41010 2to8 220 (max.) ~35° (counter-clockwise) 8 to 24 SFCR (Swift et al., 1978; Figueiredo et H382)
of South America
(Swift et al., 1972, 1978; Swift and Field,
1981; Figueiredo et al., 1982; McBride and
US Atlantic Shelf 1to 10 1to5 6 to tens ~20°-B€lbckwise) 4t0 >20-35 SFCR Moslow, 1991; Snedden et al., 1994; Schwab
et al., 2000, 2013, 2014; Calvete et al., 2001,
Thieler et al., 2014; Warner et al., 2014)
Panama City, Florida .
Gulf of Mexico lto4 - - Oblique 8to 25 SFCR (Goff, 2014)
Scotian Shelf (Stable . (Dalrymple and Hoogendoorn, 1997; Li and
Island Bank) 1to13 0.41to 8 5to 20 Oblique 15to0 40 SFCR King, 2007)
(Swift et al., 1972, 1973; Stahl et al., 1974;
~20 1o Stubblefield and Swift, 1976; Swift and Field,
North Atlantic Shelf 1to 10 lto5 2t0 11 ~15°2306lockwise) >100 SFDR 1981; McBride and Moslow, 1991; Goff et al.,
1999; Snedden et al., 2011; Goff and Duncan,
2012)
Tampa Bay, Florida 1to2 210 10 Oblique 5t0>35 SFDR  (Edwardsle2003; Harrison et al., 2003)
Gulf of Mexico
Adriatic Sea 1.51t0 4.1 0.33 t0 0.745 >2 Norma(':(t)‘r’“t:jrsreg'o”a' 20t024  SFDR (Correggiari et al., 1996)
Gulf of Lions 10 1 Fewto 5 Oblique 80to 110 SFDR (Berné et al., 1997; Bassetti et al., 2006)
Va'(egs;?ns)he'f 15t07 0.6t01.1 1.1t03.1 Oblique 55t085 BFD (Durén etal., 2015; Simarro et al., 2015)
Murcia shelf (Spain) 15t03 0.3t0 0.6 15t035 37°to 43° 65 to 76 SFDR (Duran et al., 2017b)

#Note that the orientation of the sand ridges iselvidariable because of the lobe-shaped shoreline
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5. Conclusions

High-resolution seafloor mapping allowed us to itfgnand morphologically characterize a

sand ridges field in the former Cape Tortosa riveuth in the Ebro Delta. The sand ridges
field extends between 5 and 15 m depth althouginabably spreads landwards in shallower
waters. The ridges have a maximum height and wagtieof approximately 2.5 and 400 m,

respectively, both decreasing towards deeper waleiesy are made of fine sand and arranged
obliquely to the shoreline. The sand ridges migratd0 m/y between 2004 and 2015 and
consistent with SE-directed wind-induced currelitawves during E and SE storm events may

reshape the ridges into symmetric geometry.

The genesis of the sand ridge field is closelyteeldo the contemporary evolution of the Ebro
River mouth. The switch of the main river coursatthtarted in the 1940s led to progressive
abandonment of the Cape Tortosa river mouth, nagtiéat of the shoreline and formation of an
erosional surface on the shoreface, which limite grogradational deposits below. The
development of the sand ridge field above thisam&rfwas favoured by large amounts of sand
provided by coastal erosion and available for réwmg;, persistent high-speed currents;
topographic irregularities in the erosional surfasepotential bedform precursors; and suitable
RSLR in the area during the last few decades (aimd the initial phases of SFDR genesis
during the Holocene on Mediterranean shelves). drioeess involves the deposit of a sandy
layer above the erosional surface, with a maximedinsent thickness of 3 m (at the crests),
which implies approximately 3.9-4@7° of sediment (considering only the mapped area2d ~
km?).

Though the preservation of contemporary sand ridgesins an open question, it is highly
probable that, in the absence of rapid sea-lese| the Ebro Delta sand ridges will vanish after
a life-span of only a few decades. In fact, sediniesses between the 2004 and 2015 surveys
suggest that the sand ridges are already disapgedifie formation of the Ebro shoreface sand
ridge field provides an example of the first stagésand ridge development. At least during
these initial stages, the time-scale of developréi@FCRs (previously estimated as hundreds

to a few thousand years) could actually be muchtshof the order of a few decades.
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Chapter V. Dynamics of ripples
superimposed on sand ridges in a
tideless shoreface

1. Introduction

Small scale bedforms like ripples are ubiquitougphological features in sandy coastal and
shelf sea environments. They display typical wavgtles §) of ~0.05-0.5 m and heightg)(of
~0.01-0.1 m (e.g. Allen, 1968; Nielsen 1992). Rigptan be generated by wave-, current- or
wave and current-induced flows (Flemming, 1980) estesent intermediate flow conditions,
between the thresholds for grain movement and shmet (Dalrymple and Rhodes, 1995).
When the flow intensity exceeds the critical coioditof sediment movement the flat bottom
will no longer remain plane becoming unstable, tiiag seabed irregularities such as ripples.
When shear stress is further increased, ripplesridach a maximum in their height and length
and then enter a breakoff range until shear stemshes the sheet flow criterion when ripples
are washed-out and upper-plane bed sheet flow #¢8authard & Boguchwal, 1990; Soulsby
and Whitehouse, 2005; Camenen, 2009). On the btat, if shear stress decreases below the
threshold of initiation of sediment motion aftgopie formation relict ripples can continue lying

on the seabed inactive during low flow conditioBslfisby et al., 2012).

Morphologically, ripples are generally charactatdi$y their crest alignment as straight-crested
(2D-ripples), which occur at lower speeds, or maight-crested as 3D-ripples (sinuous,
catenary, linguoid, brained or lunate) at highezegfs (Thorne et al., 2009). Ripple geometries
can be significantly different under wave or cutrdaminant conditions: wave-generated
ripples are typically symmetrical in shape and wétbtilinear crestlines, while in unidirectional
flows they are primarily asymmetric and 3D morplyital features. In wave-current ripples the
morphological pattern is mainly 2D or 3D when thave~current direction angle is parallel or
perpendicular respectively having a combination tieé properties mentioned previously
(Nielsen, 1992). Likewise, crossing wave traindamge and abrupt changes in wave direction
can lead to complicated 3D ripple patterns (e.gamd Amos, 1998; Traykovski et al., 1999;
Soulsby et al., 2012). Different terms and clasations are used to describe ripples, especially

for wave-ripples. Bagnold (1946) classified wavegm@ated ripples into two groups: rolling-
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grain ripples and vortex ripples. Rolling-graingigs form first on an initially flatbed under low

wave action. As the rolling-grain ripples grow, itheeight causes the boundary layer flow
separation behind the crest of the ripple and eestiform. For current-dominated ripples,
(Bartholdy et al., 2015) described the developmehtsmall embryonic flow-transverse

“wavelets” later transformed into mature rippleshancreasing flow conditions (Coleman et al,
1994; Zhou and Mendoza, 2005). Clifton and Din§1€¥84) categorized ripples with increasing
hydrodynamic forcing as orbital ripples, which a&@aled to the wave orbital diameter at the
seabed, suborbital ripples, as transitional rippM®se spacing depends on wave orbital
diameter and grain size, and anorbital ripplesy oglated to the sediment grain size. Smith and
Wiberg (2006) identified two new populations of wagenerated ripples both scaled with the
orbital diameter and developed under strong hydradyc conditions: “hummocks”, long

wavelength and low amplitude ripples generatediie fsand, and coarse grained ripples

developed in medium to coarse sand.

The accurate prediction of ripple geometry is @bt the modelling of bottom boundary layer
dynamics and sediment transport since the rippleldpment and bed roughness variation
directly control the magnitude of bed stress, $kition/form drag partition, near bed velocity
structure, vertical profiles of suspended sedineenicentration (SSC) and bedload rates (Glenn
and Grant, 1987; Grant and Madsen, 1979; WibergNsidon, 1992; Li et al., 1996; Li and
Amos, 1998). Recent equilibrium ripple predicto@séd on extensive laboratory and field
datasets exist for waves (e.g. Soulsby et al., 28&Bon et al., 2013), currents (e.g. Soulsby et
al., 2012; Bartholdy et al., 2015) or for combineaves and currents (e.g. Li and Amos, 1998;
Soulshy et al.,, 2012). Under non-steady forcing ditioms, active ripple patterns and
geometrical characteristics continuously adjusadapt according to changing hydrodynamic
conditions (Traykovski et al., 1999). Equilibriunipple predictors may not capture this
adaptation process, resulting on limited predictiaf ripple dimensions during
morphodynamically active periods. To solve thisugsstime-evolving (non-steady) ripple

predictors have recently been suggested (Traykp26Ki7; Soulsby et al., 2012).

Ripples are frequently superimposed on larger sbaldforms. The hierarchical nature of
bedforms has long been recognized where often three or even four distinct scales of
bedform may occur in the same system (e.g. Vendittal., 2005; Li and King, 2007).

Experimental and field data observed ripples andllsdunes generally lying on the backs or
stoss side of larger bedforms which many of themwgby amalgamation of the smaller
bedforms, and small embryonic bedforms continufdiyn on the backs of the larger ones
(Allen, 1982; Gomez et al., 1989; Venditti et &2005; Reesink and Bridge, 2009, 2007;
Nagshband et al., 2014). The size, shape and dgnaofi the superimposed forms are function

on the relative position with respect to the hasdfbrm and at the same time the host bedform
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size, shape and dynamism are, at least partialhgtion of the superimposed bedform size and
dynamics. For example, Catafio-Lopera and Garci®6j2@bserved bigger and slightly
asymmetric ripples on the crest and smaller amghthyi more symmetrical ripples on the trough
while between the crest and the trough of the pyrbadform were observed to be smaller and

very asymmetric.

Ripples are dynamic bedforms that can migrate bswuwnstream offollowing the wave
skewness (Allen, 1973; Gallagher et al., 1998; @oadvand Hay, 2001\When superimposed
ripples migrate and arrive at the crest of a heslfdrm they affect the shape and migration rate
of the larger-scale bedform lee side and influgheenature of deposition of sediment (Reesink
and Bridge, 2007). Under unidirectional flow, thgpsrimposed bedforms travel faster than the
host bedform and overtake it (Reesink and Brid§8,2, although the number of superimposed
bedforms decreases gradually with the increasimg flelocity (Reesink and Bridge, 2009). In
general, both ripples and the host bedforms midrateéhe same direction as the wave/current
propagation. Typical daily-averaged observed mignatates in shallow wateese about of 24-
80 cm, with specific migration episodesnging from 0.1 to 2 cm/min, maintiependingon the
cross-shore locatioand ripple dimensions (Traykovski et al., 1999ubBette, 2002; Masselink
et al.,, 2007). Increasing flow speed resulted ostefamigration rates but smaller ripple
dimensions (Catafio-Lopera and Garcia, 2006). Ripptgation rates are of similar order of
magnitude when ripples are superimposed on largdfobms than when ripples are lying on
flatbed although ripple migration rates varied dejirg on the relative location with the host
bedform, being slower ripples over the troughs faster over the crests (Catafio-Lopera and
Garcia, 2006). Back-flow or regressive ripples withposed or obligue migration directions
than host bedform have been observed within theilie eddy of the primary bedform during
specific hydrodynamic conditions (Reesink and Beid2007; Herbert et al., 2015) or during the
vertical grow of the host bedform (Catafio-Loperd &arcia, 2006).

In this chapter, small-scale bedforms were obselyiad superimposed on a sand ridge field.
The relative location of ripple with respect to tagger bedform corresponded with an extreme
of a sand ridge, with symmetric geometry lying ba buter part of the prodelta of the former
Cape Tortosa river mouth at 13.3 m depth (FigA8ording to (Guerrero et al., 2018) the NW
wind-induced currents are the main responsibleanfigidge migration towards the SSE, while
waves propagating in the opposite direction weggested as the mechanism of reshaping to
more symmetrical morphologies of these forms. Theetbpment and dynamism of ripples
under waves and/or currents and the feasibilityigggle migration as a potential contributor to
the sand ridges migration are analysed. In additlmnreliability on using ripple predictors and

sediment transport estimations are discussed.
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2. Results

2.1.Time series of observations

2.1.1.Waves and near-bottom currents

The significant wave heighH() time series propagated from the Tarragona budiigdripod
location with SWAN model ranged from 0.1 m to mauim values of ~3 m with several
periods ofH, >1 m (Fig. 22 b). The highest waves (> 2 m) oairmostly during November
and the beginning of December and represented tmmsliof moderate wave storms with peak
wave periodsT,) between 8 and 12 s. The storms were clearly wasterms (locally called
“Llevantades”), with only one exception on thé"@f December when waves came from the S
(Fig. 22 b). Following the waves, the near-bottarital velocity {J,,) displays several peaks
of > 0.4 m/s mostly between November and the beginof December and a maximum peak of
0.8 m/s on the 16of November (Fig. 22 d).

The current speed measurements at ~1 mab showdpeariantense currents occurred between
November and December similarly than the wave hgighig. 22 c). The maximum speed
recorded was of ~0.6 m/s and occurred on tH& dféNovember and the Z7of December.

When current speeds increased over 0.2 m/s theyyalehannelled towards the SSE.

2.1.2.Seabed morphological changes and ripple obsengtion

The altimeter was able to measure the topogramriahility of the seabed from the beginning
of the deployment until the T6&f November when the most energetic measured stoourred
(Fig. 22 e). During this period a settle of ~10 wmas first recorded on the "1 df October
probably as a consequence of the structure stafiiiz (Fig. 22 e). The seabed position
measurements alternated steady and oscillatinggtapbic periods (Fig. 22 e). Seabed
oscillations were large, with fluctuations in theder of 20 cm, and smaller oscillations in the

order of few centimetres (Fig. 23 e). The latterewelated with ripple development periods.

Six periods of ripple formation were identified ithe images of the video camera during the
first month of the deployment (Fig. 22 a, Fig. 23la general, ripples developed during low-
moderate energetic hydrodynamic conditions. Theyewgpically generated by the action of
waves and/or currents and their size well-correlatéth the flow energy exhibiting bigger
dimensions under higher-energetic conditions andllsmdimensions under lower-energetic
conditions. At the end of each ripple developmeetiqal, these small bedforms degraded
progressively when the energy decreased (Fig. Eiga23 a). 2D-ripples formed during low-
energetic hydrodynamic conditions and were assatiatith waves H{,~1 m) while under
higher (but moderate) energy conditions 3D-ripfitemed and were associated with waves and

currents (Fig. 23).
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Fig. 22. Time series from October to December of 2013 9dfsémabed configurations distinguishing the
different morphologies or states observed: flattdiot (circle), wave-ripples (square), wave-current-
ripples (cross), ripple decay or degradation (iegdriangle), undulations (triangle) and no datar]s(b)
propagated significant wave height in m (line) atficbction (dots); (c) current speed in m/s (linega
direction (dots) at the tripod location at ~1 médby orbital velocity /,,); and (e) seabed topographic
variability measured at 20 cmab. The blue shaded iadicates the detail from"2®f October to the 16

of November of 2013 showed in Fig. 23.

2.2.Ripple classification

Different plane view seabed morphologies were miistished and classified as: flat bottom;
small undulations; 2D-ripples (ripples with rectéiar crests); 3D-ripples (ripples with brained
crests); ripple decay or degradation; and no ddt@anwmages were not available or with low
quality to identify any morphology on the seabedy(22 a, Fig. 23 a). A complete description
is addressed by using the images recorded withvitieo camera, the time series of the
propagated significant wave height and directiamrrent velocity measured at ~1 mab, the
seabed topographic variations measured with tlimetkr, the measurements of the suspended
sediment concentration at ~1 mab and the estinmtidmear-bottom stresses at the boundary

layer.
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Fig. 23. Detail from the 2% of October to the 16 of November of the same time series variables
described in caption of Fig. 22. The coloured sHadeeas indicted the different ripple morphologies
observed.

2.2.1.Undulations
During low-energetic hydrodynamic conditions smaldulations were observed lying on the
seabed (Fig. 24). The small bedforms were notifledsas ripple bedforms because they were
not well-developed enough showing crests withoutlear continuity in length and small
dimensions#{ < 0.5 cm andl ~8 cm) (Fig. 24). These undulations formed dupegiods of

wavesH, = 0.5-1 m and low current speed (< 0.1 m/s) (EB).

Fig. 24. Example of the undulations observed on the insterttas images from the video record on the
1% of November of 2013 at 19 h.
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2.2.2.2D-ripples
2D-ripples displayed straight rectilinear cresigredd N-S and well-correlated with periods of
wave-dominated hydrodynamic conditions (wave-ripplgig. 23 and Fig. 25). Two periods of
2D-ripples development were identified.

2D-ripples were first observed on thé"af October at 19 h being at 23 h even better dpesl
during a small f; < 1 m) eastern storm (Fig. 25 a). Ripples displagstilinear N-S oriented
crests, with mean = 1.2 cm andl = 7-10 cm /A = 0.15) (Fig. 25 a). The analysis of the
temporal seabed topographic variation and the eigpkst geometries and positions revealed
that they were static with neither migration nonamism. Previous available images {26
October) showed the presence of undulations abelgenning of the eastern wave evehif ¢1

m), suggesting that the pre-existing undulationedhas a precursor of ripple formation (Fig. 23
a). Finally, ripples degraded progressively maibly the biological activity of the benthic
community (Fig. 25 b).

A second period of N-S oriented, straight-cregpple morphologies with meamp= 0.5 cm
(maximum heights of 1 cm) and= 6-8 cm /1 = 0.07) formed between the 19 h and 23 h on
the 3° of November when eastern waves increased Higt-1 m (Fig. 25 c). The previous
seabed state was “flatbed” with some roughnessecuesice of the biological activity but any
undulations were previously observed. The 2D-ripgliso remained static on the seabed with

neither dynamism nor migration.

Fig. 25. Example of 2D-ripples formation observed in theansaneous images (a) on thé"2f October
of 2013 at 23 h; (b) benthonic community contribatto ripples degradation on the™@8f October at 19
h; and (c) on the"%of November of 2013 at 3 h.

