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Abstract. Clinforms are classical geological features.  Examples in the rock record or in 

seismic reflection data that originally formed in shallow water can potentially help to locate 

paleo–sea level, but their precise links with sea level need to be established using modern 

examples before such inferences can be made accurately.  Some near-shore areas of high 

wave energy and steep coasts host sand bodies with upwards-convex surfaces.  These 

clinoforms have been suggested to have been created from sand exported from the upper 

shoreface during stormy conditions, and deposited at depths where wave action diminishes 

below the threshold of motion (Field and Roy 1984; Hernández-Molina et al. 2000).  We 

have compiled the shapes of these bodies in a variety of wave environments in order to test 

this idea.  The interpreted depths at which the sand surface steepens (i.e., the clinoform 

rollover) vary from 21 m off southern California to deeper than 50 m off SE Australia.  To 

assess the link with wave action, rollover depths were compared with adjacent deep-water 

wave properties over the period 1992–2001 in the ERA-40 reanalysis dataset.  Rollover bed 

shear stresses were computed from properties representing average wave conditions and from 

properties associated with upper–percentile conditions.  Stresses were found to reach 0.1–0.5 

Pa during upper 5-percentile wave conditions, exceeding the sediment threshold of motion 

estimated from reported grain–size data.  Sediment to below the rollover is therefore mobile 

during extreme wave conditions. 

 

Introduction 

 Sediment bodies generated when particles are transported into calmer water and deposited 

down a slope often form sigmoidal clinoforms (Sangree and Widmier 1977).  Between their 

topsets and foresets, their upwards-convex surfaces, which are often termed "rollovers", are 

interpreted to arise from a gradual seaward decline in energy of the environment: in shallow 
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water, strong currents due to waves and other processes flatten sediment topography, whereas 

in deeper water, where currents are weaker, sediment can form steeper deposits.  These 

features lie below sea level at the time of deposition.  Reconstructing past sea level from 

seismic reflection data relies primarily on identifying and dating erosional unconformities 

(Helland-Hansen and Hampson 2009; Rabineau et al. 2006; Vail et al. 1977).  Rollovers in 

stratigraphy may assist that effort, providing an easily identified stratal shape in seismic 

reflections that is readily traced to the unconformities, but the accuracy of that assistance 

would depend on the precise depth at which they were originally deposited.  Significant 

research effort has been expended attempting to understand or simulate the shapes of 

clinoforms (Flemings and Grotzinger 1997; Friedrichs and Wright 2004; Kaufman et al. 

1991; Mitchell and Huthnance 2007; Niedoroda et al. 2005; Parker 2006; Pirmez et al. 1998; 

Rivenaes 1992; Rivenaes 1997; Schlager and Adams 2001; Swenson et al. 2005; Syvitski and 

Daughney 1992; Walsh et al. 2004). Many of the clinoforms studied to date were formed of 

muddy sediment, where transport and deposition are potentially complicated, for example, by 

uncertain settling rates of variably flocculated clay particles and varied resistance to 

intermittent resuspension arising from compaction and other processes (McCave 1984).  

Developing a quantitative understanding may be better carried out on sand–grade sediment 

for which transport and deposition are more predictable (Soulsby 1997). 

 The clinoforms studied here are subtidal sand lenses or wedges occurring on steep coasts 

with relatively high wave energy (mean significant wave height Hs typically around 2 m).  

They are up to a few tens of meters thick with forms that are convex upwards in shore-normal 

profile and either elongated along-shore or convex-seawards in plan view.  They were first 

reported off the SE coast of Australia by Field and Roy (1984), who noted that they contain 

seaward-dipping reflectors in high-resolution seismic reflection images.  Such dipping foreset 
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strata imply, as with other clinoforms, that these features grow by sequential deposition along 

their foresets.  Consequently they have also been called "infralittoral prograding wedges" 

(Hernández-Molina et al. 2000).   According to Field and Roy (1984) and Hernández-Molina 

et al. (2000), they originate from suspension and bedload transport of sand from the shoreface 

and surf zone during storms, with the sand being deposited along the foresets where wave 

agitation declines towards the threshold of movement. 

 Given the prograding geometry of sandy aggrading clinoforms (Field and Roy 1984; 

Hernández-Molina et al. 2000; Lobo et al. 2005), a rapid increase in time-averaged 

deposition rate occurs going seaward over the rollover, towards a maximum on the clinoform 

foreset (Friedrichs and Wright 2004).  This is illustrated in Figure 1, where the area between 

two time surfaces represents an increment of net deposition.  Walsh et al. (2004) estimated 

that the rollovers of muddy clinoforms in the Gulf of Papua coincide approximately with the 

depths at which bed shear stresses due to wave and tidal currents can only just resuspend mud 

(comparing the bed shear stress to the critical shear stresses of sediment erosion and 

deposition).  The rollover may therefore reflect a critical threshold.  However, during 

quiescent conditions, sediment likely is deposited on the topset of the clinoform as well as on 

its foreset, and in extreme conditions sediment on some part of the foreset may become 

mobilized.  The clinoform shape results from sediment accumulating over many wave and 

other events of varying magnitude.  Whether one part of the wave–climate spectrum controls 

the rollover depth or a more complicated combination of the whole spectrum is therefore 

unclear.  Unfortunately, detailed data on in situ wave and current conditions are relatively 

limited on these sandy clinoforms and, as far as we are aware, no study exists with a level of 

detailed information comparable to that on the Gulf of Papua clinoforms (Walsh et al. 2004).  

