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reminder, the orbital velocity of waves decreases exponen-
tially with water depth and approaches zero at the depth cor-
responding to the deep-water wavelength (L0). At the depth 
of the OWB (0.5L0) the orbital velocity is approximately 
4% of that at the sea surface (e.g. Shepard 1963) and is the 
depth at which wave energy at the seabed begins to measur-
ably decrease due to friction (Fig. 1). The OWB of course 
changes in response to changes in the seasonal wave cli-
mate, e.g. fair-weather vs. storm season, whereby the depth 
varies more strongly in the latter season because of a more 
variable wave spectrum.

The wave base concept is generally applied to the shoal-
ing wave domain where waves dissipate their energy by 
friction along the seabed. It is widely known as the shore-
face, which occupies the space between the surf zone and 
the depth of the OWB. Wave energy dissipation increases 
as water depth decreases and waves can hence move pro-
gressively coarser-grained sediment the shallower the water 
becomes. In nature the processes affecting the seabed are 
controlled by the local wave climate, wave and wind-driven 
currents, the antecedent geomorphology, the seabed slope, 
and the grain-size of the sediment. The interactions between 
these factors are complex and vary strongly from place to 
place.

Introduction

An enigmatic parameter frequently encountered in the 
marine geoscience literature is the so-called wave base. This 
parameter, however, is highly ambiguous because it has a 
different meaning to different people. Thus, in physical 
oceanography the wave base is defined as the water depth 
that corresponds to one-half of the deep-water wavelength 
(dwb = 0.5L0, where L0 = 1.56T2) (e.g. Komar 1998; Mas-
selink et al. 2011). At this depth a wave is said to ‘feel’ the 
bottom and hence begins to lose energy by friction along 
the seabed. The oceanographic wave base is thus simply a 
function of the wave period and the associated deep-water 
wavelength, and is hence independent of the physical nature 
of the seabed. In older marine geoscience literature (e.g. 
Shepard 1963) the oceanographic wave base (OWB) has 
generally been interpreted as representing the water depth 
marking the onset of offshore sediment disturbance. As a 
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Ocean waves are rarely monochromatic but mostly con-
sist of numerous superimposed wave trains of different 
period, height and direction (cf. Collins 1976). For these 
reasons, generalized predictions of seabed responses can-
not be made, except perhaps in simple, straightforward 
cases. To this day, this complexity is mirrored in a constant 
flow of papers, special issues and textbooks dealing with 
shoreface processes in a broader sense, e.g. Bascom (1964), 
McCave (1971), Komar and Miller (1973), Clifton (1976), 
CERC (1984), Clifton and Dingler (1984), Allen 1985, 
1994), Horikawa (1988); Hardisty (1994), Wright (1995), 
Soulsby (1997), Komar (1998), Short (1999), Dean and 
Dalrymple (2004), Le Roux (2008), Immenhauser (2009), 
Davidson-Arnott (2010), Masselink et al. (2011), Valiente et 
al. (2019); Anthony and Aagaard (2020)¸ Hamon-Kerivel et 
al. (2020) and, most recently, Jackson and Short (2020) and 
Bosboom and Stive (2023).

Modern reviews of essential wave parameters can, for 
example, be found in Collins (1976) and Bryan and Power 
(2020). Tables of maximum horizontal, wave-generated 
velocities at the seabed (Umax) can be found in CERC (1984), 
although unfortunately in non-metric Imperial units, which 
then require conversion from the FPS (foot/pound/second) 
system to the metric MKS (metre/kilogram/second) or SI 
system. Computer-generated metric options are provided by 
Wiberg and Sherwood (2008) and Le Roux et al. (2010). A 
popular handbook providing quantitative approaches to the 
study of marine sand dynamics, including worked-out solu-
tions, is that of Soulsby (1997).

This paper has two major objectives: (a) to provide some 
basic information on wave transformation and its sedi-
mentological action at the seabed in the shoaling zone to 
the non-specialist working in this domain (e.g. biologists, 
geographers, geologists) without him-/herself having to 
solve all the complex equations before arriving at workable 

solutions; (b) to highlight the need for a stricter and geologi-
cally meaningful definition of the wave base concept. It is 
emphasized that the solutions presented in this paper strictly 
apply to siliciclastic sediments of density δ = 2.65 g cm− 3. 
Bioclastic sediments, which are characterized by multiple 
grain shapes, are explicitly excluded.

Methods

Essential parameters, dimensions and functions

L0 is the deep-water wavelength (gT²/2π or 1.561T2) in 
metres (m), L the shoaling wavelength (m), T the wave 
period (s), H the wave height (m), d the water depth (m), D 
the grain size (mm), g the gravitational acceleration (9.81 m/
s2); π = 3.1416, sinh the hyperbolic sine, tanh the hyperbolic 
tangent, Umax the maximum horizontal velocity (m/s) close 
to the seabed, and Ucrit the threshold velocity for the initia-
tion of sediment movement at the seabed involving silici-
clastic sediment composed of variable mean grain sizes. It 
should be noted that, for simplicity, the wave data discussed 
in this paper strictly relate to monochromatic waves of 
the sinusoidal type (linear Airy wave theory). As waves in 
nature are random and irregular, T and H are understood to 
represent the peak spectral wave period (Tp) and the signifi-
cant wave height (Hs), respectively.