2.2.3.Mixed 2D- 3D- ripples

Mixed 2D- 3D-ripples were characterized as dynalp@dforms that changed their arrangement

from brained to rectilinear crests and with largenensions than the previously described 2D-
ripples (Fig. 26). These ripples occurred duringreni-dominated hydrodynamic conditions
(current-ripples) and were observed during thréemint periods in November (Fig. 23). For
example, rippled bed with brained crests and srdatiensions developed on thd' &f

November at 19 h under high-speed currents (> 0s3} just after the previous wave-ripples
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formation described before (Fig. 23 a; Fig. 26 B)e size of ripples increased/decreased
following the current speeds (Fig. 26 a, b, c). Eiade currents (0.2-0.3 m/s) flowing towards
the S lead to modify ripple morphologies from 3@ 2D-ripples (crests oriented W-E),
removing completely the residual ripple morpholsgfeom the previous wave-ripple period
(Fig. 26 d, e). Finally, ripples degraded displayimounded crests and poorly-defined shapes
under lower current speed (Fig. 26 f). The meapleipeight was estimated arouma- 0.8 cm

(maximum > 1.5 cm) and the wavelengf) &round 10-15 crmn(/A =~ 0.05-0.15) considering

the whole period of appearance. Ripples migrate@tds the SSE with rates of 6-10 cm/h.

Fig. 26. Example of ripples formation under current-domidatenditions observed in the instantaneous
images on (a) the™of November of 2013 at 19 h; (b) th8 df November of 2013 at 23 h; (c) th8 &f
November of 2013 at 3 h; (d) th& 5f November at 19 h; (e) thd'®f November at 3 h; (f) the"6of
November at 19 h.

2.2.4.3D-ripples
3D-ripples displayed brained crests, larger dim@msihan 2D-ripples and formed under wave-
current hydrodynamic conditions (Fig. 23). They ratgd towards the S accordingly with the

current flow.

On the 28 of October at 7 h 3D-ripples morphologies wereeobed for the first time (Fig. 27
a) until the 31 of October of 2013 when ripple decline startedy(R7 f). Previously to those
3D-ripples development, the seabed configuratispldyed small roughness elements, the
small undulations, corresponding to the residualpmologies from the former 2D-ripples (Fig.
23 a). The 3D-ripples were progressively readaptmeir morphologies and sizes by growing,
displaying better-defined crests as consequencthenncreasing currents and wave heights
(e.g. Fig. 27 c-e) however they also slightly ddgchduring the second and highest current-
speed peak (v ~0.5 m/s) and wave heights<( 1.2 m) of the event on the"36f October (Fig.

27 d). Finally, ripples progressively degradedhat ¢énd of this wave-current event (Fig. 23 a,
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Fig. 27 f). Ripple mean height was= 1.9 cm with maximum ripple height values of ~21@ ¢
andA = 7-20 cm §/A = 0.10-0.25). The ripples were highly dynamic witlgration rates of 5-
13 cm/h towards the SSE.

Video-records during these events revealed theepoesof fishes swimming against the current
flow (perpendicular to ripple crests arrangemeaty.(Fig. 27 b) and the oscillatory movement

(parallel to ripple crests) of sand and shells yomebly induced by the eastern waves (e.g. in the

video of the instantaneous image Fig. 27 d).

Fig. 27. Example of 3D-ripples formation under wave-currdatninated conditions observed in the
instantaneous images on: (a) thé"2® October at 7 h; (b) the P®f October at 15 h; (c) the DDf
October at 23 h; (d) the B3®f October at 3 h; (e) the 3bf October at 3 h; and (f) the Bdf October at

7 h.

2.3.Estimations of bottom shear stress and bed mobility

The hydrodynamic forcing conditions acting on theatsed during the study period were
characterized by estimating the near-bed sheasssgenerated by wavé€s,,), currents(z,)
and the combined wave-curreft,,,,) (Fig. 28 ¢). The total shear stress,f,) reached
slightly more than 1.8 N/fmon the 18 of November and several peaks higher than 0.52N/m
occurred between November and the beginning of mDbee (Fig. 28 c). The maximum
contributor to the total shear stress was wavesitg). However, current shear stress)(was
the main contributor to the total during periodsrténse currents and low wave height (e.g. on
the 229 of November Fig. 28 c).

As expected, the Shields parameter time seriesaluweaves and currents followed the same
trend than their respective shear stress (Fig. )28 e maximum Shields parameter due to
waves 6,,) was reached on the "16f November and after this event a few peak8,pf 0.2

occurred. Current Shields parameter peaks rangegeber 0.1-0.2, coinciding with the highest

peaks on the near-bottom current speeds (Fig..ZBe) estimated Shields parameter thresholds

80



Chapter V. Dynamics of ripples superimposed on salugs (Ebro Delta)

of motion, wash-out and sheet flow conditions we@b, 0.19 and 0.26, respectively (Table V).
The comparison between the Shields parameter dweaves and these thresholds suggested
that the ~17.2% of the tin&,. < 6,, < 6,,,, the 1%6,,, < 0,, < 6,7 and the 0.49%6,, > ;.

The remainder 81.4% of time the hydrodynamics iedugy waves were below the threshold of
sediment motion. The Shields parameter due to ©ig@,) exceeded ~12.9% of the time the
theoretical critical threshold of grain motion, liivas always below the threshold of wash-out
conditions (Fig. 28 b). In summary and consideboth, wave and current Shields parameters,
critical conditions for grain movement were excekdaring the 24% of the time and wash-out
and sheet flow were only reach during the 1% addo0.respectively under high-energetic
waves being the resting 74.6% of time below thecatithreshold.

Table V.  Shields parameter thresholds for critical, wash-ant sheet flow conditions obtained with
different approximations.

Ay hydrodynamic conditions

Author(s) Ocr Owo Os1 dey defined method
Nielsen (1981) - - 1 - oscillatory flow
Li and Amos (1999) - 0.2 i Com%;‘gﬂ;f@dy and

. combined steady and
Kleinhans (2005) - - ~6,, [0-0.56] - oscillatory
Soulsby and Whitehouse _ ;
(2005) - - 2000 oscillatory flow
Soulsby et al. (2012) 0.05 0.19 0.26 i combined steady and

oscillatory

2.4.Estimation of sediment transport rate

Most of the estimated near-bottom sediment transpacurred in short pulses during severe
storms (Fig. 28 d). Peaks of sediment transpoiingn100-400 g/s/m occurred from the mid-
November to the beginning of December, with the imaxn on the 18 of November of 2013
(Fig. 28 d). Several smaller peaks around ~20 giséme also estimated under moderate
conditions (e.g. on the 2&f November or on the 2bf December) (Fig. 28 d). In general, the
sediment transport rate was high during events wieares dominated, although most of them
were wave -current events (Fig. 28 d). Predictisnggested that the sediment transport was
widely dominated by suspended load over the beditdthe 92% and 8%, respectively. This
is in agreement with observations of suspendedreetdiconcentration (inferred from turbidity
measurements), that displayed a strong relatioh higjh-energetic wave-current conditions
(Fig. 28 a). In general, the measured turbiditykgesre well-correlated with periods when the
Shields parameter exceeded the critical threshplely{shaded areas in Fig. 28 a). The highest
turbidity was measured on the"2df December under high waves and current speeditamms
(Fig. 28 a). During periods of 3D-ripples developminéhe 83% of the sediment transport is
attributed to suspended load and the resting 17Bédtoad.
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Fig. 28. Time series from October to December 2013 of: @abitlity in Normalized Turbidity Units
(NTU) measured at ~1 mab; (b) wave and currentI&hiparameter§,,6.) and the thresholds of
initiation of sediment motiond(,.), wash-out ,,,), and sheet flowd,); (c) maximum combined waves
and current shear stress,(,), wave shear stress,(), and current shear stregs)( (d) total sediment
transport rateq), suspended sediment transport rgtg and bedload sediment transport ratg);( (e)
ripple wavelengths in cm from observations (redspland obtained with the Soulsby et al (2012) gppl
predictor (black dots); and (f) ripple wavelengthdm from the observations and obtained with the
Soulshy et al (2012) ripple predictor (black dof)e grey shaded areas indicate the interval tinien

the Shields parameters (waves and/or currents) Wigiger than the critical threshold, and coloured
shaded areas indicate the periods of the rippleldpment detailed in Fig. 23.

3. Discussion

3.1.Ripple occurrence and prediction

Video observations of ripples in the Ebro Delta bhi@sed, since they are limited to low and
moderate hydrodynamic conditions because duringrmstevents the high-sediment
concentration prevents seabed video observationsa Fow to moderate energy, observations
suggest a transition from undulations on the seaB&d wave-ripples {;~1 m), current
dominated 2D-, 3D-ripples and the largest waveanrBD-ripples. Ripple decay also occurred
when hydrodynamic regime increased the energy (wagh or because of biological activity
(mostly the benthic community) that progressivebgided the bedforms (e.g. Fig. 25 b) as
observed and suggested previously by (Guillén.e8D8; Soulsby et al., 2012). Only mixed

2D-3D and 3D-ripples were dynamic, changing morpigls and arrangements adapting to
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hydrodynamics as well as migrating towards the S®Eordingly with the current flow
direction. However, 2D wave-ripples remained fixawl stable suggesting that only currents
produced the ripple migration. Despite wave asymynean be an additional mechanism of
ripple migration (Traykovski et al., 1999), wavepie were static in the Ebro area probably
because of near-bottom wave velocities were symenetrwith very small asymmetry during

low-, moderate-energetic periods of wave-ripplesobations.

Most of ripple formation observations at the sty agree with periods when the Shields
parameter exceeded the threshold condition fomationh of sediment motiong(~0.05) (Fig.
29). However, undulations can be formed on the estddelow the critical Shields limit under
small waves i = 0.5-1 m) and weak currents (v < 0.1 m/s) (Fig. @, 22 and Fig. 23).
These undulationsp(< 5 mm) would be a precursor of the 2D-ripplesvdves remained
constant or slightly increase, as observed on 6fleo2 October (Fig. 29). The transition from a
plane bed to well-developed ripples through thengttion of smaller bedformg) (< 3 mm) as
precursor was previously observed with high spéedsf (> 0.65 m/s) (Reesink and Bridge,
2007), although this transition occurred during demergetic wave conditions in the Ebro. The
limited available records during higher energy @asi inhibit a detailed comparison between
theoretical wash-out and sheet flow thresholds wiibervations. The 3D-ripple decay occurred
during a wave-current peall{ < 6 < 6,,,) on the 38 of October and suggests the initiation

of ripple wash-out witl® ~0.1 when the measured current speed was aboverfs5&-ig. 29).

The application of the ripple predictor model (Sl et al., 2012) roughly fits with ripple
appearance since these estimations are based oprah®usly calculated critical Shields
parameter (Fig. 29 a). However, undulations andipples were also observed below or near
the theoretical threshold of initiation of sedimemttion (Fig. 29). The ripple predictor slightly
underestimated ripple wavelength (Fig. 29 d) whigle heights were underestimated under
wave-dominated conditions and overestimated dwingent-dominated conditions (Fig. 29 e).
In addition, ripple predictor failed under mixed weacurrent conditions, probably because of
the assumption that only one of the both mechanisrntise dominant (waves or currents) and
because the method is not well-defined for 3D-eppIThus, even if the Soulsby et al. (2012)
approach has been established to yields one dfeigprediction for the ripple characteristics, it
suffers uncertainties in the estimation of Shigidsameter, it does not take into account
properly the inception of sheet flow and largelyemstimates the results when ripples were

washed-out (Camenen, 2009).
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Fig. 29. Detail from the 2% of October to the 60f November of time series of: (a) wave and curren
Shields parametef¢, 6.) and the thresholds of initiation of sediment mot{,,), wash-out §,,,), and
sheet flow 0); (b) maximum combined waves and current sheasstt,,.,), wave shear stress,),
and current shear streas)( (c) total sediment transport rate (qt), suspdmediment transport rate (qs)
and bedload sediment transport rate (gb); (d) eippdvelengths in cm from observations (red dotsl) an
obtained with the Soulsby et al (2012) ripple peéati (black dots); and (e) ripple height in cm frome
observations and obtained with the Soulsby et @122 ripple predictor (black dots). The grey shthde
areas indicate the interval times when the Shigttameters (waves and/or currents) were biggertti@an
critical Shields parameter.

3.2.Ripples and sand ridges dynamics

Ripples at the study site were lying superimposedhe extreme and deepest part of the SE
face of a symmetric sand ridge bedform (Fig. 14thBipples and sand ridges migrate towards
the SSE as consequence of wind-induced current# andld be believable some contribution
of ripples into sand ridge dynamics. Generallyatigkly large-scale bedforms tend to move
slower than small-scale features (Venditti et 2D05). Then, the migrating superimposed
bedforms overtakes and avalanche at the lee sittee ddrger and contribute to the migration of
the host bedform (Reesink and Bridge, 2009). Tldergent transport involved in the migration
represent distinct scales between superimposechastdbedforms, although it can be nearly
identical if size and migration rates are propawiobetween both, i.e. ripples move 10 times
faster and is 0.1 time the size of the host bedi®fenditti et al., 2005).

At the study site, the highest sediment transpmetioced when the Shields parameter exceed the
theoretical wash-out threshold, that was, in abserfcipples. The sediment transport was low

(one order of magnitude lower than the highest pedietween the critical and wash-out
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theoretical thresholds (Fig. 28) while, for valu#ghe Shields close to the critical of sediment
motion (slightly above or below), when undulaticansd the 2D wave-ripples developed, the
estimated sediment transport was almost null @3y. Since bedforms were stationary in these
low-energy conditions, the sediment transport sthénel unrelated with the migration of wave-

ripples. In presence of 3D-ripples (28 3T of October) a peak of sediment transport was
estimated with the 83% of the total sediment trarnspy suspended load and the resting 17%
by bedload (Fig. 29 c). Therefore, the bedloadspart could be partially attributed to the 3D-

ripple migration and dynamism or morphological ces

Ripple migration was observed during currents amehlined waves and currents conditions
when flows were lower than 0.55 m/s. The instardaseipple migration rates estimated from
observations were about ~10 cm/h, which occurs when8.,.. The extrapolation of ripple

migration rates to periods wheh, < 6, < 6,,,, provides a rough estimation of the mean
ripple migration of 1.3 cm/h during the study periavhich should be lower along the year
because of the low-energetic summer period. Momrediie annual sand ridge migration rate
was ~10 m/y (Guerrero et al., 2018) that represantsean rate of 0.11 cm/h. The rude
comparison between ripple/sand ridge mean sizd50/0.5 m) and migration rates (1.3 /0.11
cm/h) suggests, according to the relationshipsbbsted by Venditti et al. (2005), that the
sediment transport associated with ripple migrationld be one order of magnitude lower than
the total transport involved in sand ridge migmatidhis would be a subordinate but non-
negligible amount of the bedload sediment transpesibciated to bedform migration. While
most of the sediment transport and sand ridge mdgrawould occur under sheet flow

conditions when ripples were wash-out during higbrgy episodes, sand ridge migration

would also occur during low- to moderate-energeyidrodynamic conditions.

In a more general perspective, the contributiorsmfall bedforms to the growth of larger
bedforms and, after the formation, the presencepbEmeral small bedforms migrating on the
backs of the larger ones have been described (All@é82; Gomez et al., 1989; Venditti et al.,
2005; Reesink and Bridge, 2009, 2007). The conidhuof small bedforms as ripples (or
sediment dynamics during low-moderate energy hygrachics) can help to understand the
formation, dynamics and maintenance of large bedfowith no need to resort exclusively to
extreme conditions of high energy. For instancejas hypothesized that low-moderate energy
processes could explain the maintenance of largée ssand ridge in the continental shelf
(Simarro et al., 2015). In the shoreface of theoHbDelta sand ridges could be also dynamic
during moderate currents episodes by means ofipipdermigration. If this is the case, our
vision of large bedforms that remain static dunngst of the time and only actives during high

energy or extreme conditions should be changed.
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4. Conclusions

Ripple development is usual under low and modehng@drodynamic conditions in the Ebro
Delta shoreface. Four types of small-scale bedfomreese identified which from the critical
threshold of sediment motion to wash-out conditiares (i) small undulations with <0.5 cm
and A~8 cm, formed as a precursor of wave-ripples when Shields parameter was close
(below) the critical; (i) 2D wave-ripples with =1.2 cm andil =7-10 cm; (iii) mixed 2D-3D
current-dominated ripples with=0.8 cm (max. ~1.5 cm) amd=10-15 cm; and (iv) 3D wave-
current ripples withhy =1.9 cm (max. ~2.2 cm) andd=7-20 cm. Ripple degradation occurred
when the hydrodynamic regime increased the enengsh{-out conditions), or under low
energy hydrodynamic conditions when ripples progiuedy decay mainly as a consequence of
the biological activity, mostly by the benthic commmity which contributed flattening the relict
ripples.

The applied ripple predictor method roughly fitstiwiripple appearance. However, ripple
morphology was poorly predicted, especially dunvaye-current conditions. The development
of small seabed undulations below the theoretibedshold of grain movement is a major
concern in ripple and sediment transport predictsuggesting the estimated thresholds as

progressive ranges rather than abrupt changes.

Most of sediment transport occurred during seveéoens under sheet flow conditions. In
presence of ripples, only during the development3dd wave-current ripples significant
sediment transport was estimated. Ripple migrattes were ~10 cm/h during only current and
wave-current events. 2D wave-ripples did no migrane estimations of sediment transport

were almost null.

Migration of 3D-ripples is dominated by the windiirced current towards the SSE and this is
the same direction of sand ridge migration in theroEshoreface. Accordingly, it was

hypothesized that part of the sand ridges migratimmd be associated with ripple migration.

Coarse estimations suggest that the input of rippdethe migration of sand ridges could be
roughly no more than one order of magnitude lovwantthe total transport involved in sand
ridge migration. This subordinate amount, howewauld represent that large-scale bedforms
could be dynamic during low-moderated energetic@sses and not only during high energy or

extreme conditions.
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Chapter VI. Small-scale bedforms in a
macro-tidal inner shelf

1. Introduction

The cross-shore sediment transport in coastal dwaabeen a research hot topic during the last
decades mainly for understanding erosion processihe beach during storms, the post-storm
recovery and the prediction of morphodynamic chanigethe beach (Wright et al., 1991;
Larson and C. Kraus, 1995; Ruessink et al., 1998 &d Russell, 2000). Sediment exchanges
between the beach and the nearshore are largedr kabwn than between the inner shelf and
the nearshore (Wright et al., 1991). In genera, dtoss-shore sediment exchange between the
nearshore and the inner shelf is mainly wave-farecethted to wave asymmetry and wave
induced currents (as undertow), although tidal, elpmg (downwelling) currents or wind
induced currents can also transport sediment (Wrghal., 1991; Styles and Glenn, 2005;
Ruessink et al., 2011;). The net forward bedloadgport can occur as wash-out or sheet flow
and through ripple migration (Traykovski et al.,.999 Camenen and Larson, 2006; van Rijn,
2007a).