Rather than address the sediment dynamics of a particular site, the following analysis instead 
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seeks to address this issue by comparing clinoforms from several different locations with 

contrasting rollover depths and with contrasting wave climates (Figure 2).  Although the term 

“rollover” describes the progressive steepening across the tops of clinoforms (i.e., a 

transition), in order to compare the rollovers with each other and wave data, a point in the 

steepening profile needs to be identified, so “rollover depth” in the following refers to this 

specific location.  The analysis is restricted to exposed coasts, where local wave-induced 

shear stresses can be estimated using a global dataset of deep-water wave properties (the 

ERA-40 dataset derived from reanalysis of meteorological station data verified against wave 

buoy data; Caires and Sterl 2003; Caires et al. 2005).  We have sought to correlate local 

sediment erosion/deposition threshold stresses at the rollovers with bed shear stresses created 

separately by average wave conditions and by those conditions of the upper 10-percentile and 

5-percentile by wave height.  If wave-induced bed shear stress dominates the rollover 

position, this analysis ought to reveal a straightforward correlation with critical sediment 

thresholds. 

 

Compilation of data of Sandy Clinoforms 

 We have interpreted sandy clinoforms from various geophysical data, mostly published 

seismic reflection data capable of resolving internal structure.  Rather than reproduce the data 

for all these sites here, for brevity they are only summarized.  The reader is referred to the 

maps and further details in the linked publications for details.  The sources are listed in Table 

1, and interpreted profiles are shown in Figure 3. 

 

Mediterranean Iberia Hernández-Molina et al. (2000) showed one boomer seismic profile 

(Figure 4B) from the Mediterranean coast of Iberia near Almería south of the Cabo de Gata 
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headland, where the lesser fetch compared with the Atlantic leads to shorter–period and 

lower–amplitude waves.  Multibeam sonar data collected nearby (Fernández-Salas et al. 

2009) reveal that these clinoforms commonly form a series of en échelon bodies, suggesting 

that offshore sand export can have a component alongshore in this area. Multibeam data over 

this particular site (Figure 4A) show a body of sediment rounded in plan view and with a 

smooth surface texture around the rollover.  Surface grab samples have been taken 1 km 

seaward and 1 km landward of the clinform rollover in the Hernández-Molina et al. (2000) 

profile (Figure 4A).  Their median grain sizes are 0.239 and 0.171 mm, respectively. 

 The stratigraphy within Figure 4B illustrates that these sand bodies can develop by a 

somewhat complicated history of particle accumulation.  Immediately above the 

transgression surface in Figure 4B, a shallow-dipping stratigraphy onlaps the transgression 

surface, possibly representing sediments deposited during transgression.  They in turn are 

overlain by a wedge of prograding foresets, which are progressively steeper to the southeast.  

Despite such a development, we anticipate the modern rollover depth to correspond to a 

particular threshold shear stress if wave agitation controls the rollover’s modern form.  We 

return to this issue in the discussion. 

Oceanside California The Oceanside data consist of two lines of chirp sediment–profiler data 

collected perpendicular to the California coast just north of Scripps Canyon (Hogarth et al. 

2007; Le Dantec et al. 2010), which revealed the underlying Holocene transgressive erosional 

surface (gray lines in Figure 3).  In multibeam sonar data (Hogarth et al. 2007), the surface of 

the sand body is two-dimensional, being uniform along-coast.  Above some reflectors 

onlapping the transgression surface (similar to those in Figure 4B), the body is transparent in 

these profiler data (internal reflectors are not visible), so little information on depositional 

history is available.  However, that transparency also implies a relatively uniform acoustic 
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impedance and likely uniform sediment texture, which is to be expected if the sediments 

originate from erosion of the local cliffs containing Pleistocene beach sediments sorted by 

earlier geological periods of wave action (Young et al. 2010) and wave-sorted sediments 

transported alongshore from rivers to the north (Hogarth et al. 2007).  This recent phase of 

strong wave activity may have started with intensified El Niño activity after 5 ka (Masters 

2006).  

 Le Dantec et al. (2010) suggested that wave activity has controlled or modulated the 

deposition of the transparent sediments on the shelf here, and that deposition started some 

time after 8.27 ka based on the age of underlying estuarine sediments.  Three vibracores have 

been recovered through this sediment.  One vibracore just south of Scripps Canyon (1 km 

south of the second profile in Figure 3) penetrated the upper few meters to recover fine-

grained to very fine-grained sand (Hogarth et al. 2007).  The two others were centered over 

the two Oceanside chirp lines shown in Figure 3 and contained sediment of mean grain size 

0.129 mm for the upper transparent body (Darigo and Osborne 1986).  Grain lithologies were 

mainly terrigenous (quartz, feldspar, etc.), though with 27% shell fragments.  Interpretations 

by Darigo and Osborne (1986) of further seismic profiles suggest that these bodies are 

common off the southern Californian coast. 

Manawatu coast, New Zealand A similar erosional surface was interpreted by Dunbar 

and Barrett (2005) from 3.5-kHz sediment profiler data collected perpendicular to the 

Manawatu coast, New Zealand, beneath transparent deposits.  Ignoring their profiles across 

rollovers where the data suggest that relief of underlying pre-Holocene formations may have 

affected the sediment accumulation (for example, because of lee–side deposition behind 

outcrops), one profile was selected for plotting in Figure 3, lying adjacent to a transect of 



 8 

measurements of surface grain size (at Peka Peka).  Grain size at the depth of the rollover 

resolved here was 0.105 mm. 