Shoaling wave parameters

As deep-water waves propagate shoreward, they eventually 
reach a water depth where they ‘feel’ the bottom, the ensu-
ing friction resulting in increasing energy loss with decreas-
ing water depth. In this scenario one distinguishes between 
three domains:

Fig. 1 Evolution of dimensionless 
wave height (H/H0) in the course 
of wave shoaling (d/L0)
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a) A deep-water domain where d ≥ 0.5L0;
b) An intermediate-water domain occupying the zone 

between d ≤ 0.5L0 ≥ 0.05L0; and.
c) A shallow-water domain beginning at the depth corre-

sponding to d ≤ 0.05L0.

The above relationships are illustrated in Fig. 1 in which 
the dimensionless wave height (H/H0) is plotted against the 
dimensionless water depth (d/L0). Note that, due to friction 
along the seabed, the wave height progressively decreases 
from a depth of ~ 0.5L0 up to a water depth corresponding 
to d = ~ 0.16L0, where the waves reach their smallest height 
(H/H0 = ∼0.91). Thereafter their height increases sharply 
due to rapid steepening caused by the rapid decrease in 
wave celerity in shallow water (shoaling effect).

Additional functional wave parameters

In deep water, the maximum wave height is limited to 1/7 of 
the deep-water wavelength (L0):

Hmax =∼ 0.1429L0 (1)

For any wave period the maximum wave height in deep 
water also defines the maximum wave height that may occur 
at the onset of frictional energy loss at the seabed (i.e. at 
d = 0.5L0; cf. Figure 1).

In very shallow water, defined as ≤0.05L0, Umax for any 
wave height and water depth is no longer governed by the 
wavelength and wave period, but only by the gravitational 
acceleration:

Umax = .5H × (g/d)0.5 (2)

Furthermore, waves eventually break when the orbital 
velocity becomes larger than the wave celerity in the course 
of shoaling (e.g. Bosboom and Stive 2023). The critical 
depth in relation to the wave height (and vice versa) is cal-
culated by:

d = 1.282H  (3a)

or

H= 0.78d  (3b)

Calculation of Ucrit under waves

The calculation of the critical threshold velocity, i.e. the 
velocity required for the initiation of sediment movement 
for a given grain size as a function of a given wave period, 

and the maximum horizontal velocity at the seabed for a 
given wave height and water depth as a function of the 
wavelength at that depth, is achieved in three steps:

Step 1: The critical wave-generated threshold velocity 
(Ucrit) for any grain size (D) expressed in mm as a function 
of a given wave period (T) (cf. Komar and Miller 1973) can 
be determined by consulting Soulsby (1997), or by applying 
the empirical trend-surface equation of Flemming (2005; 
based on the digitization of the corresponding figure in Clif-
ton 1976; his Fig. 4).

Ucrit =
(
5.1325 + 27.4576D + 0.2849D2 + 0.0909T

)
/

(1 + 0.344D + 0.004D2 − 0.0638T + 0.002T 2)
 (4)

where Ucrit is the critical threshold velocity in cm/s, D is the 
grain size in mm, and T is the wave period in seconds. Close 
approximations of Ucrit values in m/s for selected grain sizes 
and wave periods are listed in the Electronic Supplemen-
tary Material (ESM) attached to this paper (ESM Table 1), 
together with the source diagram of Clifton (1976) (ESM 
Fig. 1a), the trend surface diagram of Flemming (2005) 
(ESM Fig. 1b) and a statistical comparison between the two 
(ESM Fig. 1c).
Step 2: Once the critical threshold velocity for any specified 
grain size and wave period is known, it is necessary to deter-
mine the maximum orbital velocity (Umax) for the specified 
water depth and the wavelength (L) at that water depth. In 
this way it can be determined at what water depth Ucrit is 
reached for a specific grain size along a wave orthogonal. 
Umax can be determined by means of the following equation.

Umax = (πH/T )× 1/sinh(2πd/L) (5)

where Umax is the maximum horizontal velocity at the sea-
bed (m/s), H is the wave height (m), sinh is the hyperbolic 
sine, d is the specified water depth (m), π = 3.1416, and L the 
wavelength (m) for period T (s) at that water depth. How-
ever, to solve Eq. 5, the wavelength L at the specified water 
depth must first be determined.
Step 3: In the shoaling zone the wavelength L decreases 
with decreasing water depth while the wave period remains 
unchanged. At the specified water depth (in Eq. 5) L can 
be determined by a number of different approaches, e.g. by 
solving the following equation.