The sediment transport caused by onshore migrafiamall-bedforms can be higher than the
suspended sediment transport in the transition deriwthe inner shelf and nearshore. For
example, Traykovski et al. (1999) observed migratiates of 33 mm/h at Beach Haven Ridge
(New Jersey) at 11 m water depth or Williams andeR@001) estimated migration rates of 0.3-
1 mm/s at a sand bank at Middelkerke Bank (Belgiorth, Sea) at 20 m water depth.
Crawford and Hay (2001) observed offshore ripplgration during storm growth and onshore
migration during storm decay, being the bedformratign highly correlated with the near-bed
wave orbital velocity skewness in both cross-shrections. Thus, wave asymmetry seems the
main mechanism for ripple migration, while puralyelar monochromatic wave motion with no
superimposed currents result in equal velocitiebatn wave directions and thus no sediment
transport (bedform migration) (Traykovski et al999). The general understanding of bedform
contribution to sediment transport is that bedf@mmponent is onshore and large compared
with the suspended component in relatively deegemand it is becoming progressively less

important towards the shore, through the shoalimysaurf zone (Miles and Thorpe, 2015).
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One example of nearshore-inner shelf sedimentsagxges occurred at the Perranporth coast on
the 2013/2014 winter, which is considered the sistnon record for the Ireland-UK domain
since the last 60-years hindcast wave model re@desselink et al., 2016; Scott et al., 2016).
Several storms during 3 months caused a highly ualusequence of extremely high water
levels and very energetic wave conditions resultingcoastal erosion and flooding and
therefore, severe coastal impacts and damagesi@gpebe southeast part of England. At
Perranporth the sediment eroded from the beachmaasly deposited in large subtidal bar
systems, located at 6-8 m water depth and parspgaated offshore (> 14 m water depth) (Scott
et al., 2016). After the storms period, progresdmeach recovery occurred by onshore bar
migration and onshore sediment transport in theshesae (Masselink et al., 2016; Scott et al.,
2016). However, part of the sediment eroded fromkibach during storms was still retained in
the subtidal bar system and remained inactive ernier shelf (Scott et al., 2016). Therefore, it
has been pointed out that high-energy wave evepsaa to be essential for the post-storm

recovery of the sediment (Masselink et al., 2016).

The potential return of sediment from the distalfie (shoreface/inner shelf) to the nearshore
(bar systems) after an erosion period is currgmblgrly well-understood and it is one focus of
this chapter which is involved into the Work Padkad of BLUEcoast project

(http://projects.noc.ac.uk/bluecodsthat studies the cross-shore and alongshore satlim

exchanges in exposed high energy coastal areasavitty and gravelly coasts as well as rocky
headlands. Wave-ripples develop on the nearshokewanporth (between 1-6 m depth) under
low-energy conditions (orbital velocities < 0.65sjnAnd migrate generally onshore-directed in
the shoaling and surf zones, with increasing migmatates through the shoaling zone to a
maximum just shoreward of the breakpoint (Milesakt 2014). The onshore migration of
ripples correlated well with positive (onshore) waskewness, although the direction depends
on the competition between velocity skewness, alrbielocity and mean flow, and this is
controlled in turn by the position in the surf zaiMiles et al., 2014). The sediment transport
rates associated with these bedforms were alsmomslirected and increased shoreward which
contributed up to the 15% of the total sedimentdpmrt (Miles and Thorpe, 2015). Therefore,
ripple migration contribution to bedload sedimeminsport in the nearshore off Perranporth is
significant. It is plausible a similar mechanisntirg at the inner shelf, but exists a lack of
knowledge regarding the interrelation between simadiforms (ripples) dynamism and

sediment transport in the transitional area froenitimer shelf to the nearshore.

This research focused on evaluates the potentialalod contribution of ripples to sediment
exchanges between inner shelf and nearshore. Me&ogenent and dynamics of these small-
scale bedforms (ripples) is analysed to infer tkar#bottom sediment dynamics as possible

additional relatively long-term beach recovery nmadbm during calm and mild energy
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conditions and their potential implications to thaer shelf-nearshore sediment exchanges. To
gain understanding of these sedimentary processesstrumented tripod was deployed at
Perranporth in the transitional zone ~20 m depithe®ance Datum Newlyn (ODN) between the
tidal channels (> 30 m depth) and the nearshoiedominated by nearshore bars dynamics and
rip currents (Fig. 4 b). A description of the innghelf area, the morphological and bottom
sediment characterisation are first introduced. fiilme series of wave conditions, water level,
currents, morphodynamic of the area recorded Wweh3D-Acoustic Rippler Profiler (3D-ARP),
ripples observations and bottom shear-stress aided for the period from January to March
2017 and specifically detailed from mid to the efdanuary 2017. The ripple occurrence and
dynamics and the hydrodynamic interrelation, asl veal the reliability on using ripple
predictors and sediment transport are discusseekselbbservations can provide new insights
about the potential return of sediment from theeimghelf to the nearshore and the potential role

of small-scale bedforms in onshore sediment tramsjpwing calm and mild energy conditions.

2. Results

2.1.Inner shelf morphology and sediment characteristics

Perranporth continental shelf displays cross-shnadile with slopes of tgi~ 0.004 and
concave-shaped until ~30 m depth (ODN) (Fig. Ayer this area, the seafloor morphology is
uniform and homogeneous, limited by rock outcraphe north and south extremes of the shelf
following the emerged cliffs of Devonian rocks (Fig b). Just at the south of the northern
outcrops, at approximately 25 m depth, six subagsielnines lie with ~0.5 m high and ~110 m
of wavelength, they display asymmetries with theedile facing to the south. At approximately
30 m depth contour (ODN) an abrupt edge 1 m higiears breaking the seafloor homogeneity.
It arranges mainly parallel to the shoreline exadphe southern area where the edge appears
shallower without apparently any arrangement. @ifshof this edge the seafloor changes to
more complex morphologies exhibiting tidal channelggned NE-SW, 0.3-0.5 m deep
(maximum ~1 m) and widths ranging from tens to lmadd of meters. It can be appreciated that
the head of these channels are located near the muatcrops at the north area of the
continental shelf, becoming wider towards the sewe#i. Thus, the study site is located in the
transitional zone between the tidal morphologieS8@>m depth) and the nearshore bars (< 6 m
depth).

The grain size analyses of the surficial sedimémwed a moderately sorted medium sand
composition with g, of 266um at the Mini-STABLE frame location. 97% of the Badnt was
made of sand in which 7.6, 48.1, 36.5 and 4.8%esponded to the coarse, medium, fine and
very fine sand, respectively and the remaining 8mosed by silt fraction (Fig. 30).
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Fig. 30. Grain size distribution of one of the two sedimsainples recovered at the Mini-STABLE frame
location deployment using the Van Veen Grab dutivgtripod recovery on the $2f March of 2017.

2.2.Time series

2.2.1.Wave conditions

The wave time series showed the root mean square ight(H,.,,,s) ranging from 0.5 m to 4
m and mean wave periodg,) from 5 to 10 s (Fig. 31 c¢). The highest wavés,{; > 3 m) took
place on the'§ 8" and 2% of February and the'2and %' of March. During these events thg
varied between 7 and 10 s. Wave directions (datshown) were clearly unidirectional coming
from the W-WNW (mean wave direction of ~280°).

Focusing on the specific period from the™18f January to the "3 of February of 2017
(indicated with a blue rectangle in Fig. 31), tHe, ranged between 0.5-2 m and the
between 5-10 s until the'bf February, being the highest waves on th2 & 31 of January
and the 1 of February H,,,,; ~ 2 m) (Fig. 32 c). The near-bottom wave orbiloeities(U,,,)
ranged between 0.1 and 0.4 m/s displaying peakewimlg similar shapes than the wave
heights time series (Fig. 32 d). The highest waneesirred at the end of the period on tffeo8

February H,,, > 3 m andrl,, = 8 s), with orbital velocities increasing until 0v@s.

2.2.2.Water level and currents

The water level variation was dominated by semithltides, with alternating ebbs and floods
approximately every 6-7 hours (Fig. 31 d). Fromhkginning to the end of the water level time
series three neap and spring tides displayed mmimmplitudes of 2.5 m and maximum tide

amplitudes of ~9 m respectively, coinciding thetatith wave events.

At the beginning of the study period {18f January to the8of February) neap tides showed
minimum amplitudes of 2.5 m and spring tides maxmamplitudes of 6.3 m (Fig. 32 b). The
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tide directions (obtained from the currents measwrégh the ADV) indicated that flood tide
flowed towards NNE and ebb tide towards S (Fig.b32in agreement with morphological
observations in the continental shelf. Each ebbefloycle displayed a progressive change in the
direction of the currents showing slightly rota@bibehaviour. The near-bottom currents ranged
from 0.2 m/s during ebbs and floods to values gezero when the tides changed direction
(Fig. 32 d). During springs the tidal currents wikemgier than during neaps displaying the flood

component higher than the ebbs.
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Fig. 31. Time series of the frame deployment of: (a) toppbia variability obtained from the 3D-ARP
data which represents the relative distance from 3D-ARP transducer to the seabed; (b) ripple
appearance in the 3D-ARP images distinguishing éetwthe two different ripple morphologies
observed; (c) wave height and period data fromoffghore buoy of Perranporth located at 14 m depth;
and (d) water level from the ADCP Signature. Theeblshadowed area indicates the specific period
studied (from the 18of January to theSof February of 2017) detailed in Fig. 32.

2.2.3.Sinking, scour and erosion around the frame

The topographic variations of the bed level dispthyhree different trends during the study
(Fig. 31 a): (i) from the 18to the 28 of January, when the frame sank in the sand velsti
rapid by three times, with total frame settling-63.20 m; (ii) four periods when bed level
remained more or less constant without significdr@nges (three after the tripod settlings and
one from the 9 to the 1§ of February); and (iii) several abrupt seabed ll@vanges with
relatively rapid erosion, e.g. on th& 8" or 24" of February or during March when erosion
events occurred more frequently (Fig. 31 a). Afeaxch erosion period, the bed level

progressively recovered. The periods when the t@mbgc variability showed fast erosion
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correlated with those periods when wave heightsewgy to 2 m (Fig. 31). Furthermore,
observations from the 3D-ARP indicated that thesiem was the result of relatively big scour
formations around the legs of the frame, sometimas merging between them (Fig. 33 a).
The further frame recovery after these erosionogerivas the result of the refill of these large
scour (Fig. 33 b). After the initial frame settlirthe general trend of the seabed was an apparent
accumulation of ~0.03 m along the study period .(Bfj a, dashed line). The fact that the
overall seabed trend was almost zero indicatestligaseabed erosion suffered mostly around

the frame legs was later recovered with the refithe scour.
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Fig. 32. Specific period of the analysis in this work indedin Fig. 31 by a blue rectangle showing the
time series of: (a) depth-averaged bed level dyspdathe relative distance between the 3D-ARP
transducer and the seabed level; (b) water levethd@ine) and direction of tides (dots); (c) ranean
square wave height (kb (line) and waves mean period, Tdots); (d) orbital velocity (red line) and
current speed from ADV (blue line); (e) maximum doned wave and currents shear stress (blue line);
wave-alone shear stress (green line), and curteneanean shear stress (red line).

From the 18 of January to the 3of February there were four periods when the dista
between the 3D-ARP transducer and the seabed mdBae 32 a): the first was on the"18
January 2017, sinking 2.6 cm, probably becauseeframe deployment; the second occurred
on the 28 of January and it happened more progressively witlifference in distance of 4.2
cm; the third was on the 2bf January and the variation in the depth bedllexs of 7 cm;
and finally the fourth occurred on the"24f January and distance reduction was of 5.9 cm.
Each of these changes last around 16 h and theyese& be consequence of the frame
accommodation and sinking because of its own weighd slightly influenced by the

hydrodynamic regime with increasing wave heightse Bverall settling was ~20 cm (Fig. 32
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a). From the 31 of January to the"3of February the distance between de seabed ladeihe
ARP transducer increased around 7 cm meaning eradithe seabed sediments. Particularly,
this erosional period corresponded with the fororatf scour around the legs of the frame as

mentioned before (Fig. 33 a).
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Fig. 33. 2D scan images obtained with the 3D-ARP on the04&)2/2017 20h showing when two of the
scour formed around the legs of the structure aaeyed; (b) 07/02/2017 12h showing the scour formed
around the legs of the structure and the partiafiyl of the previous scour; (c) 12/02/2017 Oh chas on
the seabed morphologies with the previous scouitiseaibwer part of the images completely refillédly
20/02/2017 0Oh other different seabed morphologleatified.

The hydrodynamic forcing conditions acting on tlealsed during the study period are here
characterized by estimating the near-bed sheass{fde stress was calculated as the maximum

combined wave and current shear sti@ss,,—wc), shear stress considering only waves input
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(t,) and shear stress resulted on considering onhets(z,.) (Fig. 32 €). The maximum
contributor to the combined wave and currents skstass was clearly waves, being only
reached and seldom exceeded by the current stregsgdshort periods when the orbital
velocities were weak < 0.1 m/H,{,s ~ 0.5 m) on 19, 24" 26" 29" and 3¢' of January. The
combined wave-current shear stress ranged fromthess0.1 to > 3 N/falong the studied
period, with several peaks of,qx_wc > 2 N/nt: the first on the Z1of January with,,q,—y,c~2
N/m?; between the 2%and 28 of January some peaks,,,_.c > 2 N/nf occurred; on the 31
of January and®lof February two peaks of almost 4 Njrand finally, at the end of the time

series (the ¥ February) resulted on,,,—c > 4 N/t (Fig. 32 e).

2.2.4.Ripple observations

From the 3D-ARP data, high-resolution scans of ~Adiameter showed the detailed bed
morphologies every 2 h (Fig. 33, Fig. 34). Ripptpearance or presence were identified from
the scans and displayed along a time series disshigg between the different morphologies
observed (Fig. 31 b). Despite the scour, ripplegiooed developing simultaneously with the
scour formation and refill intervals (Fig. 33 c, @lthough the near-bottom hydrodynamics
could be altered modifying the processes relatedripple formation and dynamism.
Consequently, the time series data of ripple olasdEms were evaluated during periods when
scour were not present or were small enough toidenghat they could not severely affect the
hydrodynamics and the processes related to theesipprmation and dynamics: from the™d@

January to the'3of February of 2017.

Basically, two different ripple morphologies wedentified and classified as: (i) ripple type 1
with very rectilinear crests aligned ~180° withpest to the north and (ii) ripple type 2 with
apparently smaller dimensions (height and wavelgngind sinusoidal or curved crests,
although with similar crest disposition to the poas (Fig. 34 a and c, respectively). During
periods when no ripples were observed the scamdagied flat bed and in occasions seabed
morphologies with hollows following a zig-zag patteThe latter could neither be identified
nor interpreted pointing to complex morphologiesraybe tridimensional bedforms or perhaps
sensor or data acquisition artifacts (Fig. 33 d, B4 b). Therefore, they were discarded to any

further analysis.

The comparison of the mean bed level and the rippf@earance time series indicated that the
ripples type 1 only appeared during those periodsnathe bed level remained stable without
large topographic variations (Fig. 31 a, b). Durpeyiods of bed level changes by abrupt
erosion or scour formation no ripples appearedatscans. Finally, during periods of seabed
level recovery (accretion) ripple type 2 formedg(F81 a, b). It seems that ripple appearance

and dimensions followed wave conditions (Fig. 31ch,Ripple type 1 occurred under low-
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energy wave conditiondi(,,,; < 1 m andTl, < 8 s) and ripple type 2 developed under mild-
energy wave conditions (1 m H,,,; < 2 m and variabl&,). The angle between the incident
waves and the ripple crests was of ~100°. Flatbasl @bserved during higher-energy periods
(Hyms > 2 mandl, ~ 10 s).

The presence of ripples on the seabed at the Pertarsite from the 18of January to the'

of February of 2017 was the most usual situatimmtesit occurred during the ~64% of the time.
The development of type 1 and type 2 occurred dutive ~19% and the ~45% of the time
studied, respectively. Ripple height and wavelengtieasurements demonstrated size
differences between ripple typology 1 and 2 (Fiyc3d). Ripple type 1 displayed heights up to
2 cm and wavelengths ~15-20 cm, while ripple typgisplayed lower heights ~1-1.5 cm and
wavelengths ~10-15 cm. Based on observations of¢hbed morphology, scans from the 3D-
ARP pointed to ripple type 1 stationary while ty@eseems to change crest alignment

(readjustment) between consecutive scans.
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Fig. 34. Examples of 3D-ARP images (2D-scan) for: (a) rippy@e 1 morphologies with bigger
dimension and rectilinear crests (31/01/2017 Ohs28n image); (b) Zig-zag patterns observed in sofime
the scans (31/01/2017 2h 2D-scan image); and fgp)eritype 2 morphologies with smaller dimensions
and sinusoidal or curvilinear crests(31/01/2012Bhkscan image).