Ascension Island, Atlantic Ocean High-resolution multibeam sonar data have been 

collected on the southwest shelf of Ascension Island by Thales Geosolutions Inc. for the US 

Air Force.  Although sub-bottom and grain–size data are unfortunately lacking, the cross 

section shown in Figure 3 reveals a staircase of two rounded features that are 

morphologically similar to the other rollovers shown in this paper.  As they have a smooth 

surface, rather than rugged volcanic surface texture of near-shore lava (Mitchell et al. 2008), 

they are interpreted as sandy clinoforms. 

Atlantic Iberia The Iberian Atlantic data were collected near to Faro, Portugal.  The first three 

profiles are from Lobo et al. (2005, their Figs 6, 8, and 5, respectively), and the fourth is from 

Hernández-Molina et al. (2000), all derived from boomer seismic records.  The original data 

are of excellent quality and reveal a series of foresets dipping subparallel with the modern 

seabed, suggesting that sand accumulated on their seaward surfaces, as expected from 

seaward progradation.  The extent of those foresets in the images also constrains any topset 

deposits or drape to only a few meters at most.  The second of these profiles was acquired 

immediately south of Faro, where the coast is exposed to the Atlantic waves from the west, 

whereas the other Iberian Atlantic profiles lie adjacent to where the coast faces southeast into 

the Gulf of Cadiz. 

Malabar Coast, Australia Field and Roy (1984) interpreted the transgressive erosional 

surface in seismic reflection data off southeast Australia and, above it, a series of sandy 

clinoforms.  Besides foreset reflectors, their interpretations show some internal reflectors 

lying subparallel with the seabed, implying that these bodies developed by aggradation as 

well as progradation.  Those shown in Figure 3 are from the Malabar Coast. The reflectors 
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were weak, implying a relatively homogeneous sediment bulk density and sound speed.  

Although precise coordinates were not given, Field and Roy (1984) mentioned a 10-m 

vibracore taken through the sediment body here which recovered fine quartz sand.  They 

mentioned that extensive surface sampling recovered fine- to medium-grained sand on the 

sand lobes.  Fine– to medium–grained mainly quartz sand was also mentioned by Roy et al. 

(1994).  In the following analysis, we use a wide range of grain size (0.125–0.5 mm) to 

reflect this uncertainty. 

Monterey Bay, California Lastly, a profile from Monterey Bay was derived from boomer 

seismic results in Chin et al. (1988).  It was reconstructed for a line perpendicular to the coast 

running from the mouth of the Salinas River (Figure 5) from their maps of bathymetry and 

two underlying reflector isopachs.  Seismic profiles in Chin et al. (1988) reveal a prograding 

geometry as elsewhere. The bathymetry contours in Figure 5 are drawn every 10 m to 100 m 

depth using the Global Multi-Resolution Topography dataset (Ryan et al. 2009). Despite the 

irregularity of the contours (a result of the original hydrographic soundings), they reveal a 

bathymetric bulge of the clinoform at the river mouth.  Modal grain size from seabed grabs 

reported by Dunbar and Barrett (2005) is a fine 0.105 mm sand at the depth of the rollover 

interpreted here, whereas sediment texture maps in Chin et al. (1988) suggest a 0.375 mm 

grain size at the rollover.  Both of these grain sizes were used in the following estimates of 

threshold shear stresses.  Given this clinoform’s association with the Salina River, the 

supplied sediments probably have a greater range of grain sizes than the other sites and 

deposition may occur during river floods, not necessarily exactly at the same time as extreme 

wave conditions.  This site is included to see if this leads to a different rollover location 

compared with the others. 
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 Rollover depths were needed in order to compute bed shear stresses.  As a progressive 

seaward steepening of the seabed occurs across the clinoform, a rollover point is not easily 

interpreted by eye consistently, but the following procedure seemed to yield visibly 

reasonable rollover locations. The steepening was characterized from a general background 

gradient for each profile derived from the seabed shorewards of each sand body and from a 

maximum gradient from the clinoform foreset.  The rollover point was then located where the 

change in gradient from the background value reached 40% of the latter maximum value.  

Those rollover depths are reported in Table 1 and shown by solid circles in Figure 3.  The 

deepest rollovers lie off Australia whereas the shallowest rollovers lie off Oceanside, 

California. 

 

Relics of Deposition during Earlier Periods of Lower Sea Level? 

 The deeper rollovers might potentially represent sand bodies that were deposited during 

earlier times when sea level was lower.  Indeed, varied wave climate and erosion and other 

shoreline processes can be expected to modulate the supply of sand over time, and the deeper 

step shown on the Ascension Island profile (Figure 3) is presumably a relict clinoform as it is 

difficult to see how a constant wave climate could produce two clinoforms simultaneously 

(alternatively, it could have been created by other types of currents).  The deepest of the 

clinoforms in Figure 3 that we study here, and therefore where this could be most worrisome, 

are those off Australia.  Field and Roy (1984) cited a variety of evidence to argue that they 

are actively being modified by bottom currents, such as sidescan sonar data showing sharp 

boundaries between sand lobes and sharply defined channels in the landward side of the 

bodies containing rippled sand.  They mentioned that a sample recovered from the base of the 

10-m vibracore at 55 m below sea level yielded a C14 date of 9500 ± 105 years.  They also 
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mention further unpublished radiocarbon data indicating that the sand bodies accumulated 

progressively over the past 12,000 years.  Roy et al. (1994) showed vibracore data obtained 

from rollovers with various depths essentially showing accumulation continuing during the 

Holocene.  Although higher–quality seismic data and vibracores would be needed for all of 

the sites studied here to resolve this issue unequivocally, the above observations suggest that 

all of the rollovers have probably been active in the Holocene. 