3. Discussion

3.1.Seabed alteration induced by the tripod frame

The ARP scan images demonstrated that the seabedevarely altered by the interaction
between hydrodynamics and the frame-structure Jtiegwon scour formation around the legs
(Fig. 33). Perranporth observations showed maxinsaour dimensions of ~ 0.3 m during
periods of moderate growing wave height and lowiticurrents (< 0.2 m/s) (Fig. 31). Both
ripples type 1 and type 2 were observed in presaficecours and during refill intervals.
However, the presence of instrumented tripods cerdyse artificial downward vertical
velocities, an increase of horizontal velocity unttee frame, and enhanced bottom stress that,
under large flows, produced considerable scour ik rig (Bolafios et al., 2011). These
authors stated a direct relation between tidal gp@é®m 0.10 m/s to 0.6 m/s) and scour
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dimensions (from 0.1 m to 0.8 m) with no scour fation for tidal velocities lower than, 0.10
m/s. Therefore, since the alteration by the frafmth@® near-bottom hydrodynamics as well as
the seabed morphology can modify the processet®deia ripple formation and dynamism, the

ripple analysis was focus only during the secomthight of January 2017.
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Fig. 35. Time series of (a) Shield parameter due to waligshb{ue line) and current® black line), and
threshold of motion€(,, dashed red line), wash-ou,4, dashed green line), and sheet fldy, (dashed
blue line); (b) maximum combined wave and curresitsar stress (blue line), wave-alone shear stress
(green line), and current-alone shear stress (ire&);|(c) ripple heights in cm from the 3D-ARP
observations (red dots) and obtained with the eigpkdictor from Soulsby et al (2012) (black dofs);
ripple wavelength in cm from the 3D-ARP observasicand obtained with the ripple predictor from
Soulsby et al (2012) (black dots); (e) total seditmiansport (blue line), suspended load sediment
transport (green line), bed load sediment transfred line) and resultant sediment transport dioact
with respect to N (red dots and right vertical ax&haded areas indicate periods when Shields gaeam
exceeded the threshold of sediment motion.

3.2.Ripple occurrence and development

In general, the presence of ripples and their nuggical changes depend on the flow
conditions and the ripple ability to adapt to tlewnhydrodynamic conditions until they reach
the equilibrium (Nelson and Voulgaris, 2014). AetRerranporth site, most ripple crestlines
(both type 1 and type 2 despite their sinuosityjenariented N-S, perpendicular to the wave
direction approach (W-E) and parallel to the domineurrent direction (N-S). Thus, ripple
occurrence and evolution was mainly related to wagdon. This fact is relevant when
considering the effects of bed roughness in thienatibn of shear stresses caused by waves and
currents since bedform roughness affected the walgced stress but hardly influenced the

current induced shear stress.
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The development of ripple type 1 occurred during-energy hydrodynamic conditions, with
wave heights lower than 1 m (orbital velocities. @/s) and tidal currents lower than 0.2 m/s.
Observations showed gradation from ripple type fype 2 and to flat bottom with increasing
Shields parameter (or bottom shear stress) (Fijy. 3bder increasing energetic conditions,
ripple type 1 slightly increased their dimensiomgilua maximum size (~2.4 cm height and
~19.5 cm wavelength) after which, ripple size dexppdramatically (Fig. 35). This drop
corresponded with the transition from ripple typéoltype 2 which was interpreted as ripple
degradation when ripple wash-out conditions weeehed (e.g. 20- 21 of January, Fig. 35).
Finally, ripples disappeared (sheet flow regimejrduthe most energetic periods (e.g"24&"

or 37" of January and®lof February, Fig. 35) when the Shields parameiggshold Qs5)
reached a value of 0.55. Inversely, the transifiom ripple type 2 to type 1 (ripple growth)
was progressive and it occurred when Shields parsrdecreased (e.g. 25 27" of January,
Fig. 35).

Similar transitions in ripple height and wavelengthenergetically changing conditions were
also observed in other sites (Hanes et al., 20@Isdd and Voulgaris, 2014). When the flow is
energetically changing, ripple dimensions might betin equilibrium with the flow and they

will actively change height, wavelength and oriéinta until they achieve the equilibrium. In

fact, ripples during regimes close to the inceptibmotion should be only stable if the shear
stress stays close or below the critical value,aiaing then as a relict bedforms (Bagnold,
1946; Camenen, 2009). At the Perranporth site & erathe 18, 23 -24" 26" 28" 29" -3¢"

of January when energy decreased below the thiksbfolmotion and ripples dimensions

remained constant without significant changes ks ripples (Fig. 35).

No ripple migration was detected during the studyiqul. Ripple type 1 remained steady with
neither migration nor morphological changes undew Ibottom boundary layer efforts

persisting on the seabed as relict ripples. Howenigple type 2 sometimes exhibited some
dynamism by changing the crests curvature betwesnstuccessive scans which indicated

readjustment of these bedforms rather than migrati@a particular direction.

3.3.Observations and theoretical approach of ripple préiction

In order to estimate thresholds of initiation ofliseent motion the Shields parameter due to
waves and currents was first calculated (Fig. 35A8)expected, the wave Shields parameter
followed similar trend than the wave shear strews the orbital velocities coinciding during
higher-energetic peaks reaching values over 0.&klung seabed observations and the wave
Shields parameter time series, thresholds of moti@ash-out, and sheet flow were roughly
estimated and compared with different formulati6fable VI). In spite of the large variability

obtained from the different approaches, the thresiialues estimated from our observations
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are in the same range. These thresholds suggeshéha62% of the time thé exceeded the
theoretical threshold of grain motion during whtble 30% was between the wash-out and sheet
flow (6., < 6, < 8,5) and the 11% was over the sheet flow. The remai@8éo of the time

the hydrodynamics were below the threshold of sedimmotion. The Shields parameter
considering only current conditions was almost igdgke, remaining below the sediment

motion threshold during the whole period (Fig. 35 a

The theoretical estimations of Shields parameterstiolds for starting grain movement and
wash-out were lower than suggested from obsenatiomile sheet flow thresholds
approximations were lower or higher depending @anéapproximation used (Table VI). Lower
theoretical Shields thresholds than suggested fotiservations in ripple development and
disappearance were also previously reported (Bdgri®46; Hanes et al., 2001; Camenen,
2009). These differences can be consequence ofstifoeg simplifications involved in
calculations (i.e. £ as the representative sediment size and the inigdgsof existing
completely uniform sediment grain size, bottom totang layer complexities, etc.) (Traykovski
et al., 1999). Similarly, Kleinhans' (2005) diagraonsidering waves and currents conditions
for the Shields parameter and for a given sedirsiget located ripples type 1 below the limit of

sediment motion and ripples type 2 in the regiolingfar wave-dominated ripples.

The theoretical sheet flow threshold showed a Watiability which depends on the method
applied (Table VI). The Li and Amos (1999) and 8wulsby et al. (2012) resulted on the same
low and constant value (0.2), probably becausdefsimilarity of the equations and because
they only consider the skin-friction case. The tansthreshold of Nielsen (1981), the time-
varying thresholds of Kleinhans (2005) and Came(309), and the ratio between orbital
velocity amplitude and mean sediment grain sizerestanated the sheet flow threshold

compared with observations.

Table VI.  Shields parameter thresholds for critical, wash-ant sheet flow conditions obtained with
different approximations
Author(s) 0 0 0 A, hydrodynamic conditions
uthor(s —

o of dso defined method
Nielsen (1981) - - 1 oscillatory flow
Li and Amos (1999) - - 0.2 combined steady and oscillatory
Kleinhans (2005) - - ~6,, [0-3] combined steady and oscillatory
Soulsby and Whitehouse _

- - ~2000 oscillatory flow
(2005)
Camenen (2009) - - [1-1.2] - combined steady and oscillatory
Soulsby et al. (2012) 0.04 0.14 0.2 - combined steady and oscillatory
Observations 0.12 0.25 0.55 - combined steady and oscillatory
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The discrepancy between observations and thedrestimations also affect in the application
of the theoretical prediction of ripple dimensiosisice these estimations are based on the
previously estimated theoretical thresholds andaish&iresses. Therefore, the observed
thresholds of the Shields parameter for ripple apg®ce, degradation and wash-out were
applied instead of the theoretic values of critighsh-out, and sheet flow thresholds (black
points in Fig. 35 ¢ and d). Therefore, accordinghwiydrodynamic and morphodynamic
observations, the thresholds of Shields parametestérting ripple formatiord(,.) (ripple type

1), ripple wash-out§,,,) (transition from ripple type 1 to type 2) and shié®w (6,5) regimes
were 0.12, 0.25 and 0.55, respectively (Table VI, Fig. 35 a). During the%4of ripples
appearance only the 43% of time were “active” msp{when ripple appearance and 0.12),
whereas the ~21% of time were relict ripples (belb#observed threshold of ripples formation
0 <0.12).

Obviously, near-bottom stress had to be equal oeexk the critical condition as a compulsory
premise for the predictor estimations. Here, ohly wave-generated ripples formulation was
applied because of waves dominated the hydrodymsamhicing the study period (current
Shields parameter was always under the thresholohatfon, Fig. 35 a). This methodology
worked quite well in terms of ripple appearanceestimate equilibrium ripple conditions and
only in two occasions the method predicts rippleetyt when flatbed was observed (Fig. 35 ¢
and d). Ripple type 1 dimensions were estimatetequell under low energy conditions. On the
contrary, when the bedforms remained on the seabeadlict ripples flatbed is predicted from
the model because< 6., (Fig. 35). This almost unpredictable bottom rouggsioccurs during
21% of time and it can significantly modify shetess estimations. Actually, the Soulsby et al.
(2012) equilibrium ripple predictor suggests présemg values for ripple height and
wavelength whe < ... However, in nature, there are many of these cabkese the bed is
flat and others when previously formed ripples rigimging on the seabed. A model able to
predict this uncertain absence or presence ofa#ppt relict ripples is challenging as several
data indicated the occurrence of ripples whereasStelds parameter was smaller than the

critical value and vice versa.

The ripple prediction for wash-out conditions (tppype 2) overestimated ripple dimensions
and showed wider variability than observationshwipple heights between 2 and 4.5 cm and
wavelengths between 15 and 30 cm (Fig. 35 c an@tther sites and experiments during wash-
out conditions showed similar results (Hanes e2801; Camenen, 2009; Soulsby et al., 2012).
Furthermore, the theoretical estimations suggesigple growth when Shields parameter

increased abovel.. and the inverse when Shields decreased becaugbeotquations

(depending on the wave orbital velocities). Howewbe observations showed the opposite
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trend, with ripple degradation during increasingergy and ripple growth under decreasing

energy (transition from ripple type 1 to 2).

Overall, the theoretical estimation on the Shigidsameter thresholds did not fit with our
observations probably because of the skin-friciase assumption taking in account only the
sediment size non-dimensional parameter and alsause of they are generally based on
empirical approximations of specific data consideli@ other studies. Then, theoretical
estimations of threshold Shields parameters f@igiprediction should be carefully applied and
sometimes only be considered in a semi-quantitatnaner. Consequently, observational
thresholds of this variable were here applied ashawe hydrodynamic and morphodynamic
observations and the threshold of motion, ripplasiwout and sheet flow can be deducted from

the observations. This is the most reasonably pptioen data and observations are available.

3.4.Are ripples at the inner shelf a potential mechanis of beach recovery
after storms?

The two components of hydrodynamics that dominaie®erranporth inner shelf during the
period studied were waves coming from the W withemn approach angle of ~280° and the N-
S currents with slightly rotational component of EH$SW following the flood and ebb tidal
flows (Fig. 36 a). The total sediment transportmainly related with waves and time series
displayed several peaks ranging from ~2 g/s/m t@0>g/s/m mostly during mild-storm
conditions (Fig. 35 e, Fig. 36 b). The estimatespsnded load transport widely dominated over
the bed load transport (77.2% and 22.8%, respéyglive

The dominant sediment transport direction was abalf, switching between N and S
following the ebbs and floods tidal flows (dots fing. 36 b) but with a clear net transport
northwards because of flood tidal currents domohateer the ebbs at this point of the inner
shelf (Fig. 36 c). This pattern was mainly the les# the sediment resuspension by wave
stirring and the further transport due to currefiidal currents) which is characteristic in
environments dominated by waves and currents (Dnsgii et al., 1999; van Rijn, 2007a,
2007c). Therefore, most of sediment transport oecuparallel to the ripple crestline and the
cross-shelf sediment transport is negligible beeaof the (almost) absence of cross-shelf
currents (Fig. 36 a). However, episodes of alonfistensport when energy slightly increased
can explain the observed changes in the morphotdgsipple type 2 (mostly ripple crest
realignment) until higher energetic regimes conghjetvashed-out ripples during the highest
peaks of sediment transport (Fig. 35). These seabedifications and ripple dynamisms
occurred relatively rapid according to 3D-ARP obsations with ripple reorientation between 2

consecutive scans (2 h).
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Fig. 36. (a) Dispersion diagram of E-W velocity componentsakes) and N-S velocity component (y
axes) considering the E and N components positikgeg and the W and S components negative values.
Black dots corresponds to intra-burst data anddatd the mean-burst data; (b) total sediment ti@hsp
(blue line), suspended load sediment transporte(gtae), bed load sediment transport (red linag an
resultant sediment transport direction (red dots rght vertical axis); (¢) cumulative sedimentrisport
towards the N-S direction (black line) and towattas E-W direction (red line) considering the N dnd
directions positive; (d) cross-shore (E-W) waveoedly skewness.

In absence of currents crossing the crestlines ewtawninated ripples would also migrate in
response to the asymmetry in the near-bed waveaabnzlocities that typically occurs in
shallow waters (Traykovski et al., 1999; CrawfortlaHay, 2001; Soulsby and Whitehouse,
2005; Miles et al., 2014). Since the wave asymmatgchanism is not included in the used
sediment transport equations, the cross-shore weleeity skewness was estimated based on

the velocity measurements at the Perranporth isinelf. Results showed quite symmetric near-
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bed wave velocities with values of velocity skewselse to zero pointing to no cross-shore
sediment transport during most of the study pe(fid. 36 d). The wave symmetry and low-
intensity currents parallel to ripple crestlinesravén agreement with the stationarity of ripple
(no migration) at ~20 m depth (Fig. 36 d). Howevgositive values of velocity skewness,
indicating a potential onshore sediment transgmppened during the highest energy period
(3 of February) (Fig. 36 d). It is worth noting thiring that highest energy event, no ripples

were observed and sheet flow regime governed thebwtom sediment transport.

This fact is a relevant difference with respecbbservations in the nearshore, where onshore
migration of ripples was observed as a consequeheelocity skewness (> 0.2 m/s) during
mild waves with wave orbital velocities around 6@®50 m/s (Miles et al., 2014). This could be
a mechanism for the beach recovery after stormisadtbeen pointed out that the post-storm
recovery does not necessarily occur during calnogsrand in many cases high-energy wave
events appear to be essential for recovery of bsediment (Scott et al., 2016). However, with
similar wave orbital velocities, the skewness wagdr at the inner shelf than in the nearshore.
At the inner shelf, wave skewness around 0.2 m& avdy reached for wave orbital velocities
of 0.6 m/s, when ripples were washed-out. Thusptitential onshore sediment transport at 20

m depth was unrelated with ripple dynamics and @myld occur during sheet flow conditions.

4. Conclusions

Morphological observations at Perranporth innedfssteow that the presence of wave-ripples

on the seabed is the most usual situation (64 #tnef) during low and mild wave conditions.

The presence of the Mini-STABLE rig altered thebsshforming scour around the legs during
periods of moderate wave heights and low speetldideents (< 0.2 m/s). Therefore, the ripple
analysis is focused during the first period of teployment, when scour were not present or
small enough to consider that they were not seyeaffect the hydrodynamics and the

processes related to the ripples formation andicsa

Three different general trends on the seabed weted with changing hydrodynamics: (i) low-
energy regime when minimum changes on the seabeghwiogy happened with steady or
relict ripples and negligible sediment transpoii); fhoderate-energy regime characterized by
ripples formation which displayed some dynamisnchgsts-reorientations and small amounts
of sediment transport; and (iii) high-energy regiwvieen ripples washed-out, the morphology of
the seabed changed rapid by scour formation (eramiound the frame legs) and when sheet

flow regime governed and maximum sediment trangpdetwas estimated.

Ripple occurrence and evolution was mainly relatedvave action as most ripple crestlines

were oriented N-S, perpendicular to the wave diacapproach (W-E) and parallel to the
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dominant current direction (N-S). Two categoriesripples were recognized: ripples type 1
with rectilinear crestsy >2 cm andl =15-20 cm, and ripples type 2 with more sinusoidal o
curved crestsy =1-1.5 cm andl =10-15 cm. Under increasing energetic conditionsple

type 1 increased their size until a limit whichplg sizes dropped dramatically. This drop
corresponded with the transition from ripple typéoltype 2 which was interpreted as ripple
degradation during ripple wash-out conditions. hsedy, the transition from ripple type 2 to

type 1 (ripple growth) was progressive and it ooetivhen Shields parameter decreased.

The application of theoretical ripple predictoridaboth in the prediction of the appearance and
dimensions. Ripple predictor using thresholds dsftivirom observations improved the

capability to forecast ripple appearance, althauygple dimensions were still overestimated.

Alongshelf sediment transport dominated switchiegaeen N and S following the ebbs and
floods tidal flows with northwards net transporcaese of flood dominated over the ebbs tidal
currents at this point of the inner shelf. Episodéslongshelf transport when energy slightly
increased can explain the observed changes irsaesignment of ripple type 2, until higher

energetic regimes completely washed-out them.

The wave symmetry and currents parallel to ripplesttines were in agreement with the
stationarity of ripples (no migration) at ~20 m theprejecting the possibility of onshore
transport associated to ripple migration. Wave slesg increased during more energetic
conditions, being a potential driving for onshoredisnent transport during sheet flow

conditions.
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Chapter VII. Variability of near-bottom
suspended sediment concentration by
waves and currents above flat and
rippled beds (Ebro Delta)

1. Introduction

In shallow marine environments, the suspended sadiis a significant component of the total
sediment transport and it is the dominant sedinamsport mechanism when fine sediment
prevail (van Rijn, 2007c). The variability (spataid temporal) of suspended sediment has been
monitored in controlled laboratory experiments @Ribink and Al-Salem, 1995; Thorne et al.,
2009; Ruessink et al., 2011; O’'Hara Murray et 2011, 2012; Brinkkemper et al., 2016;
Davies and Thorne, 2016) and, less often, in namaronments (Lee et al., 2002; Kularatne
and Pattiaratchi, 2008). Most of these studies aupat the near-bed suspended sediment
concentration on the coastal zone and the innéf Isingely depends on sediment resuspension
caused by waves and currents. Understanding thsigathyprocesses behind the near-bed
suspended sediment dynamics has significant intjits for ecology, biogeochemistry, and

geomorphology (Schoellhamer et al., 2007; Li et2415).

Under irregular waves, the suspended sediment otiatien (SSC) fluctuates from intra-wave
frequencies associated with individual waves toaigfavity frequencies associated with wave
groups (O’Hara Murray et al., 2011, 2012). Theiahientrainment process occurred at intra-
wave frequencies while at the free stream, sedisgspiensions were dominated by the vertical
transport of sediment at wave group time scalesngahen the waves groups an important role
on sediment suspension in both the wave boundgey End the free stream (O’Hara Murray et
al., 2012). Actually, in the shoaling and outerf sane, the sea-swell waves typically dominates
over the infragravity waves (Bakker et al., 2018hder wave-current dominated conditions,
waves generally act as sediment stirring and thaltreg suspended particles are transported by
the currents (van Rijn, 2007b). Therefore, in thmal scale, the suspended sediment variability
is the result of the combined effects of local sgmnsion and sediment advection. Interactions

between the flow and the suspended sediment abogee tseabed are complex, because of local
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nonlinearities of the nedred oscillatory flow (Ruessink et al., 2011), tkealsed roughness (flat
or rippled) (Ribberink and Al-Salem, 1995) and tlode of currents in sediment dispersion
(Ogston et al., 2000). Winds can drive wave andetuirgeneration also contributing to the
sediment resuspension and transport mostly in ashatloastal waters (Ha and Park, 2012;
Carlin et al., 2016). Understanding fetch-limitedawes as a function of wind speed and
direction, in conjunction with the geometry andéwography of the area seems to be key to
better understand some of the suspended sedimacegses (Carlin et al., 2016; Grifoll et al.,
2016).

In detail, the suspension of sediment is stronggethdent on the hydrodynamics but also on
other factors as the sediment grain size (Daviek Tdrorne, 2016) or the bottom roughness
(Ribberink and Al-Salem, 1995; Li et al., 1996).idf>evidences that diffusion affects the finer
fraction of the suspended sediment while the coswidiffusion plus advection dominate the
distribution of the coarser fractions, with implicens in the shape of suspended concentration
profiles (Li et al., 1996; Davies and Thorne, 2018)rthermore, the suspended sediment grain
size distribution becomes progressively dominatgdfibber grains as height above the bed
(Davies and Thorne, 2016). In oscillatory flow aalobve relatively steepf(1 = 0.12) 2D-
ripples, the mixing close to the bed is dominatgd doherent process involving vortex
formation and shedding, both processes controtliegnear-bed sediment suspensions (Nielsen
1992; Thorne et al., 2009; O’'Hara Murray et al.1202012). The resulting intra-wave
suspension occurs twice per wave cycle: during ahshore wave half-cycle, a vortex is
generated at the lee side of the steep rippleloas reverses offshore, this vortex is ejected
upward into higher parts of the profile (O’Hara May et al., 2011; Amoudry et al., 2016).
However, under irregular waves and 3D-ripples vorfermation and shedding will not
necessary occurs during each wave half cycle bec88&€ levels are maintained throughout
most wave cycles by the strong orbital velocitiest also by local advection of vortices flow
reversal and the transport of sand from other pai@Hara Murray et al., 2011). Therefore,
coherent periodic phenomenon of vortex sheddingelsteep ripples can entrain more amount
of sediment and to considerably higher heightsa(iconvective layer of thickness 1-2 ripple
heights) than above a flatbed (O’Hara Murray et2011; Amoudry et al., 2016; Davies and
Thorne, 2016). Above flatbed vortex shedding dassertist and the maximum sediment pick-
up occurs at times of peak shear stress at the ddeskly preceding the peak free-stream
velocity and it is a diffusive process (Thorne ket 2009; O'Hara Murray et al., 2011; Davies
and Thorne, 2016).

The application of Acoustic Backscattering Syst€ABS) to study the SSC have been gaining
acceptance, especially  with homogeneous non-cahesivsediments,  within

flow/sediment/bedforms small-scale sediment preeesstudies over the last two decades.
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Mostly because of the potential to measure nomsintely and with high temporal and spatial
resolution profiles of suspended sediment conckotrs (Thorne and Hanes, 2002; Hurther et
al., 2011). Unlike in laboratory experiments, fiallidies have to overcome the difficulties to
fully control hydrodynamic conditions and, veryesif to the simultaneous presence of cohesive
and non-cohesive bottom sediment. In addition pilesence of biological material and bubbles
can contaminate the backscattered signal (ThordeHames, 2002). The SSC profiles coupled
with flow measurements and bedforms morphology masens with sufficient spatial and
temporal resolution allow to insight into wave andrrent processes and provides new
measuring capabilities to advance our understarafitige fundamentals of sediment processes,
entrainment and transport but also to improve apabilities to predict sediment resuspension

and transport during storms (Thorne and Hanes,)2002

This work uses high-resolution acoustic backscaystem (ABS) measurements to examine
the near-bottom SSC variability under low- to mader energetic hydrodynamic conditions
induced by waves, currents and the combined wakrets in the Ebro Delta inner shelf. We
try to find out the main mechanisms controlling S8&iability and the potential role in
sediment transport processes using simultaneousumaaents of SSC, waves, currents, wind
field, suspended particle grain size and ripplesolaions. The study site is located on a sand
ridge field that migrates ~10 m/y towards SSE (@Gereret al., 2018 and Chapter IV). The area
is characterised by persistent strong, dry andllyst@d winds that blow from the NW (Mistral
wind) through the Ebro valley (offshore wind) dyriautumn and winter. The Mistral wind
influenced by the orography, is channelized intiimated band, forming a seaward wind jet
usually developed in a ~50 km wide band offshoréf¢l et al., 2016). Mistral winds have
been suggested to induce strong near-bottom cartkat flow towards the SE which are the

responsible of sediment transport and sand ridggsation.

Near-bottom SSC measurements in the Ebro contingindf have been obtained from benthic
tripods and moored instruments during the last dieza These observations showed the
influence of waves and currents (Guillén et alQ®2®002), low-frequency currents (Jiménez et
al., 1999) and internal waves (Puig et al., 2001$8C variability. Estimations of near-bottom

sediment fluxes on the continental shelf were disdved (Cacchione et al., 1990; Jiménez et
al., 1999; Palanques et al.,, 2002). The shape ®f SBC-profile was investigated fitting

observations to different approaches (Guillén et2002) although they were based on only
three punctual measurements above the bottom, miiegea complete characterization of the
SSC-profile. Therefore, this work shows a more eateucharacterization of the near-bottom
concentration profile, its variability at differetemporal scales and the potential influence of

the bottom roughness.
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2. Results

2.1.Waves, currents and winds

Time series of the propagated significant wave Hte{§/;), current and wind velocities are
shown in Fig. 37. From October to December of 2B8H, ranged from 0.1 m to maximum
values of ~3.5 m, with the highest waves during &nlser and December storms (Fig. 37 a).
These waves represent conditions from low to madesave storms at the Ebro area. Waves
were limited directionally, coming from the E, SEa8d NNW-NE because the existence of a
shadow area between 200° and 315°, where winds fetaie-limited and not able to generate
large waves in the coastal zone (Fig. 38). The-hetiom current velocities show similar trend
than the waves, with the strongest currents duxiagember and December (Fig. 37 b). When
current speed increased over 0.2 m/s they chadntlgards the SSE. The maximum speed
recorded at ~1 mab was ~0.6 m/s on th& &BNovember at 11 h (Fig. 37 b). Wind speeds
display cyclic daily behaviour with higher speedsidg days than during nights (Fig. 37 c).
High-speed winds (> 10 m/s) were quite frequentjags towards the SE (so-called Mistral
winds), and were especially persistent in Noverdyed December (Fig. 37 ¢). Wind and
current time series comparison reveals that thie-imtgnsity periods of both variables occurred
simultaneously, with currents flowing towards tH@ESmeanwhile strong winds came from the
NW, suggesting that the near-bottom high-speedeantsrwere induced by the NW winds.
Intense Mistral winds generated high waves offsifat¢he wave buoy location), although they
were unable to produce wave heights higher thanit the coastal area because of the short

fetch, as observed in the wave propagation (Fig)37

In order to study the potential implications of obang hydrodynamic conditions into the near-
bottom suspended sediment dynamics, the periodsodérate- to high-energetic conditions of
waves and currents were identified, analysed stgigrand classified as events. Subjective
thresholds for each variable were established fres {; > 1 m) and currents (v > 0.3 m/s).
Under these conditions, events were classifietly. waves, only currents and wave-current
dominated (shaded areas in Fig. 37). The magninfd¢he variables was continuously
changing, dropping during some intervals belowrthigiesholds and afterwards reaching the
threshold again during the same event period. Becad these relatively fast variability in
hydrodynamics, two criteria were defined about ¢wkmation: (i) during only-wave and only-
current events, if the variable remained belowhteshold less than 10 h it was considered the
same event; and (ii) during wave-current dominaeehts, if one of both variables drop below
its threshold, it was considered the same event baoth variables decreased below their

respective threshold.
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Fig. 37. Time series from 130of October to the 31lof December of 2013 of: (a) propagated significant
wave height in m (line) and direction (dots); (hirrent speed in m/s (line) and direction (dotsjhat
tripod location at ~1 mab; and (c) wind speed is ffihe) and direction (dots) measured at the dia
Buda meteorological station. (see locations at B)g.Note that wave directions indicate the di@tti
where the waves came from and current directioit@tes the direction towards the currents flowdae T
hydrodynamic events classification identified alotng period studied are indicated by the coloured

shaded rectangles as only-waves (W, in yellow)y-oakrents (C, in blue), and wave-current (W+C, in
green).

Only-wave events are characterizedQy> 1 m, current velocities < 0.3 m/s and wind sgeed
10 m/s. Only a few exceptions wind speeds were m/Eduring wave events (e.g. on thd'24
of December, Fig. 37c). During these events, walgays came from the E except one episode
of SSE waves at the end of December (Fig. 37 aleTé@h). Six wave events were identified
from October to December of 2013 and the main dbarnatics are summarized in Table VII.

The maximumH; was on the 28of November when eastern wave heights grew uriln2

(Fig. 37 a).
Table VII.  Wave height H,) and direction in only-wave events identified fr@dttober to December of
2013.

H,(m) H max(m) Dir (%) Dir (H, max) (°) Start End
0.9 1 88.2 91.1 26-Oct at 06 h 27-Octat 01 h
1 1.1 90.3 91 03-Nov at 19 h 04-Nov at 00 h
1.2 1.2 76.9 76.2 11-Novat 14 h 13-Nov at 06 h
15 2.2 86.2 84.9 27-Nov at 13 h 28-Nov at 16 h
15 1.9 84.1 85.02 30-Nov at 19 h 01-Dec at 06 h
1.3 1.6 160.3 162.5 24-Dec at 06 h 25-Dec at 18 h
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Only-current events were periods characterizedunseat speed higher than 0.3 m/s &hd 1
m (Fig. 37). When current speed increased the ifglabvays was directed towards the SSE
(Fig. 37 b, Table VIII). Most of the current evemtscurred simultaneously with strong Mistral
winds (> 10 m/s), with just only two exceptionse tB5" of November and the 13 14" of
December 2013 (Fig. 37 c¢). Nine current events wggatified from October to December of

2013 and the main characteristics are summarizédbe VIII.

Table VIII.  Current velocity (v) in only current events ideigdf from October to December of 2013.
v (m/s) v max (m/s) Dir (°) Dir (v max) (°) Start e0d
0.31 0.36 166.9 163.5 04-Nov at 21:57 h 05-Nov at 0h57
0.3 0.35 157.3 148.4 06-Nov at 04:27 h 06-Nov at 0h57
0.3 0.4 161.3 161 10-Nov at 10:27 h 11-Nov at 12:57 h
0.26 0.37 162.5 158.9 14-Nov at 16:57 h 15-Nov at 13127
0.27 0.53 162.9 170.2 22-Nov at 03:57 h 24-Nov at 06127
0.32 0.43 156.1 162.1 25-Nov at 08:27 h 26-Nov at 08157
0.27 0.41 164.3 163.1 05-Dec at 06:26 h 06-Dec at 14:26
0.28 0.36 166.5 163.8 13-Dec at 03:26 h 14-Dec at 0B:56
0.42 0.57 161.2 159.6 26-Dec at 08:56 h 26-Dec at 1i:56

Wave-current events were defined when simultangahg current speed was higher than 0.3
m/s and the significant wave height higher than {Rg. 37). Typically, these events result

from a combination of eastern waves and currentwifig towards the SSE, being the angle
between the two components almost perpendiculay. @&, Table IX). The most energetic

wave-current event reached current speeds of ~&&mnalH, of 3.3 m on the 16of November

of 2013 (Fig. 37, Table IX).

Table IX.  Current velocity (v) and wave heighi () and direction in wave-current events identifieonf
October to December of 2013.
I"ler/]S mean max Dir (mean) (°) Dir (max) (°) Start End
% 0.33 05 164.7 161.4 29-Oct at 05:27 h 31-Oct 78
H, 093 133 86 19.9 29-Oct at 08:00 h 30-Oct at 18:00
% 0.37 0.61 173.7 177.9 15-Nov at 22:27 h 17-NoveabD h
H 186 3.3 81.8 82.6 15-Nov at 22:00 h 17-Nov at @O
% 0.36 0.52 167.6 171.9 18-Nov at 05:57 h 20-Nov2a2?2 h
H 125 21 72.9 30.8 18-Nov at 11:00 h 19-Nov at @610
% 0.28 043 168.9 166.7 26-Nov at 08:57 h 27-Novee2D h
H 11 1.3 76.2 87.9 26-Nov at 10:00 h 27-Nov at 06100
% 0.34 0.54 166.6 167 01-Dec at 05:27 h 04-Dec &718:
H, 12 2.4 78.8 85.2 01-Dec at 06:00 h 04-Dec at 0B:00
% 0.29 0.35 165.1 159.6 20-Dec at 07:56 h 21-De@ @tdh
H 1.1 15 70.1 29.4 20-Dec at 09:00 h 21-Dec at 04:00
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Fig. 38. Propagated significant wave height and wave dwectat the tripod location during the
deployment.

2.2.Sediment grain size, seabed detection and SSC vanikty

2.2.1.Sediment grain size

The superficial bottom sediment at the tripod lmrabn the 13 October 2013 was fine sand
with a median sediment grain sizegddf 210um. The sediment was composed with two grain

size populations: the 91% of well-sorted fine saith a mode around 23@m and the 9% of
mud mostly silt (Fig. 39).
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Fig. 39. Bottom sediment grain size distribution of the sfipeal sample (0-1 cm) at the tripod location
on the 1% of October of 2013.

LISST measurements give information about the timees of the suspended sediment grain
size at ~20 centimetres above the bottom (cmatf)eotleck at the beginning of the deployment
(Fig. 40). Useful measurements are available frootoer to early December when the
instrument sank into the bottom. It was specificaiince the ¥ of December when LISST

observations suddenly changed the range of the urezasnts probably because of the
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instrument buried losing confidence on the datg.(#0). The grain size of suspended sediment
close to the bottom was mostly composed by codltstogine sand (eh = 50-150 pum) with
several peaks of coarser sedimeng §€d200 um) (Fig. 40 a). The minimum and maximuw d
were of 23 and 250m during the period studied (Fig. 40 a). Fig. 4D ghows the grain size
distribution at each measurement, indicating thatduspended sediment was mostly composed
by fine sand. The grain size was roughly coarseinduhigh-energy events and finer during
calm periods, although this trend was not alwayidest (Fig. 40 a). In general, the median
grain size of suspended sediment was finer thatdttern sediment. However, the suspended
sediment grain size was similar and even coarsam the bottom sediment during strong
hydrodynamic events. Being 250 um the maximum véaha the LISST type B is able to
measure, it is plausible that the time-averagedofl the suspended sediment during these
periods could be punctually coarser than the meds(ffig. 40 a). In shorter time-scales, the
intra-burst suspended sediment grain size (60 ssmgar minute) showed a range of variability
in dsp > 50 um during only-wave and wave-current events (Fig.a4X) while during only-
current events thesgl variability was smaller (Fig. 41 b). Since thisdiseent grain size
variability roughly occurs in the same period thvaaves, these observations suggest a strong

control of the wave passage on the near-bottomresuigal sediment grain size.
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Fig. 40. Time series data of (a) burst-averaged median griaim (dy) and (b) bust-averaged volume
concentration of each diameter measured with tI8SII instrument located at ~20 cm from ship deck
during the tripod deployment.

2.2.2.Seabed location

The seabed location time series obtained with #ekdratters of the ABS data indicates an
overall decreased in the distance between theduaes and the seabed of ~20 cm from October
to the end of December of 2013 (Fig. 42 a, Fig.n3d3The decrease could be triggered by
sedimentation (gain of sediment) or by the paytia#ttling of the tripod structure, or both. A
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progressively decrease of the seabed-ABS distacmeed from October to the end of the first
fortnight of November (< 10 cm). Afterwards, thremjor steps of seabed-ABS distance
shortening occurred simultaneously with three hgiginamic events: on the &®f November
(~10 cm), on the*iof December (~5 cm) and the"™df December (~6 cm) (Fig. 42 a, Fig. 43
d). After the two firsts, the seabed location wastiplly recovered during the following days
while after the third no recovery of the distanost was detected (Fig. 42 a, Fig. 43 b).
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Fig. 41. Suspended o sediment of the intra-burst (red dots) and buwstaged (blue lines) measured
with LISST (left column plots) and detail of thetrim-burst 60 measurements of the shaded blue area
(right column plots). First line represents onlyweavent; second line only-current event; and thirel a
wave-current event.

2.2.3.Time-averaged SSC and frequency variability

The burst-averaged or time-averaged SSC time sdiggdays the concentration variability
along time and distance from the seabed to the ©.86 the ABS-cell (Fig. 42 a). The time-
averaged SSC ranged from ~16 mg/l to concentratiggiger than 5000 mg/l. The higher peaks
of SSC occurred in October (2and 29 - 31%), in November, especially during the second
fortnight when several periods with SSC higher tB80 mg/l reached 0.85 m ABS-cell, and
December (1 - 7" and 24' - 26" (Fig. 42 a). In general, main peaks of SSC oecliat the
same time than the hydrodynamic events previousiyed (Fig. 37).