 

Wave Properties 

 Given the difficulty of obtaining local wave–buoy data from all these sites, a database of 

deep-water wave properties was instead used to represent conditions at the clinoform 

rollovers.  A modelling study of wave–rider data (Wright 1976) suggested that waves off 

Botany Bay, southeast Australia, lost only 3.4% power on average through friction before 

reaching the near-shore zone of wave-induced sediment motion.  The following procedure 

should therefore yield reasonable estimates of wave properties at the clinoforms where the 

shelf bathymetry gradient is similarly steep (producing little attenuation of waves through 

friction) and the coast exposed to ocean waves, but we return to this issue after describing the 

wave data processing. 

 We extracted 6-hourly estimates of deep-water mean wave period (Ta), significant wave 

height (Hs) and direction from the ERA-40 reanalysis model, which comprises wave 

properties computed from meteorological station (wind and pressure) data.  The ERA-40-

predicted Hs values have been validated against wave–buoy and satellite–altimetry data by 

Caires and Sterl (2003), who showed that Hs is underestimated for extreme stormy conditions 

but otherwise well reproduced.  A similar validation of Ta found them accurately to reflect 

true conditions, except in swell-dominated sea states (Caires et al. 2005).  Although swell-
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dominated seas are not typical of the energetic sea states associated with resuspension of sand 

in the surf zone and shoreface, a bias towards shorter periods could result.  Although the 

upper percentiles of the data may not, strictly speaking, represent extreme storm conditions to 

a high accuracy, our conclusions concerning whether shear stresses exceed thresholds of 

motion discussed later should not be affected as bed shear stresses in the following are 

underestimated rather than overestimated. 

 The wave properties were extracted from the ERA-40 database for the period 1992–2001 

from deep-water positions (unfilled circles in Figure 2) closest to each sandy clinoform.  

Those data were processed as follows to isolate larger waves most important for nearshore 

morphological change.  Because wind-derived waves propagating parallel to shore could 

potentially be obstructed by headlands and nearshore shallows, and because individual nodes 

in a coarse-scale global model such as the ERA-40 can sometimes include wave fields that 

would not occur close to the shoreline (e.g., seaward–propagating waves), we first sorted the 

data using a weighting that excludes these unwanted wave directions.  The following 

weighting tends to retain data representing waves propagating in a broad sector shorewards 

but not those propagating parallel to the coast.  The plan-view angle (θ) between the 

propagation direction of the waves and a line drawn locally normal to the coastline was 

calculated (those normal orientations are given in the electronic supplement).  Each 6-hourly 

Hs value was then weighted by √cos(θ) and the series of positive Hs√cos(θ) sorted by 

increasing value.  (The √cos(θ) weighting mainly reduces the importance of waves 

propagating close to the shoreline–orientation, having a value > 0.8 within 50˚ of the 

shoreline normal direction.)  The upper 5- and 10-percentiles of those sorted Hs√cos(θ) 

values were selected.  From those selected data, the mean values of Hs and Ta (without the 

weighting) were then calculated. Table 2 shows the results of this procedure.  Throughout the 
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following analysis, we use average period for all sites except for one where only peak period 

data were available from a wave–buoy report as explained below. 

 The ERA-40 data are unlikely to represent conditions at the rollovers where onshore 

propagation is disrupted by islands or attenuated by a wide, shallow shelf.  For example, the 

studied site in the southern part of the Manawatu coast of New Zealand at Peka Peka is 

partially blocked by a headland of the South Island, and it lies beyond a wide shelf, so that 

site was excluded from the threshold analysis.  Similarly, the islands off southern California 

distort waves reaching the Oceanside coast, though in complex ways that depend on wave 

direction and period (Rogers et al. 2007).  Numerical model predictions typically show Hs 

halved compared with Pacific deep water west of the Channel Islands (http://cdip.ucsd.edu/).  

Data from wave buoy "101" (Torrey Pines Inner) for the three years 2001–2004 were 

downloaded and analyzed.  This buoy lies close to the Oceanside coast in 20 m water depth, 

near to the rollover depth in the CHIRP profiles.  Because of the island effects, the Hs and Ta 

statistics used to calculate the mean oscillating current shown in Figure 6A are reduced by 

63% and 31%, respectively, compared with the ERA-40 predictions.  We therefore used the 

wave–buoy data in the following calculations. 

 No ERA-40 data were available for the Mediterranean Iberia site, so data were extracted 

from a report on Spanish wave buoy 2548 sited near Cabo de Gata (Puertas del Estado, 

2006).  This buoy lies in deep water (368 m) close to the site of the clinoform shown in 

Figure 3.  The table summarizing annual occurrences of Hs and peak period (Tp) was provided 

for the period 1998–2006 (Ta data were not available).  It allowed mean Hs and Tp to be 

calculated for the upper 7.3% and 3.1% of the distribution, which we plot in place of the 

upper 10% and 5% in Figure 6.  The Hs values will overrepresent the upper 10% and 5% 

values somewhat.  Peak periods also tend to be larger than average periods in general.  Bed 
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shear stresses computed as described below from these values are therefore overestimates 

compared to the values that would have been computed for data more exactly comparable to 

the ERA-40 data.  Nevertheless, these stresses are still useful as maximum bounds because 

the Mediterranean site has relatively small waves. 