A normalized wavelet spectral analysis was appitethe time series of the SSC at 15 cmab
(Fig. 42 b). There were large variability of spattiensities and peaks along time, but this

variability was similar to that observed with thiéner parameters described before, in general,
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the periods of high spectral densities occurrethatsame time than the SSC-peaks and the
hydrodynamic events (Fig. 42 b). The majority ahd tnost intense spectral density peaks
occurred since the second fortnight of Novembertinduthese peaks, the spectral densities
increased considerably in frequencies between &m@l70.12 Hz that were equivalent to sea-
swell wave peak periods of 8-16 s (Fig. 42 b). &daoy spectral density peaks were observed
usually simultaneously than the previous at ~0.03(Fig. 42 b). This second rhythmicity

ranged between 0.02 and 0.05 Hz and can be pdlgtitiged with infragravity waves or wave

groups with peak periods of ~20-50 s.

The presence of fishes in the water column betwkernseabed and the ABS transducer can
disrupt SSC measurements e.g. appearing spectis @ 0.09 and 0.17 Hz, on the’adf
November under no waves and very slow current ¢mmdi (Fig. 42 b). Under high-speed
currents, fishes can also mask or introduce naiskd spectral estimations, e.g. on th8 28"

of November (Fig. 42 b). Therefore, spectral intetations should be taken with caution when

fishes were present mostly during high-speed ctsngeriods.
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Fig. 42. Time series from 130f October to the $1of December of 2013 of: (a) time-averaged SSC (in
mg/l) measured with the ABS (at 2 MHz); and (b)malized wavelet spectral density of the SSC at 15
cmab.

2.2.4.Time-averaged SSC-profiles approaches

Fig. 43 (a) shows the reference concentraticy) éstimated at the reference level above the
bottom €,, Fig. 43 b). TheC, time series displayed similar trend than the SS@ several
periods of concentration peaks ranging betweenG<as@ 3000 mg/l (Fig. 43 a). The highest
concentration peak occurred during the secondifgttrof November on the 220f November
during a current event. This event was not esfdgaiabre intense than the other current events
to result on such SSC values. However, the EbrerRiew increased until ~700 ¥s on the
22" of November, being therefore, the river dischasg@otential contributor on the SSC
increases during this event. The reference leyglgstimations were parallel to the seabed (Fig.

43 b) resulting on a mean distance between theedestid the,. of 12 cm (Fig. 43 c).
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Fig. 43. Time series during the tripod deployment of: (& téference concentratio@,j at the reference
level (z,) obtained with the power SSC-profiles approacimftbe time-averaged ABS data; (b) reference

level above the bottonz() calculated using the second derivative method (sethodology) in blue and
seabed (SB) position in red; and (c) thicknessisiadce between the seabed and the reference(&vel

The time-averaged suspended sediment concentratinfiles (hereafter SSC-profiles) were
analysed and compared using the power and expahapiroaches (see methodology). When
log-linear axes are used to display both profilpety the exponential approach gave linear
approximations while the power approach Rouse-shpped profiles (Fig. 44). To determine
the best-fit to SSC-profiles at the Ebro Delta siteler the different hydrodynamic scenarios,
the mean coefficients of determinatiorf) were estimated considering only one fit along the
profile and two different approximations along threfile: from the seabed tg. level (lower

profile) and above,. (upper profile) (Table X).

In general, when only one approach was used theppwofiles resulted on better fit) than
the exponential, but?> were small in both models (Table X). Consequent, profiles were
estimated separating from the seabed,tdlower profile) and above the. (upper profile)
resulting on considerable improvement on both aggres (Fig. 44 b, d, e, f). Table X shows
that the upper and lower profiles were better ddplisvith the power function, although with
similar r? than the exponential at the lower profile. The powrofile always fit well, with
similar r2 at the upper and lower profile, while the exporerapproach fit better with the
lower profiles (Table X). During wave-current evemitoth approaches resulted in the best fit
even in presence of ripples (Table X). The powecfion fit better than the exponential under
all hydrodynamic conditions considered and it wasnsequently selected to graphic

representations and analysis hereafter.
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Table X. Mean coefficient of determinationry) of the power (P) and exponential (E) approaches
considering the whole time series, the differentrbgynamic events and the periods with
ripples observations.

2 Power P. upper P. IO\_Ner Exponential E. upper E. onver
profile profile profile profile

All period 0.08 0.79 0.79 0.04 0.71 0.75
Wave events  0.12 0.84 0.85 0.04 0.73 0.79

Current 0.11 0.83 0.82 0.04 0.72 0.75

events

Wave-

current 0.14 0.87 0.87 0.04 0.76 0.8

events

Ripples 0.09 0.9 0.8 0.02 0.79 0.77
observations
100 100

90 | (a) Exponential approach

| (b) Double exponential approach

Date: 29-Oct-2013 12 h

C=Cy exp(-zIL) 2
r?=0.002 e 2 r“=0.91 (upper profile) :
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s=12m, 8=
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Fig. 44. Example of SSC-profile measured with the ABS (blaldks) and the power and exponential
approaches (red lines) considering the whole mrafild considering the upper and the lower parhef t
profiles (above and below,) separately. The coefficients of determinatief) (for each case are also
indicated. The data selected to give example warthe burst averaged SSC on th& 29 October of
2013 at 12 h during a wave-current event, the detae indicated on the top right of subplot (i&) (
Exponential approach; (b) exponential form for thgper and the lower profile separately; (c) power
approach; (d) power approach for the upper andd@nafile separately; (e) exponential approachtifier

upper profile and power approach for the lower igptind (f) power approach for the upper profifel a
exponential approach for the lower profile.
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2.3.Near-bottom suspended sediment under different hyadrdynamic events

In this section the SSC variability is charactatiafistinguishing between only-wave, only-
current and wave-current dominated events. Highliisn ABS measurements of the SSC,
allow analysing time scales of days (time-avera88€), hours (from burst to burst), minutes
(intra-burst time-scale), and seconds (instantame®®C profiles). Time-averaged and time-
varying (intra-burst) SSC profiles are here desdiland analysed during these different

hydrodynamic events.

2.3.1.Wave Events
As previously described, wave eventg & 1 m) formed by eastern waves (waves coming from
E) and low-speed currents (v < 0.3 m/s). The wasnefrom the 27 to 29" of November of
2013 exemplifies the general patterns observedénsuspended sediment variability under
these conditions. Fig. 45 shows the time-averagd@-frofiles and the power approximation of
a sequence of 8 h that represents the SSC vatyalodm the beginning of the event, the peak
(H,~2.2 m) and the wave decrease period (Fig. 37yehreral, the power approach fit well in
the upper and lower profile, giving coefficientsdgtermination > 0.8 except at the beginning
of the event (Fig. 45). The reference concentratihh varied between ~70 and 1000 mg/l and
the thickness of the high-concentration layer @istance between the seabed and the reference
level) ranged between 10-13 cm, and it was in tajer where SSC showed the highest
gradients and variability (Fig. 45). The SSC-pesdilat the beginning of the event were quite
vertically constant and with low concentration alggl= 101 um (Fig. 45 a). The near-bed SSC
increased progressively witth, (almost 2 m) the next two hours, resulting on kigbradient
concentration profiles andg= 65-69 um (Fig. 45 b and c¢). One hour latgr(1.6 m) and SSC
decreased althoughsidincreased to 135 pm (Fig. 45 d). The last fourrbioof the event
displayed equivalent wave conditionds(~1.5 m), and SSC-profiles with high-concentration

and very fine suspended sediment grain sige<&$2-67 um) (Fig. 45 e-h).

Figure 46 shows the intra-burst time series comedimg to the sequence of time-averaged
SSC-profiles displayed in Figure 45. The charastieriSSC variability induced by eastern
waves showed that the sediment was pumped up dtiddsdown along the profiles with
periodicities close to the wave period (Fig. 46he3e sediment patterns are visualized as
sudden vertical increases and decreases of the \W8€én the sediment pumped up remained
suspending during enough time, the following sudpdrsediment pumped up overlap with the
previous, resulting in group-like pattern (Fig. 48g. 47 b). High SSC (> 500 mg/l) were
usually observed below the 0.85 m ABS-cell, althoogcasionally can overpass this position
(e.g. Fig. 46 c at 19 h 2 minutes).
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Fig. 45. Time-averaged suspended sediment concentratiolgsrdSSC-profiles) (black dots) and the
power approach (red line) of 8 h sequence duriegwtave-dominated event from the™® the 28' of
November of 2013. On the top right corner it isidatied the specific characteristics of the profite
reference concentration in mgdl,{, the reference level in cma,{ and the coefficient of determination of
the power fit approximation for the upper and lovweofiles (L[,,[,2 and %, respectively); the distance
between the seabed and the reference I&yethe H and direction; the current speed and directioe; th
wind speed and direction; and the suspendganéasured with the LISST at ~20 cmab. The lower and
the upper red points on the y-axis indicated ttabsd (SB) position and the, respectively.

117



Chapter VII. Near-bottom SSC variability by waveslaurrents (Ebro Delta)

0,100 300 500
T . (mo/)

| |} i‘
Y WY N U P — _,..—A-‘—'h-r,ﬁ_ﬁ..-k.u_,____f‘.— B © S S ﬂ‘ !'»*«’.M'-J‘."'-Llf-\"ﬂﬂ" g

l
27-Nov 17:00:57 27-Nov 17:02:24 27-Nov 17:03:50 27-Nov 17:05:16 27-Nov 17:06:43 27-Nov 17:08:09

27-Nov 18:01:26 27-Nov 18:02:52 27-Nov 18:04:19 27-Nov 18:05:45 27-Nov 18:07:12 27-Nov 18:08:38
, ’ ‘ — .
My f”\‘ "
. i

(d) 27-Nov 19:00:28 27-Nov 19:01:55 27-Nov 19:03:21 27-Nov 19:04.48 27-Nov 19:06:14 27-Nov 19:07:40

b
A,

27-Nov 21:01:26 27-Nov 21:02:52 27-Nov 21:04:19 27-Nov 21:05:45 27-Nov 21:07:12 27-Nov 21:08:38

(@) 27-Nov 22:00:28 27-Nov 22:01:55 27-Nov 22:03:21 27-Nov 22:04:48 27-Nov 22:06:14 27-Nov 22:07:40

M sy 1R JLMLL'W)‘M“_W_,_‘_,LLL}&L/J}\ﬁMBJ e

) 27-Nov 23:00:57 27-Nov 23:02:24 27-Nov 23:03:50 27-Nov 23:05:16 27-Nov 23:06:43 27-Nov 23:08:09

J
28-Nov 00:01:26 28-Nov 00:02:52 28-Nov 00:04:19 28-Nov 00:05:45 28-Nov 00:07:12 28-Nov 00.08:38

Time

Fig. 46. Time-varying (intra-burst) SSC time series in naltresponding to the time-averaged sequence
displayed in Fig. 45. Each subplot represents theniButes of the burst duration showing the
instantaneous 540 profiles (1 profile per seconeéasared every cm along ~0.85 m. The white ardaeat t
base of each subplot corresponds to the ABS celtsabthe seabed location. The sequence corresponds
to a period during the only eastern wave event ftben27' to the 28 of November of 2013 (see Fig.
37). The red rectangle indicates the one minutaild#isplayed in Fig. 48.

Fast Fourier Transform (fft) at 15 cm above theeditd seabed position indicates peaks of
spectral densities at ~0.1 Hz and at 0.01-0.02 bkind wave events (Fig. 47 c). These
frequencies dominated the SSC variability until6@m ABS-cell while the lower part of the
profile (0.4 m ABS-cell) also was influenced byduencies at 0.13 and 0.2 Hz (Fig. 47 d and
e). Therefore, it is assumed that SSC variabiligswnainly induced by the resuspension of
bottom sediment by waves.

Instantaneous SSC-profiles extracted from the tianging profiles showed different profile-
shapes (Fig. 48 and Fig. 49). They highlighted daghianges (in seconds) in the SSC and
gradient during wave resuspension (Fig. 48). Thbsages mainly affected the section of the

profile close to the bottom although the thickneased depending on the profile (Fig. 48).
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Above this, the SSC-profile tended to a constahtevand/or very low-gradient of SSC of ~35-

45 mg/l (where the SSC-profile became vertical)s ltvorth noting that several instantaneous
SSC-profiles displayed an anomalous bulge of SS@raptly unrelated to bottom resuspension
(e.g. Fig. 49 c and d).
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Fig. 47. ABS data during the eastern wave event on tH& &™November of 2013 at 19 h of: (a) the
time-varying SSC in mg/l during the 9 minutes oé thurst interval showing the instantaneous 540
profiles (1 profile per second) measured every ¢omga ~0.85 m. The white area at the base of the
profiles represents ABS cells below the seabedilmtalb) the SSC in mg/l at 15 cmab; (c) the fiinger
spectral densities of the SSC at 15 cmab afteryappl two band pass filters (from 0.005 to 0.05&d
from 0.05 to 0.25 Hz); (d) the fft spectral densiiythe 0.05 to 0.25 Hz frequency band with respect
the distance from the seabed; and (e) the fft spledénsity of the 0.005 to 0.05 Hz frequency buaiitth
respect to the distance from the seabed.
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Fig. 48. (a) Detail (one minute) of the intra-burst timeisgrindicated in Fig. 46 (e) with a red rectangle.
(b), (c), (d) SSC-profiles at the instances (vaitimes) indicated in (a).
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0 h; (b), (c), (d) SSC-profiles at the instancesrtfeal lines) indicated in (a).
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2.3.2.Current-dominated Events

Current-dominated events were periods characteliyetwar-bottom current speeds higher than
0.3 m/s and low wavegi( < 1 m) (Fig. 37). These events generally occusietultaneously
with high speed NW winds (wind speeds > 10 m/sk Z#-24" of November event, used here
as example, showed strong near-bottom currentsigltwio days (maximum peak > 0.5 m/s)
and winds (> 15 m/s) that can be separated in tugent speed peaks (Fig. 37). Fig. 50 shows
the time-averaged SSC-profiles and the power ajipadion of six bursts immediately before,
during and after the first peak of the event (tighést peak). In general, the profiles showed
high values of SSC and the typical concave-shapé decreasing concentration from the
seabed upwards (Fig. 50 a-e). The power approtetefi with observations giving, between
300-1700 mg/l (Fig. 50 a-e). The highest part ef phofile became vertical and tended to low
SSC gradient between ~100 and 900 mg/lI dependintgeoaurrent intensities (Fig. 50 a-e). The
lower profiles showed variable SSC gradients, higirelower with thinner § ~ 9-10 cm) or
thicker @ ~ 29 cm) thickness between seabed (SB) andespectively (Fig. 50 a-e). The
thickness ob increased with increasing current speeds (Figd)50 he sequence showed high
SSC values and strong gradients in the upper prdtiting the first peak of the event; whereas
before and after the peak the SSC-profile was alwvesical and lower (Fig. 50). The coarsest
suspended sediment grain size,&128 um) occurred during the peak of the evegidfiner
before (do = 75-95 pm) and after {g= 58 um) (Fig. 50).

The intra-burst time series showed the progressimeease of SSC until the first peak of the
event (22 November 08 h) and the later progressidetrease (Fig. 51 a-f). The thickness of
the layer with high suspended sediment concentrat{® 500 mg/l) increased and decreased
with current speed, “filling” the whole measureafie during the peak of the event (Fig. 51 d).
As mentioned before, the increase in water diseh&rg00 n¥s) of the Ebro River on the %2

of November could favour the SSC increase becalge groximity of the study area with the
Ebro River mouth. Note that swimming fishes appa&anethe intra-burst time series as points
of very high-acoustic response when current spegdse moderate (Fig. 51 e and f).
Consequently, the time-averaged SSC-profiles wéectad by the fishes showing irregular

shapes (e.g. Fig. 50 f).

As expected, the fft analysis of the current-dongidaevent at 15 cm above the detected seabed
position showed the spectral densities irreguldidgributed along the whole frequency ranges,
showing a broad spectrum with minimum affectiongwabthe 40 cm of the ABS-cell (Fig. 52 c,

d and e).

The detail of the intra-burst SSC-profiles displhgenall SSC variability in consecutive profiles
maintaining similar shapes (Fig. 53). The backg88C increased from ~200 mg/l before the
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peak to ~1000 mg/l during the first peak of therg\§ig. 53). However, some instantaneous
profiles showed rapid changes and high SSC vaitiahbjlite similar than those observed in the

wave-dominated events (Fig. 54).
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Fig. 50. Time-averaged suspended sediment concentratiogsrdSSC-profiles) (black dots) and the
power approach (red line) of the current dominateehnt from the 22to the 24" of November of 2013.
On corners are indicated the specific charactesistf the profiles. See the Fig. 45 caption for fille
description of each variable.
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2.3.3.Wave-current events

These events were defined as periods of high w@les 1 m) and high current speeds (v > 0.3
m/s) (Fig. 37). In the study area these eventsctylyi occurred with eastern waves and
southwards currents. The wave-current event framitto the 4' of December was here used
to illustrate SSC variability under these hydrodyiaconditions. During this event significant
wave heightcurrent speed and wind speed peaks reached ailyles than 2 m, 0.5 m/s and

10 m/s respectively (Fig. 37).

The time-averaged SSC-profiles during the firstkpefawave height of the event fit well with
the upper power profile approach and showed higldignt in SSC and high minimum
concentrations (~400 mg/l) (Fig. 55). The strond&S€ vertical gradient and the high€st(>
1000 mgl/l), atz, (~38 cm cell) occurred during the peak of curgpeged, when the sediment
grain size was slightly coarser¢d 89 um) than the previous and later hougs £d55 and 64
um, respectively) (Fig. 55 b). The upper power apph profiles fit slightly better than the
lower although the determination coefficient wagals > 0.7. The distance between the seabed
andz, (8) increased mainly when the current speed increaeaving maximum values 6f=

20 cm when the current speeds were also maximunthen8SC gradients were lower (Fig. 55
b and c).
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Fig. 55. Time-averaged suspended sediment concentrationgsrdSSC-profiles) (black dots) and the
power approach (red line) of the wave-current ey the £ to the 4' of December of 2013. See the
Fig. 45 caption for the full description of eachighle.
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The intra-burst SSC-profiles during the highestkpaefathe event showed mixed characteristics
between the only-wave and only-current cases (b%J. High concentrations of suspended
sediment were between 0.20 and 0.85 m ABS-celyjulratly overpassing the ABS position
(e.g. Fig. 56 b). Closer to the seabed there whagla concentration band (> 500 mg/l) with
intervals of sand pumped up, suggesting pulsearaf sesuspensions by waves. These complex
SSC patterns resulted on fft analysis with irregsiectrums with broad densities along the
whole frequency range (Fig. 57).
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Fig. 56. Intra-burst time series of the SSC in mg/l corresling to the time-averaged SSC-profiles
displayed in Fig. 55. See Fig. 46 caption to felscription of the figure. The black lines in (byahe red
rectangle in (d) indicate the instantaneous prefilad the one minute detail displayed in Fig. 58 RBig.
59, respectively.