 Data from a wave directional array (“061”) located just outside the marina in Monterey 

Bay provides an opportunity to compare nearshore properties directly with those in the ERA-

40 data.  This site is an extreme example of blocking of waves by headlands.  Because the 

other sites should not be so badly affected, these Monterey data suggest the maximum error 

expected in statistics derived from ERA-40 data.  The data have been studied previously by 

Xu (1999), who is referred to for details.  Figure 5 locates the site against the physiography of 

the bay and the bathymetry.  It is in 15 m of water just 5 km south of the Salinas River mouth 

and the line of the profile shown in Figure 3.  The Monterey Peninsula on the south side of 

the bay (Figure 5) blocks waves produced by southwesterly and southerly winds (Xu 1999).  

Therefore, the array often recorded waves of smaller amplitude and period than would be 

expected from the deep-water record, particularly in summer, as illustrated for the year 1992 

in Figure 7.  The average Hs and Ta values computed from the buoy data for 1992 are 1.17 m 

and 8.87s, respectively, while those for the top 10% are 2.49 m and 10.69 s and those for the 

top 5% are 2.79 m and 10.98 s.  The annual average Hs is only slightly more than half the 

ERA-40 value (2.1 m), whereas Hs and Ta for the more extreme conditions (mostly during 

more favorable winter and autumn wind directions) are reduced by a lesser extent. The ERA-

40 Hs and Ta are 3.4 m and 11.8 s, respectively, for upper 10% conditions and 3.7 m and 12.2 

s for upper 5% conditions.  These values were calculated using the directional sorting 

procedure with a coastline oriented N010˚E.  Given the more extreme effect of headland 
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blocking here, ERA-40 wave statistics for the other sites after the sorting should represent in 

situ conditions sufficiently accurately for the following analysis. 

 From the wave properties given above and in Table 2, the sites with the deepest rollovers 

(off SE Australia) are not explained by especially longer-period or higher waves; indeed, the 

shallow Oceanside sites experience markedly longer-period waves.  However, the shallow 

Mediterranean Iberian site with a shallow clinoform rollover does experience shorter-period 

and lower waves than the other sites, as would be expected from the limited fetch of the area.  

The differing rollover depths are not easily explained by differing wave properties, so we 

extend the analysis in the next section by estimating wave shear stresses compared with the 

local threshold of motion of the sediment. 

 

Bed Shear Stress at the Rollover 

 The sediment grain sizes at the different rollovers are similar, composed mostly of a fine 

sand (Table 1), so the threshold of motion should be relatively uniform between these sites.  

The maximum oscillating current speed due to waves um should therefore be uniform or at 

least not varying systematically with rollover depth if declining wave oscillations were the 

only processes controlling the onset of deposition at these points.  Wave orbital maximum 

speeds were computed according to linear wave theory for water depth z (Komar and Miller 

1973): 

 

  u
m
=

πH
s

T sinh(kz)
 (1) 
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The parameter k is the wave number equal to 2π/L, where L is the wavelength calculated 

using the linear wave dispersion equation: 

 

  L =
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Shoaling effects on Hs were ignored given that the rollovers are in intermediate water 

(generally z/L > 0.1). 

 In Figure 6 (left panels), we show values of um computed at the rollover depth from 

Equations 1 and 2 using the wave properties in Table 2.  The data do not show a uniform 

peak current, so the deeper clinoforms are not explained simply by different wave period or 

height.  The Monterey site is predicted to experience extreme wave-orbital currents due to its 

shallow depth and the long wavelengths associated with 12–s–period waves experienced 

there (arrows in Figure 6 connect the ERA-40 to the wave-buoy values). 

 The bed shear stresses due to these wave properties were also calculated and are shown in 

Figure 6 (right panels).  The calculation used the procedure outlined in Soulsby (1997) as 

described in Appendix A.  Calculations were made only for sites where information on 

sediment grain size is available (Table 1).  The grain–size values allowed the bed Nikuradse 

roughness and thus the friction coefficient with the bed to be estimated, as well as the 

threshold of motion of the sediment. The latter was derived using the procedure in Soulsby 

(1997) based on an empirical formula of Soulsby and Whitehouse (1997) assuming a 

sediment density typical of quartz grains.  Given the presence of some carbonate grains 

mentioned earlier, these threshold stresses are upper bounds.  From the dispersion of the data 

used to constrain the mean threshold of motion shown in Soulsby (1997, Figure 20), the 
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standard deviation of this shear–stress threshold is estimated visually to be ± 50%.  Two 

values of bed shear stress and threshold were calculated where two grain–size values are 

shown in Table 2, the former accounting for the different bed Nikuradse roughness values.  

Some of the values of bed shear stress for the Monterey Bay site exceed the bounds of the 

graph and are not shown. 

 Excluding the Monterey values, in Figure 6A, the average bed shear stresses at the 

rollovers are less than the threshold of motion and those for Monterey Bay are close to the 

threshold of motion if the wave–buoy data are used (star symbols).  The bed shear stresses for 

the upper 10-percentile waves in Figure 6B appear roughly in agreement with the expected 

threshold of motion on average.  However, the bed shear stresses for the upper 5-percentile 

waves in Figure 6C are generally larger than the expected threshold of motion.  Furthermore, 

the ± 50% spread in threshold shear stresses in the experimental data (Soulsby 1997) suggests 

that individual comparisons between bed shear stress and thresholds will involve a similar 

level of uncertainty, but the shear stresses in Figure 6C exceed or equal thresholds for all of 

the data shown. 