The instantaneous SSC-profiles showed high vaityaliil time-scales of seconds (Fig. 58 and
Fig. 59). The high concentrations (> 500 mg/l) gued the whole profile during the peak of the
event (Fig. 58). After the peak of the event bull sinder high energetic conditions, the
instantaneous SSC-profiles displayed low-gradiententrations with minimum concentrations
~300 mg/l (Fig. 59). It is worth noting that thexere instants where SSC-profiles displayed a
bulge of sediment which unlikely came directly frewitom resuspension (e.g. Fig. 58 c).

When in a wave-current event some of both parametecreased the SSC distribution and
variability changed according to the dominant patem When currents dominated over waves,
the burst-averaged SSC-profiles were similar therseé observed during current-dominated
events (e.g. Fig. 60). In the same way, when walagsinated over currents SSC patterns
became similar than the only wave events (e.g. 6i). However, in both situations the

influence in SSC on the non-dominant parameterinf@sred. Under the dominion of currents

the influence of waves in the intra-burst SSC watected, although any clear peak was
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detected in the fft analysis (e.g. Fig. 60). Cosedyr, under the dominion of waves, fft analysis
showed clear peaks of the spectral density at H@.(lincoming wave frequency) and the SSC-
profiles exhibited lower gradient than the currdatninated case (Fig. 61).
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Fig. 57. ABS data during wave-current event on tfieot December of 2013 at 8 h whéh = 1.74 m,
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Fig. 60. ABS data during wave-current event under curreatsidion on the 2 of December of 2013 at

5 h whenH, = 0.45 m,f,,= 65° v = 0.41 m/s@, = 171°, y, = 8.4 m/s and,, = 337°. See Fig. 47
caption for the full description of each subplot.
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Fig. 61. ABS data during wave-current event under wave damion the 3 of December of 2013 at 21
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3. Discussion

3.1.Patterns of near-bottom SSC under different flow caditions

In this section it is discussed how the differepdiodynamic conditions and the strong winds
affected the SSC and how the SSC dynamics adaptdtetrapid changes of these variables
during the period studied.

3.1.1.The role of waves, currents and winds in SSC

Most of the periods of high SSC were related todases on the total shear stress due to waves
and currentst(,.), being the wave shear stress, X the main contributor to the total shear
stress, although current shear stregsWas also an important contributor (Fig. 62). Highest
Twe Peaks coincided with those periods when seabed-AlB&nce shortened being the
maximum,,. ~1.65 N/ni on the 18 of November (Fig. 62). Maximum values gf andz,
were ~1.4 and ~0.6 N/mespectively. Direct relation between total shesgss and SSC was
accomplished whem,,. > 0.04 N/mi (Fig. 63 a). Beyond this threshold, the SSC irseda
roughly linearly with shear stress, while belowstiialue any obvious relation was observed
(Fig. 63 a). This minimum shear stress requireE&LC started to increase was observed in
previous studies and interpreted as an appareeshbld of sediment resuspension (Ha and
Park, 2012; Carlin et al., 2016). Interestingly,antcomparing in a scatter phgj and SSC two
clouds of points are highlighted (Fig. 63 b). Of¢hem with a stronger correlation linked#tg
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values higher than 0.04 Nfnwhich was interpreted as the result of sedimestispension due

to waves (Fig. 63 b). The second cloud of pointd heeaker correlation than the previous
showing lowr,, (~0.001 N/ri) with high SSC and should be associated with kighent shear
stress (Fig. 63 a, ¢). However, weak relation wlaseoved between the shear stress due to
currents £.) and SSC, displaying more scattered points atdlgwhere the apparent threshold
was atr, > 0.03 N/mi (Fig. 63 c). Therefore, sediment suspension peaksn to be mainly

related with moderate waves and the highest irteasirents.
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Fig. 62. Time series during the tripod deployment of: (ejdtaveraged SSC (in mg/l) measured with the
ABS channel 2 (2 MHz); (b) estimations of the maxim combined shear stress due to waves and
currents €,,.), waves shear stresg,j and currents shear stresg)( Only-wave-, only-current and wave-
current dominated events are indicated with shadeds.

The development of wind jets generated by NW wiitdshe study area during the winter
season produces strong wind-induced currents anddail wave spectrums (wind generated
and offshore generated waves) on the continengdll gBrifoll et al., 2016). However, the fetch
of NW wind was too short at the study site to depelaves withH, > 1 m and therefore, the
strong Mistral winds highly correlated with the S3#gh-speed currents (Fig. 64). The
simultaneous occurrence of strong winds and cwsiieats to a direct correlation between wind
intensity and the amount of the suspended sediatedifferent depths (Fig. 63 d). This is a
relevant difference with other areas where the #&€well correlated with the stress generated

by winds but unrelated to currents (Carlin et2016).
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Fig. 64. Scatter plot of the wind speed (fourth quadrant) @4d current speed distinguishing between
the first (Q1), second (Q2), third (Q3), and foui@¥%) quadrants measured during the tripod deployme

3.1.2.The shape of the SSC-profile
The Ebro Delta site is located in a shoaling zomé&h non-breaking waves, where
hydrodynamics can be dominated by waves or cur@nb®th together and with a flat bottom

or with the presence of ripples superimposed tgelasand ridges bedforms (Chapter V). Given
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this variety of situations, the concentration geofisually adjusted better to a power form.
Time-averaged SSC-profiles exhibited upward-concsapes and, in general, were well-
described with a power function. The choice of poareexponential concentration profile is a
controversial issue (Bolafios et al., 2012; Davied @horne, 2016). The basic difference
between the two predictive models arise in considdneight-constant sediment diffusivitys)(
for the exponential profiles or considering lingankight-varying diffusivity for the power-law
SSC-profile. In the Ebro area, the power profileprapch fitted better with the ABS
measurements than the exponential (Fig. 44, Tahlénact, the power approximation is the
most used formulae to fit the SSC-profiles in eominents with the combination of waves and
currents contributing both to the sediment mixiBgylsby, 1997) and previous studies in areas
relatively close to the study site also observdxbtber fit with the power approach (Guillén et
al., 2002).

However, at the uppermost part of the profiles, nvsediment concentrations were constant
with height (vertical profiles), the power approagitesented small divergence from
measurements. It probably occurred because ofdheality of the profile due to homogeneity
or well-mixing of suspended sediment versus thecally concave shape of the power
adjustment. Similarly, Bolafios et al. (2012) obsdrwyood agreement of the power and
exponential approach for the first 0.2 m above dmoft being the power approach only
marginally better than the exponential along thése m. However, above the 0.2 m they
observed a divergence on the exponential form nmapidly with height than the power
approach. On the contrary, laboratory observationder only-wave conditions found that
concentration profiles very close of the seabeg (@2ere better represented by an exponential
profile, although the full profile was better ddbed by a power equation (van der Werf et al.,
2006).

Based on the shape of the time-averaged SSC-wrafild the parameters estimated from the
acoustic device (seabed location and referenceeotration) three layers of SSC were usually
identified (Fig. 65): (i) high-concentration layigom the seabed (SB) tg. (with & thickness);

(i) intermediate layer characterized by strongtieat gradient of SSC; and (iii) upper or

background concentration layer with almost cons&8(€ values with height above the bottom.

The high-concentration layer (high-C layer, Fig. 65), as defined here, shouldude the sheet
flow pick-up layer (Ribberink and Al-Salem, 199%he wave boundary layer and most of
bedload sediment transport, whose typical leng#iesc(few millimetres) (Ribberink and Al-
Salem, 1995; Ruessink et al., 2011) are lower thardata resolution (centimetre). In the Ebro
site, the thickness of the high-C layé) (vas typically around 12 cm, but it reached ~30 cm

during maximum current speed events accompaniedntsnse winds (e.g. the P2of
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November, Fig. 50). High-C layers formation havebebserved during stormy weather in
coastal areas in mud, silty-enriched (silt and 8aad) or sandy sediment due to horizontal and
vertical sediment trapping keeping the sedimersuspension close to the bottom (Traykovski
et al., 2000; Lamb and Parsons, 2005; Yan et Qlp2Yao et al., 2015). The high-C layer
formation has been related to the large stirrifigo#$ due to oscillatory motion of waves and
the sediment-induced buoyancy effects on silty tsoflsamb and Parsons, 2005; Yan et al.,
2010; Yao et al., 2015). Then, during wave-currents, the high-C layer can be related to
sand resuspensions from the bottom by sedimeningtiby diffusion from the seabed whereas
currents were the responsible of the sand/mudpgoah®y horizontal diffusion and advection,
occurring then vertical and horizontal diffusiométher. The high-C layer was also developed
by bottom sediment entrainment generated by stoamgents (e.g. Fig. 50). In literature, the
near-bottom high-C layer dominated by turbulence leen described in many environments,
being their upper boundary the elevation wherectiveentration is about 10 g/l and SSC range
was 3-60 g/l in high-C layers dominated by silfitee sand sediments (Traykovski et al., 2000;
Lamb and Parsons, 2005;Yan et al., 2010; Yao et2@all5). In the Ebro area, it has been
observed in the range of 0.5-10 g/l during the niosnse events with an abrupt change in
concentrations to lower concentrationzat being the concentration at the top of this laper

reference concentratioi,{) used in the SSC-profile model.

The intermediate layer is characterized by a strong decreasing gradi€rf8SE with height
between the top of the high-C layet.X until the level of the profile where the concatitin
begins to remain almost constant (background lsses, below) (Fig. 65). Time-varying SSC
showed that this layer responded to fluctuationthexSSC associated to the entrainment and
settling of sediment typically caused by waves (Bi§, Fig. 49, Fig. 58 and Fig. 59 hese
sediment patterns were visualized as sudden/qudical increases and decreases of the time-
varying SSC and suggest vertical diffusion of fsad and mud resuspended by waves from
the seabed until a specific height (Fig. 46). s thyer, concentrations and the number of high-
SSC pulses caused by resuspension decreases piagliewith the distance to the seabed and
produce a strong vertical SSC gradient in the ayat&5SC-profiles (Fig. 45). Similar patterns
occurred in current events in presence of wavagjesting that the effect of small waves could

be enhanced by the current and generated rhythugepof suspended sediment (e.g. Fig. 56).

The bulge that disrupted some of the instantan&®i€-profiles at or slightly above the
intermediate layer (Fig. 49 d) suggests that aoluitli processes influence the SSC distribution.
Potential mechanisms could be the advection byeatsrand/or waves, the time lag between the
sediment entrainment, and wave flow phases undsvedk waves and groups (Ruessink et al.,
2011; O'Hara Murray et al., 2012), although in atzseof available detailed high-resolution

hydrodynamic measurements our data cannot supiscerfd any of them.
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The background concentration layer corresponds to the uppermost section of the medsur
SSC-profile characterized by homogeneous, well-mgxsuspended sediments with a roughly
constant concentration with height above the bottbrg. 65). The small SSC variability was
observed in instantaneous, time-varying and timexaged SSC profiles. The thickness of the
background concentration layer tends to maximizethat same time that the sediment
concentration decreases during calm conditions ewvtlile down-limit can rise above the

measured profile during the highest energetic dont (i.e. Fig. 45 b, ¢, d, and f).

A
Background
concentration
A

z (cm)

Intermediate
Layer

z .

) ;High-C Layer
[1(mgh)

Fig. 65. Model proposed of the time-averaged SSC-profile #rel layers identified, where, is the
reference level, SB is the seabed location,&isdde distance or thickness betweemmnd SB.

3.2.SSC oscillations at wave frequencies

Wave groups and individual waves are characteridticregular free surface waves typical in
field conditions. Existing field and laboratory wsrshow that the SSC can change over a range
of time scales at high-frequencies (intra-wavespoeisited to individual waves and at low-
frequencies (infragravity waves) associated witivevgroups (Kularatne and Pattiaratchi, 2008;
O’Hara Murray et al., 2011, 2012; Bakker et al.1@0 Time-varying SSC data at the Ebro site
displayed SSC oscillations at both incident andamfavity wave frequencies (Fig. 56, Fig. 57,
Fig. 66). To show the SSC time scales oscillatiang the potential association to individual
waves and/or to wave groups, the second fortnifiilavember was here used as example
because it was the period when more high-energetients occurred under different
hydrodynamic conditions (Fig. 66). During wave- awdve-current-dominated events (the
latter when waves dominated over currents), SS@laigsms in the intermediate layer were
rhythmic, with typical frequencies of 0.07 and 0H2 roughly equivalent to sea-swell waves
with periods of 8-14 s (Fig. 66 b, d). In some luéde events, secondary spectral peaks at low-
frequencies (between 0.03 and 0.01 Hz) appearadtsimeously with the previous (e.g."™26f
November displays second spectral peak at 0.0Figz66 c). These low-frequency SSC peaks

were in the range of characteristic frequenciesnbfagravity waves or wave groups with
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periods 30-200 s also observed in previous expetsnéularatne and Pattiaratchi, 2008;
O’Hara Murray et al., 2012; Bakker et al., 2016).

0 100 300 500 0 02040608 1
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Time . 360
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Fig. 66. Time series from the 15to the 38 of November 2013 of: (a) time-averaged SSC in (m(d)
normalized fft at 15 cm above the detected seabeatibn for the frequencies between 0.05-0.25 Ez; (
normalized fft at 15 cm above the detected seabeatibn for the frequencies between 0.005-0.05 Hz;
(d) normalized spectral wavelet at 15 cm aboveddtected seabed location; (e) propagated signtfican
wave height (line) and peak wave period (dots)¢c(frent speed (line) and direction (dots).

In pure oscillatory gravity waves, the SSC shoufpldyed two peaks of suspended sediment,
during the forward and backwards movement of théew&O’'Hara Murray et al., 2011).
However, it was observed in shoaling areas thaensand was picked up during the positive
than during the negative flow half cycle of wavexduse of the positively skewed bed shear
stress beneath velociasymmetric flow (Ruessink et al., 2011). In thedEDelta, most of SSC
time series spectrums displayed a single peak atitgrwave frequencies suggesting that
incoming waves transformed from sinusoidal in deeyter, through velocitgkewed in the
shoaling zone and the SSC-peak near the seabeltl sbaghly correspond with the onshore
wave velocity peak. SSC-peaks wave-like shapedfaeagravity frequencies can rise in the

water column and most of them reach the uppernassiop the profiles (Fig. 56, Fig. 57).

In the shoaling zone the expected transport adsdcia the intra-wave skewness is onshore
(Kularatne and Pattiaratchi, 2008), while the sexdfitntransport caused by wave groups is
typically offshore (Kularatne and Pattiaratchi, 80®akker et al., 2016). The simultaneous
occurrence of both frequencies in the SSC timessein the Ebro site during wave storm

conditions suggest that intra-wave frequencies ptaymportant role in the initial resuspension
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of sediment within the wave boundary layer, andevgroups can also have a significant role in
the near-bottom suspended sediment transport edlgeat higher elevations above bottom
(O’Hara Murray et al., 2012).

3.3.SSC above ripples

Time-averaged, time-varying, and instantaneous @®8€les are examined to elucidate if the
presence of ripples and their morphological diffiees significantly modified patterns on the
suspended sediment distribution. Ripples develogathg low-moderate conditions, while
sheet flow regime with flat bottom is assumed tsteduring most of the wave-current events in
the Ebro area (Chapter V). Observations show tBatiZples formed during low- to moderate-
energetic conditions associated with wavHs~( m), while 3D-ripples formed under more
energetic conditions associated with waves andentsr This is in accordance with the
classification of ripples from 2D to 3D transitidria finally plane bed with increasing energy
flows (Thorne et al., 2009). In the Ebro Delta, g@-ripples remained almost fixed on the
seabed while the 3D-ripples migrated towards th& $8d changed their morphologies
(Chapter V).

Time-averaged SSC-profiles in presence of 2D wayaes showed the same shape as
described in wave events (Fig. 67). However, tlgpepce displayed in Fig. 67 (a-d) exhibits a
progressively increase along time of the conceaptrat mostly in the high-C and intermediate
layers when hydrodynamics remain constant. Thezetbe presence of bedforms potentially be
the responsible to that SSC increases. In detaile-varying SSC showed wave related
resuspensions with moderate concentration osoitlatibut unexpected high SSC measured
during small waves suggesting that the preseneppies could enhance the SSC (Fig. 68). In
fact, steep rippled beds can induce vortex forma@md entrainment leading to constant
sediment diffusivity (O’'Hara Murray et al., 2011a@es and Thorne, 2016). Bulges of SSC
increases appeared along the time-varying SSC landnstantaneous SSC-profiles (Fig. 69).
These bulges can be compatible with trapped suspesediment in the shed vortex, which is

advected vertically and/or horizontally (O’Hara May et al., 2011).
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Fig. 67. Time-averaged suspended sediment concentratiogsrdSSC-profiles) (black dots) and the

power approach (red line) during ripples formationder an eastern wave event. See the Fig. 45 aaptio

for the full description of variables defined incasubplot.
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Fig. 68. SSC intra-burst data during the eastern wave ewerthe 2% of October of 2013 at 7 h when
ripples morphologies were observed lying over tehed.
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Fig. 69. a) Detail (one minute) of the intra-burst time senneasured on the"2@f October of 2013 at 2
h; b, c) SSC-profiles for the instants indicatelvifte vertical lines in (a).

Rippled bed with brained crests was observed Iginghe seabed on th& 4f November at 19

h during a current event (Chapter V). Ripples wang/ dynamic growing and changing ripple
morphologies from 3D to 2D-ripples according to tuerent speed variations. SSC time series
displayed the onset on the suspended sedimentbesalose to the bottom at the beginning of
the event and the progressive augment until th& peahe current speed (Fig. 70 a, Fig. 71).
Above current dominated ripples, time-averaged SB6files showed thicker background
concentration layer (thinner intermediate laye@nthin the wave-dominated (Fig. 70). The
evolution from 3D brained crests to better-devetb@® rectilinear crests coincided with the
increase of the concentration gradient (Fig. 710, aespectively). Instantaneous profiles display
wide variability in shapes and thickness of thekigasund concentration (Fig. 71 b, c, d).
Below the background concentration layer, SSC eixhte largest variability displaying
different patterns such as: high SSC gradient (Figh), bulges development of high SSC close
to the seabed (Fig. 71 c) or the progressive dserehconcentrations towards the seabed (Fig.
71d).
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Fig. 70. Time-averaged suspended sediment concentratiomgsrdSSC-profiles) (black dots) and the
power approach (red line) during ripples formatiomer a current event. See the Fig. 45 captiothior
full description of variables defined in each subpl
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Fig. 71. (a) SSC time-varying of the current event on tHeoft November of 2013 at 22 h; (b, (c), (d)
SSC-profiles at the instant indicated in subpldt (a

Finally, 3D-ripples formed during the wave-currexent from the 29to the 31' of October of
2013 (Chapter V). The time-varying profiles showeatedly suspended sediment pulses above
the high-C layer as observed previously in waveentrevents (Fig. 72 a). However, some
profiles show time-lags on the SSC with height abthe bottom at the intermediate layer (Fig.
72 a). These SSC patterns are reflected as abwopectration changes along the instantaneous
profiles (Fig. 72 b-f). Time-lag SSC with height mealso observed to occur consistently just
after flow reversal under controlled hydrodynanooditions in a flume and it was attributed to
the ejection of sediment-laden vortices over ripmeests (Hurther et al., 2011) Fig. 9, or Fig. 5
of (O’Hara Murray et al., 2012). This vortex sheugliprocess occurred typically when the
orbital diameter is greater than the ripple wavgler(Hurther et al., 2011; O’'Hara Murray et
al., 2012). In the Ebro, time-lag SSC with heighégumably attributed to sediment vortex
shedding because of the presence of ripples wéysobreerved during waves and wave-current

events.
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Fig. 72. (a) Time varying SSC during a period of ripples @lepment under wave-current conditions on
the 30" of October at 5 h; b, ¢, d, e, f) SSC-profileshetinstants indicated with the vertical linesai. (

4. Conclusions

Near-bottom SSC patterns were analysed under ocalewonly-current and wave-current
events in the inner shelf of the Ebro Delta arednduthree months. Inter-burst, burst-averaged
(time-averaged) and intra-burst (time-varying) pesf were described for different forcing

conditions and the ripple effects in SSC was addbs

The median grain size of suspended sediment ctofiget bottom was roughly coarser during
high-energy events £t> 200 um) and finer during calm periodgg@ 50-150 pum). In general,
the suspended sediment is finer than the bottonmsed (d, = 210um) except during strong
hydrodynamic events, when the suspended sedimsithiar and even coarser. The grain size
of suspended sediment varies at wave frequenciesgdwaves and combined wave-current
events, which indicates that waves control the -bettom suspended sediment grain size. The

variability of suspended sediment grain size is thwing current-dominated conditions.
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In absence of large sediment river discharges,tdked shear stress provided a reasonable
prediction of near-bottom SSC, especially during€$f®aks. Waves are the main contributor to
the total shear stress, although strong Mistraldsi(NW winds) induced high-speed currents
also related with SSC-peaks. An apparent thresbiose@diment resuspension was accomplished
whent,,. > 0.04 N/m.

Three layers were usually identified in the times@aged SSC-profiles: (i) a high-concentration
layer from the seabed to a mean height of ~12 anabSSC of 0.5-10 g/l, related to sediment
resuspensions due to wave stirring and/or bottodinmnt entrainment because of strong
currents; (ii) an intermediate layer (few cm tosem thick) characterized by an strong vertical
gradient of decreasing concentration related teodisSnuous resuspensions by wave stirring and
diffusion from the seabed and the progressive timuof concentration and pulses with the
height above bottom; and (iii) a background coneiun layer at the uppermost part of the

profile where SSC is roughly constant and with igglglle wave effects.

The variability in the shape of time-averaged S$@fifes was more related to the energy of the
event rather than the trigger factor that indueegdiment mobility (only-waves, only-currents
or wave-current). The time-averaged SSC-profildbéster fitted to power than exponential
profiles under all the studied hydrodynamic comdis. The best fit is obtained applying twice

the power profile: at the high-C layer and at imtediate and background layers.

Oscillations of time-varying SSC-profiles mainly coecred at gravity wave frequencies
according with bottom sediment resuspension by waiveng. This is observed even under
only current events, when waves are small. Whereg/@ominate, SSC oscillations at typical

wave group frequencies enhance the concentratioigla¢r levels above the bottom.

Several changes in the shape of time-varying astmtaneous SSC-profiles were observed in
rippled seabed: (i) peaks of SSC with small way@sincreases of the concentration gradient
when ripples evolve from 3D brained crests to bateveloped (steeper) 2D morphologies; (iii)
time-lags in the SSC observed from the bottom t ititermediate layer under waves and
combined wave-current events; (iv) bulges of sudpdrsediment during only-waves and wave-
current events which can be compatible with trappesbended sediment in the shed vortex.
However, the shape of the time-averaged SSC psafilimains almost unchanged in presence of

ripples.
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Chapter VIII. Conclusions and future
research

This work undertakes the integrated study of bedfdevelopment and sediment dynamics in

the inner shelf at different spatial and temporehles. It is envisaged that small-scale

sedimentary processes strongly interact with lagde processes and therefore, the study of all
them is required for their comprehension. For tiosl, sand ridges (tens of years-centuries),
ripples (minutes-hours) and suspended sedimerdtiars (seconds-hours) were analysed at the
Ebro Delta (NW Mediterranean Sea) and Perranpatiaritic Ocean) areas.

The diversity of data and techniques has forcddtagrate a number of different datasets, data
acquisition techniques and methodologies includivguse of multiple devices with different
sensors (e.g. swath bathymetry, high-resolutiosnsieireflection, currentmeters, turbidimeters,
altimeters, video camera, ABS, seabed profilehs,dalibration of the instrumentation, the use
of programming tools to process, analyse and phig;dthe classification, selection and
management of a huge volume of data and informagiod the data integration in a Geographic

Information System.

The thematic results and conclusions have beeraieenl in the corresponding chapters and

then used now to answer the scientific questioisedaat the beginning of the thesis.

1. Answers to initial research questions

v' What is the temporal scale for the development ofhereface connected sand
ridges? Which are the particular conditions required for their formation and potential
preservation?

The Ebro Delta sand ridge field is an example @& finst stages of sand ridge bedforms
development. During these initial stages, the tao@le of development of SFCRs (previously
estimated as hundreds to a few thousand yearsaetaally much shorter, on the order of a few
decades. The genesis of this sand ridge fieldosety related to the contemporary evolution of
the Ebro River mouth. In the 1940s, the main riseurse switched and left behind the Cape
Tortosa river mouth to its further progressive atmanment, with a rapid retreat of the shoreline

and the formation of an erosional surface on tlwweshce. Large amounts of sand provided by
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coastal erosion available to be reworked favouneddevelopment of the sand ridge field above
the erosional surface. The persistent high-speedemis; topographic irregularities in the
erosional surface (the potential bedform precujsansd favourable sea level rise in the area
during the last few decades instigated and promdtedformation of the Ebro Delta sand
ridges, similar to the initial phases of SFDR géneliring the Holocene on Mediterranean

shelves.

The sand ridges preservation remains an open qoedthe existing models and observations
about the formation and evolution of SFDR, togethéh the volume of sediment lost in the
sand ridge of the Ebro Delta between 2004 and 2@hSpurage thinking that they are
progressively degrading and their life-span shdogdn the order of a few decades. To revert
this conjecture a rapid sea-level rise togetheh Watge amounts of available sandy sediment

should be required.

v' What is the morphological expression and variabiliy of ripples on the inner shelf
under waves, currents and wave-currents conditions?Are they morphologically and/or
dynamically different between tideless and macro-tial environments?

Seabed morphological observations showed thatrérsepce of ripples is the most usual seabed
configuration at the Ebro Delta shoreface and ataRporth inner shelf during low and mild

hydrodynamic conditions.

In the Ebro Delta, four seabed small-scale bedfamenr® identified. These morphologies sorted
from values close (below) to the inception of sesfimmotion to wash-out conditions are: (i)
small undulations witly <0.5 cm andi~8 cm; (ii) 2D-ripples (wave-ripples) with =1.2 cm
andA =7-10 cm; (iii) mixed 2D-3D current-dominated rippleith7,,,,,~1.5 cm andl =10-15
cm; and iv) 3D wave-current ripples with, 4, ~2.2 cm andl =7-20 cm. The wave-ripples
crest alignment were N-S and they were static wiplgles under current-dominated conditions
and 3D morphologies the crests alignment were WhHE they migrate at mean rates of ~10
cm/h. When the hydrodynamic regime increased tleeggmripple degradation occurred (wash-
out conditions) although under low-energy condgioipples progressively decay mainly as a

consequence of the benthic community that coneitbéiattening the relict ripples.

At Perranporth ripples were related only to waweave-ripple) as most ripple crestlines were
oriented N-S, perpendicular to the wave directippraach (W-E) and parallel to the dominant
current direction (N-S). Two ripple categories wereognized as ripples type 1 with rectilinear
crests,n >2 cm andl =15-20 cm, and ripples type 2 with more sinusoidaturved crests,
n =1-1.5 cm andl =10-15 cm. The transition from ripple type 1 to fippype 2 was abrupt
and interpreted as ripple degradation or wash-atinhg increasing energetic conditions while

the transition from ripple type 2 to type 1 (ripglowth) was progressive and it occurred when
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wave energy decreased. Three general trends weesveltl at seabed and linked to changing
hydrodynamics: (i) during low-energy regimes thals® was stable and static with steady or
relict ripples; (ii) during moderate-energy reginsgesabed showed small variabilities with ripple
formation and dynamism by crests reorientations} @i during high-energy regimes ripples

were washed-out and the seabed formed scour (arasoind the frame legs).

The main difference between both areas is the abseh current-dominated ripples at the
Perranporth inner shelf. This occurs because theirtensity of the recorded tidal currents,
which are almost parallel to ripple crestlinesPirranporth, only two wave-ripples typologies
were observed with transitions between them. In Hieo Delta, small undulations were
observed to form under low-energetic conditionddivethe critical Shields parameter) as a
precursor of the larger well-developed 2D-ripphles\(e-ripples) when the energy increased. In
both areas, wave-ripples remained stationary stiggethat wave asymmetry/skewness was
almost negligible during ripple development. Higiwave asymmetry/skewness was measured
at Perranporth during more severe storms and ederr the Ebro Delta from SSC oscillations
during storm events, but in these conditions rippheere wash-out and sheet-flow conditions

dominate at the seabed.

v Does simple model of ripple prediction satisfactorggree with observations?

The applied ripple predictor method roughly fitsttwripple appearance and it fails in the
prediction of ripple dimensions. The developmentsafall seabed undulations below the
theoretical threshold of grain movement is a ma@ncern in ripple and sediment transport
prediction, suggesting using the estimated threlshak progressive ranges better than abrupt
changes. The capability to prognosticate rippleecapgnce improved when ripple predictor is
applied using thresholds derived from observatiaijough ripple dimensions were still

overestimated.

v What are the main mechanisms responsible of the nehottom suspended
sediment variability over flat and rippled bed?
The mechanisms controlling the near-bottom suspksddiment variability are mainly waves
and currents, being the strongest near-bottom migrteggered by the persistent intense Mistral
(NW) winds.

The near-bottom SSC is reasonably predicted fr@ntdtal shear stress, more especially during
SSC-peaks. Waves were the main contributor to ¢h& shear stress although high-speed
currents induced by strong winds were also asstitt SSC-peaks. An apparent threshold of

sediment resuspension was achieved vefjer> 0.04 N/m.
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The variability in shapes of the time-averaged $8@ies is more related to the energy of the
event rather than the mechanism inducing sedimeuility (waves, currents or wave-current).
Three layers were identified in the time-averag&LC $rofiles: (i) a high-concentration layer
related to sediment resuspensions due to wavengtiand/or bottom sediment entrainment
because of strong currents; (i) an intermediateriaassociated to wave resuspensions and
diffusion where concentrations and pulses progrebBsreduce with height above bottom; and
(iif) a background concentration layer at the uppest part of the profile where SSC is roughly
constant. The time-averaged SSC-profile is beitezdf to power than exponential profiles

under all the studied hydrodynamic conditions.

The SSC oscillations accordingly with resuspensiosediment induced by the wave stirring at
gravity frequencies were observed at the time-vayy8SC profiles, even under current-
dominated conditions when small wind-induced walgsed. Under wave dominion, SSC

oscillations at infragravity wave frequencies erdeathe concentration at higher levels above

the bottom.

The suspended sediment grain sizes oscillated & fraquencies during waves and combined
wave-current events while during current-dominagednts the suspended grain size increased
but with reduced (intra-burst) variability. In geak the median grain size of the suspended
sediment close to the bottom is finegy(d 50-150 pm) than the bottom sedimend, @ 210
um), but during high-energy events it can be cogidgr 200 um).

The shape of time-averaged SSC-profiles remaingasim flat and rippled seabed. However,
the time-varying and instantaneous SSC-profileswsldo sediment patterns which can be
potentially related to ripples lying on the sealf®oime of these changes presumably induced by
the presence of the ripples are: peaks of SSC smithll waves; increases of the concentration
gradient when ripple morphologies changed from B&ined crests to 2D morphologies; time-
lags in the SSC from the bottom to the intermediateer; bulges of suspended sediment
compatible with trapped suspended sediment in hieel sortex during only-waves and wave-

current events.

v' What is the contribution (if any) of ripple dynamics to the migration of sand
ridges?
The integrated analysis of large and small bedfaiymamics at the Ebro Delta suggest that the
ripples contribution to the migration of sand ridgmuld be roughly no more than one order of
magnitude lower than the total transport involvadsand ridge migration. This subordinate
sediment transport is representative becausei®biiggesting that the large-scale bedforms are
dynamic during low-moderated energetic processdshahonly during high-energy conditions

or extreme events. Most of sediment transport @eduduring severe storms and under sheet
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flow conditions when ripples were washed-out. Ireg@nce of ripples, only during the
development of 3D wave-current ripples significeediment transport was estimated and ripple
migrated at mean rates ~10 cm/h, dominated (as 8dgd migration) by the wind-induced

currents towards the SE.

Observations of small-scale suspended sedimentigplé development also demonstrated that
under low- to moderate-energetic conditions 2D{gpgwaves-ripples) form and remain static
features (probably because of the wave orbitalci®ieymmetry). However, when the energy
induced by eastern waves increased, the ripplesash-out and large amount of fine sand and
mud was resuspended and available to be transpostentds the NW-W (presumably because
of wave orbital velocity asymmetry/skewness). Unither latter conditions is when sand ridges
can be reshaped to symmetric forms by sheet flowalgo through suspended sediment

transport.

v' What is the contribution (if any) of ripple dynamics in the onshore sediment
transport from the inner shelf to the nearshore asa potential mechanism of beach
recovery?

The hypothesis of ripple migration as potentialtdbotor to the onshore sediment transport
and a beach recovery mechanism under low-, moderatgetic conditions is discarded based
on stationarity of ripples (no migration) that weare agreement with observations of wave
symmetry and currents parallel to ripple crestliaes-20 m depth. The alongshelf sediment
transport switched between N and S following thésebnd floods tidal flows under low-

moderate energetic conditions. However, during rmaarergetic conditions, when ripples are

wash-out, the wave skewness increases promotingnteore sediment transport.

2. Future research

The analysis of sand ridges at the Ebro Delta gdexvivaluable information about the formation
mechanism, the dynamism, and the involved timeesdalr the genesis of these large bedforms.
In this sense, other field examples of the inisges of sand ridges formation, embryonic
stages, previous to detachment and/or degradingcoemplement to better define the main
controlling processes and the involved time-scakésld observations can be also valuable
information to enrich models of sand ridges formmtievolution and/or vanish. Moreover,
observations and models can help to discriminatedibons of sand ridges preservation. In
addition, the prolongation of field observationssld be recommended to get the seasonal and

annual variability of the dynamism of these bedferm

The precise contribution of small-scale bedformshie dynamics of large bedforms or in the

beach recovery after storms remains an open queshiat deserves further research. If
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significant, it would imply that low-mild-energetfirocesses (associated to small bedforms) can
play a relevant role in the present day morpholofjyhe seabed and in sediment exchanges
between the inner shelf and the nearshore. Obgamgain other inner shelves sites would
provide contrasting information about if the cres®re wave-ripple migration is indeed always
restricted to the nearshore zone; and if it isald# and realistic to be predicted using

estimations of wave asymmetry/skewness.

Ripples are usually assumed to be non-equilibritateseatures in field with rapid variability
(at times even ephemeral) in their formation andagyism. Therefore, ripple prediction is still
under construction and should be improved by adigidteld observations and modelling. The
prediction of ripple appearance and dimensiondgkiy valuable in the estimation of the bed
roughness which is decisive in boundary layer patars (e.g. bed shear stress or sediment

transport).

Observation of small-scale processes in the seisbsmmplex from the technical point of view
because the influence of devices deployed. In Wbhad, less intrusive instrumentation will be
used from permanent observatories or AUV’s devioeth incorporating morphological and
oceanographic sensors. The integration of highluéea morphological, hydrodynamic and

SSC measurements should make easier data inteiqmnseta

The near-bottom SSC variability and associatedy¢ichydrodynamic mechanisms interacting
with a flat/rippled seabed with changing suspergksiment grain sizes are, at least partially, a
“black-box” in our knowledge. Incorporation of néwgh-quality field measurements (together
physical and mathematical modelling) will allow etter understanding of the resuspension and
maintenance of sediment in suspension by waverasity and infragravity frequencies, wind-
induced or tidal-induced currents, the responsehef seabed and the resulting sediment

transport.
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