 

Discussion 

 The results shown in Figure 6 support the view that sediment is exported during energetic 

sea conditions from the shoreface and deposited at a depth below which the oscillating wave 

currents are below the threshold of motion of the sediment (Field and Roy 1984; Hernández-

Molina et al. 2000).  The estimated bed shear stresses for the upper 10-percentile of 

conditions coincide most closely to the thresholds of motion, so they are proposed to be the 

most important for controlling the rollover depth. Average wave conditions are generally 

unable to mobilize sediments at the rollover depth, while upper 5-percentile wave conditions 
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can mobilise sediments at depths significantly deeper than the rollover depth.  However, 

some of the following factors may modify this simple view. 

 

Downwelling and Other Wind-Driven Currents off Del Mar, California 

 Although physical conditions at the time of active sediment transport are unfortunately not 

presently available for all these areas, data from current meters deployed off Del Mar in 

California (Winant 1980) illustrate currents that could potentially also be produced by 

cyclonic wind patterns at other sites, and that may have a significant effect on the potential 

for sediment mobilization at the rollover depth.  That deployment was 9 km north of the 

northernmost sandy clinoform recorded by Hogarth et al. (2007) (leftmost Oceanside profile 

in Figure 3).  According to Winant (1980), one or two extreme wind systems pass up the 

coast of California each year, originating as tropical storms off Mexico.  Figure 8 shows the 

across-shore (continuous lines) and along-shore components (dashed lines) of currents for 

one such offshore storm in September 1978.  Initially strong winds drove surface currents 

with a landward component as well as the larger shore-parallel component.  That onshore 

component of the surface current was balanced by an offshore current of order 10 cm/s near 

the seabed seen in both the 60-m and 15-m depth, and to a lesser extent the 30-m depth, near-

bed current meters.  Over the course of the following 24 hours, the near-shore currents 

diminished and occasionally reversed.  During the initial rising stage of the storm, the strong 

seabed agitation by waves combined with the significant component of offshore near-bed 

water transport can be expected to have carried some suspended and bedload particles 

seawards. 

 We can speculate on the likely magnitudes of shear stresses induced on the bed from 

currents like those in Figure 8 if coupled with the more-extreme wave conditions in Table 2.  
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We have followed the procedure of Soulsby (1997) as described in Appendix B.  With a 

typical alongshore near-bed current speed of 0.4 m/s at 30 m depth, the bed shear stress due 

to that current in the absence of waves would be 0.42 Pa.  Combined with the wave stress of 

0.3 Pa for the upper 10-percentile waves (Figure 6), mean bed shear stress computed using 

Equation B1 would be 0.45 Pa, i.e., mostly dominated by the current.  However, the 

instantaneous maximum bed stress calculated using Equation B3 would be 0.75 and 0.54 Pa 

for where waves propagate parallel and orthogonal to the current, respectively.  Although 

these values are only rough estimates, they suggest that the combined stress at the rollover 

would be greater than the threshold of motion.  As advective water movements are likely to 

coincide with strong wave conditions, the shear stress at the rollover probably generally lies 

above threshold stresses during extreme wave conditions. 

 

Modelling of Circulation 

 When surface wind stress produces a downwelling current, that current is likely to turn 

over the shelf at a finite distance from the coastline and thus the associated near-bed current 

may peak offshore, potentially affecting deeper rollovers more than shallower rollovers.  This 

effect is illustrated by numerical modelling of Xing and Davies (2002) of wind-driven 

circulation on the Iberian shelf.  For circulation induced only by wind, their model shows the 

offshore near-bed current increasing to a modest 6 cm/s with distance to 10 km from the 

shore.  When the effects of wind-wave currents were included, the bed shear velocity peaked 

sharply at around 15 km from the coast.  On steeper coasts, the effect of downwelling could 

be more important for two reasons.  First, the nonlinear interaction between waves and a 

steady current leads to higher combined stresses.  A comparatively modest increase in 

downwelling current could affect the bed shear stress disproportionately.  Second, on coasts 
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that are steeper than the Iberian shelf (the shelf gradient in the Xing and Davies (2002) model 

was < 0.5˚ compared with > 1˚ gradient off Malabar (Field and Roy 1984)), the rapid 

deepening of the bathymetry with distance from the coast leads to less friction opposing the 

circulation except in the shallow water where friction from wave–current interactions is 

important.  Thus, a more sharply turning circulation might be expected, influencing sand 

deposition at the deeper rollovers on steeper coasts described here. 

 

Further Measurements off California’s Coast 

 As many parts of the continental shelf of California are narrow and steep, and exposed to 

Pacific deep-water waves, the literature on other current meter measurements taken there is 

useful to address this issue.  Not all the deployments captured storm conditions or storm 

conditions were not reported, but they illustrate a number of other interesting effects.  A 

deployment of 16 current meters in San Pedro Bay (Hamilton et al. 2006; Noble et al. 2009) 

revealed only a modest M2 tidal current amplitude, which increased modestly from 1.5 cm/s 

at 25 m depth to 2.5 cm/s at 35 m (most sites studied here are unlikely to experience 

significant tidal currents).  An analysis of data from the Santa Monica shelf revealed 2–5 

hour pulses of bottom currents reaching 15–20 cm/s capable of transporting coarse sand at a 

70 m site.  Noble and Xu (2003) attributed these pulses to internal tidal bores.  Similar 

currents deeper in the continental slopes have been recorded elsewhere (Cacchione et al. 

2002).  Data collected south of the Oceanside area (Lerczak et al. 2003) revealed semidiurnal 

currents there greater at 30 m water depth than at 15 m.  The vigor of internal tidal currents 

depends on ocean stratification and on the gradient of the seabed relative to the characteristic 

gradients of the waves (Cacchione et al. 2002), so it is unfortunately difficult to say how they 

vary between the sites in Figure 3, but there is a potential for them to have increased stresses 
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in the deeper sites.  Oceanic eddies, geostrophic currents, and wind-driven flows 

preferentially affecting the outer shelf (Largier et al. 1993; Noble and Ramp 2000; Ryan and 

Noble 2005) are similarly difficult to anticipate but could affect deeper sites. 

 Overall, the evidence from the calculations of bed shear stress showing above-threshold 

stresses for the upper 5-percentile conditions (Figure 6) and the considerations of other 

current effects lead us to suggest that the clinoform rollover probably does not represent a 

simple boundary between bed shear stresses above threshold to those below threshold (Walsh 

et al. 2004).  Instead it probably represents a transition over which the net seaward transport 

flux of sediment begins to decline sharply but with bedload transport continuing beyond the 

rollover. 

 

Depth of Rollover and Sea–Level Reconstruction 

 The results cast doubt on a rigid connection between the rollover and sea level for coasts 

with high wave energy, because the compilation in Figure 6 contains rollover depths varying 

from 20 to nearly 60 m.  Furthermore, as outlined above, a number of factors besides wave 

stress affect rollover depth, a conclusion likely to apply also to muddy clinoforms.  Caution is 

needed in interpreting sea level only from clinoform rollovers in seismic reflection data 

(alternatively, the 20–60 m range can be considered roughly the uncertainty when using these 

types of deposits to reconstruct sea level).  Less equivocal evidence of sea level needs more 

detailed information on appropriate unconformities, such as from cores (Miller et al. 1998). 

 

River–Mouth Clinoforms 

 Although the origin of the Monterey Bay clinoform is different from the others shown 

here, we have included it for comparison.  Friedrichs and Wright (2004) described how 



 22 

deposition of sediment from hyperpycnal outflow of some rivers can be modulated by wave 

action so that a clinoform develops beyond the river mouth.  Hyperpycnal outflow caused by 

extreme rainfall in the river’s catchment does not necessarily coincide with strong wave 

conditions, so export of sediment at this site could potentially coincide with more nearly 

average wave conditions.  We have thus avoided combining this profile with the others.  

However, our calculations suggest very strong shear stresses at the Monterey clinoform 

rollover (Figure 6), and indeed the rollover is not so well pronounced (Figure 7), possibly 

because of erosion.  Xu (1999) claimed that wave effects at the depth of the wave buoy array 

(15 m) could be sufficient even to cause sheet-flow conditions in the bed sand with a return 

period of only 6 days for fine sand and 110 days for coarse sand. 

 

Conclusions 

 Bed shear stresses of waves at the rollovers of these sand bodies roughly coincide with the 

thresholds of motion of the sediment if the upper 10-percentile of the waves is used to 

calculate those stresses.  The calculations also suggest that the upper 5-percentile waves 

would produce bed shear stresses exceeding the threshold of motion to depths below the 

rollovers.  Other causes of bed shear stresses, such as from wind-driven and some tidal 

currents, are also likely to keep the stresses above threshold for significant proportions of 

time.  The rollovers of these prograding clinoforms therefore do not represent simple 

thresholds of motion, but rather should be considered transitions over which the time-

averaged down-slope sediment flux starts declining and causes deposition. 
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Table 1.  Sources of data on near-shore sand body. 

Location Source (their profiles) Rollover depths (m) Grain size 
(mm) 

Oceanside California 1 (D1, D2) 21.7, 20.8 0.129‡ 
Peka Peka, New Zealand 2 (29) 31.6 0.105§ 
Ascension Is. 3 30.7 - 
Faro, Atlantic Iberia 4 (Figs 5, 6), 5 (Fig. 4) 46.3, 43.6, 37.5 - 
Faro, Atlantic Iberia 4 (Fig 8) 33.3 - 
Almería, Mediterranean  5 (Fig. 3) 32.1 0.171, 0.239† 
SE Australia 6 (D, K, N, R) 49.7, 46.6, 46.5, 56.0 0.125-0.5# 
Monterey Bay, California 7  23.1 0.105§, 0.375ξ 
Sources are (1) Hogarth et al. (2007), (2) Dunbar and Barrett (2005), (3) unpublished 

multibeam data collected by the US Air Force, (4) Lobo et al. (2005), (5) Hernández-Molina 

et al. (2000), (6) Field and Roy (1984), and (7) Chin et al. (1988).  Grain–size data 

correspond to the depth of the rollover: ‡ from Darigo and Osborne (1986), § from Dunbar 

and Barrett (2005),  †unpublished grab samples taken 1 km from the rollover of Hernández-

Molina et al. (2000) in the topset and forest respectively (Figure 4), #medium to fine sand 

from Field and Roy (1984), and  ξ from sediment texture maps in Chin et al. (1988). 
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Appendix A. 

 Thresholds of motion were computed using the revised empirical formula of critical 

Shields stress (θcr) of Soulsby and Whitehouse (1997) reproduced in Soulsby (1997): 

 

 θ
cr
=

0.3

1+1.2D*
+ 0.055 1− exp −0.02D*( )( )   (A1) 

 

where the dimensionless grain size D* is 
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and g is the acceleration of gravity (9.81 m/s2), s is the ratio of grain to water density (= 2.58 

for quartz), ν is the water kinematic viscosity (1.36 x 10-6 m2/s), and d is the grain diameter 

(m).  The critical bed shear stress τcr in SI units is then 

 

 τ cr = θcrgρ'd  (A3) 

 

where ρʹ′  is the excess grain density in water (2650 – 1027 kg/m3 for quartz). 

 To estimate the bed shear stress produced by waves, the orbital wave speed is used for the 

water speed above the bottom boundary layer.  Soulsby’s equation for the friction factor fwr 

was used: 

 

 fwr = 0.237r
−0.52  (A4) 
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where r = A/ks with A = umT/2π is the bottom orbital amplitude with um from Equation 1 and 

ks = 2.5d (Nikuradse roughness).  The stress amplitude under waves τw (“skin friction”) is 

then 

 

 τw = 0.5ρw fwum
2  (A5) 

 

where ρw is the density of seawater (1027 kg/m3). 

 

 

Appendix B. 

 The combined stress from waves and currents was calculated according to procedures in 

Soulsby (1997).  The mean shear stress experienced by the bed was most easily reproduced 

with the following: 
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where τw is the stress due to waves alone (Equation A5) and τc is the stress due to a current 

alone, which is calculated from 

 

 τ
c
= ρ

w
C
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 (B2) 
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where Cd is the dimensionless friction parameter, here set equal to 0.0026 for unrippled sand 

(Soulsby 1983) as we are interested only in the skin–friction stress.  U  is the depth-averaged 

current, for which we have used the current recorded outside the bottom boundary layer.  If φ 

is the angle between the steady current and the oscillating current, the maximum current is 

then given by 

 

 τ
max

= τ
m
+τ

w
cosϕ( )

2

+ τ
w
sinϕ( )

2[ ]
0.5

 (B3) 
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Figures 

 

Figure 1.  Geometry of a prograding clinoform is shown (strongly exaggerated vertically).  In 

order to maintain the clinoform shape over time, deposition rates need to increase abruptly 

seawards over the rollover, as illustrated here by the difference between the two successive 

elevation profiles of the clinoform surface. 
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Figure 2.  Locations of near-shore sandy clinoforms are shown with a background provided 

by an ERA-40 reconstruction of significant wave height for arbitrarily chosen midnight to 6 

am 1 January 1992.  Solid circles locate the sand bodies (Table 1) and unfilled circles where 

the wave reconstruction data were taken from. 

 

 

Figure 3.  Topographic profiles of near-shore sand bodies from the sources given in Table 1 

are shown with a 20:1 vertical exaggeration.  Solid circles locate the rollover points.  Gray 
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lines represent the transgression surface where interpretable.  Values shown beneath each 

profile are the average of the mean periods Ta for the upper 5-percentile of incident waves. 
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Figure 4.  Clinoform near Almería, Spain.  A. Shaded-relief image of multibeam echo-

sounder data with 10-m depth contours showing rounded body in plan view.  Striping in the 

image is an artifact of motion–sensor errors and possibly tide–correction errors; besides 

these, the contours and surface texture suggest a smooth seabed around the rollover.  Pie 

charts show the proportions of the basic sediment types in grab samples.  B. Boomer seismic 

profile adapted from Hernández-Molina et al. (2000).  Values to left are seismic two-way 

travel times in milliseconds and equivalent water depth in meters assuming a seismic velocity 

of 1500 m/s.  Location is marked in Part A. 
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Figure 5.  Location of wave buoy “061” within Monterey Bay, California.  Topography from 

the Global Multi-Resolution Topography dataset (Ryan et al. 2009).  Contours every 10 m 

are marked from the coastline down to 100 m depth.  Profile in inset graph has the same 
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vertical exaggeration as those in Figure 3 (dashed and gray lines are seismic reflections 

mapped by Chin et al. (1988)). 
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Figure 6.  Maximum wave orbital currents and bed shear stresses at the rollovers. Two sets of 

values are shown in the right–hand graphs where two grain–size values are given in Table 1.  

Dotted lines in the latter graphs mark where a simple 1:1 relationship would appear.  Values 

were calculated as described in the text using the ERA-40 and buoy wave properties given in 

Table 2.  The star symbols represent values calculated using data from the Marina wave array 

in Monterey Bay (Hs and Ta given in the main text) and “plus” symbols are values computed 

using the ERA-40 wave properties, illustrating the effect of headlands partially blocking 

waves at that site (see main text). 

 

 

Figure 7.  Record of significant wave height Hs (top graph) and average period Ta (lower 

graph) for the year 1992.  Gray line represents the ERA-40 estimates, and continuous black 

line represents the data from wave buoy 061 located in Monterey Bay in Figure 5. 
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Figure 8.  Data on surface (top) and bottom (lower) currents along a transect moorings 

located off Del Mar, California adjacent to the Oceanside profiles in Figure 3.  Dashed lines 

represent along-shore component of currents (positive to north), and continuous lines 

represent across-shore component of currents (positive onshore).  These data were derived 

from current–meter measurements of Winant (1980). 
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Shore-normal orientations used in sorting the ERA-40 wave data 
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Location Source (their profiles) Shoreline-normal 
orientation (degrees E of N) 

Ascension Is. 3 070˚ 
Faro, Atlantic Iberia 4 (Figs 5, 6), 5 (Fig. 4) 325˚ 
Faro, Atlantic Iberia 4 (Fig 8) 035˚ 
SE Australia 6 (D, K, N, R) 280˚ 
Monterey Bay, California 7  080˚ 
 
Sources as Table 1 in the main manuscript.  These shore-normal orientations are landward.  
No sorting was applied to the Almería or Oceanside sites, as they were characterised by local 
wave buoy data. 
 
 