L = 1.561T 2 × tanh(2πd/L)  (6)

where 1.561T² represents the deep-water wavelength (L0) 
derived from L0 = gT²/2π with g as the gravitational accel-
eration (9.81 m/s2), tanh as the hyperbolic tangent, and the 
remaining parameters as defined before. As L is contained 
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Transition to upper plane bed conditions

The transition from lower to upper regime bedload transport 
under waves, i.e. from hummocky/swaley cross-bedding to 
upper plane bed transport (sheet flow), is only dependent on 
the particle diameter and independent of the wave period 
(cf. ESM Fig. 1d; based on Clifton 1976). It can be approxi-
mated by the relation:

Uupb ≈ 1.97(Dmm)
0.5 (8)

where Uupb is the critical upper plane bed velocity (m/s) and 
Dmm is the grain diameter in mm. Selected upper plane bed 
velocities for a variety of grain sizes are listed in ESM Table 
3.

Depth of closure

The depth of closure is the seaward depth limit of mea-
surable offshore/onshore sediment transport, which cor-
responds to the foot of the so-called upper shoreface sand 
prism (e.g. Wright et al. 1991). A thorough discussion of 
the depth of closure concept has recently been presented by 
Valiente et al. (2019). Besides the depth of closure (DoC), 
they have also identified a maximum water depth of sedi-
ment movement (DoT), which can probably be equated with 
the EWB of the present paper. Sediment moved across the 
DoC is not commonly returned to the shore by wave action 
alone and is hence frequently lost from the upper shoreface 
sediment compartment. A widely applied equation for the 
closure depth is that of Hallermeier (1978, 1981; cf. also 
Valiente et al. (2019) and Hamon-Kerivel et al. 2020):

dcl = 2.28Hs − 68.5(H2
s /gT

2
s ) (9)

where dcl is the closure depth (m), Hs is the significant wave 
height (m), Ts the significant wave period (s) and g the 

on both sides of the equation, its value has to be determined 
by iterative (trial and error) approximation.

Alternatively, L can be derived from the Excel-VBA 
spreadsheet WAVECALC of Le Roux et al. (2010), or 
from mathematically simplified forms of Eq. 6 provided by 
Soulsby (1997):

L = T (gd)0.5/{1 + (4π2d)/(5T 2g)}
valid forπ2d/T 2g ≤ 0.25

 (7a)

and

L = T
(
gT 2

)
/2π[1 + 0.2{2−(8π2d)/(T 2g)}]

valid forπ2d/T 2g ≥ 0.25
 (7b)

To decide which of the two options applies, the limiting 
criterion (π2d)/(T2g) ≤0.25 or ≥0.25 has to be checked in 
each case. When correctly applied, the deviations amount to 
< 1% of the values obtained by the iteration procedure (cf. 
ESM Table 2).

In this context it should be pointed out that Immenhauser 
(2009) attempted to solve Eq. 6 for the water depth (d) with 
the aim of simplifying palaeo-environmental interpreta-
tions. This attempt, however, failed for two reasons: (a) the 
rearranged equation (his Eq. 10) is mathematically incor-
rect, and (b) even in its correct form it would be nonsensical 
because in order to determine d the a priori knowledge of L 
(and vice versa) is required because the two parameters are 
intimately linked.

The relationship between water depth and the length of 
shoaling waves for a variety of wave periods is illustrated 
in Fig. 2a and b. The curves for all wave periods show that 
frictional energy loss is minimal up to a water depth cor-
responding to ∼0.5L0 (viewed from right to left). From the 
water depth of 0.5L0 (OWB) onward the curves begin to 
become progressively steeper, i.e. the wavelength rapidly 
becomes shorter as water depth decreases further.

Fig. 2 Wavelengths of shoaling 
waves as a function of water 
depth and wave period: (a) Wave 
periods of 2, 4 and 6 s. (b) Wave 
periods of 8, 10, 12, 14 and 16 s
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1972; Burchette and Wright 1992). Whether the distinction 
between fair-weather and storm wave bases is stratigraphi-
cally at all relevant has in more recent years been called 
into question (Peters and Loss 2012). Nevertheless, up to 
the present day the majority of marine geoscientists neither 
identify which type of wave base (EWB or OWB) they are 
referring to, nor do they cite the source of their terminologi-
cal choice, rare exceptions being Walker and Plint (1992) 
and, more recently, also Pellegrini et al. (2023), both having 
identified the OWB (0.5L0) as their reference depth. These 
authors (and many others) appear to be oblivious of the con-
ceptual error they introduce into the interpretation of their 
observations and the process-response models developed on 
that basis.

As shown in Fig. 3, the effective wave base for particles 
of varying grain size (here for 8 s waves) varies as a func-
tion of wave height. In effect, finer-grained particles begin 
to move at greater water depths than coarser-grained ones, 
the effective depth increasing with increasing wave height 
(vertical blue lines in Fig. 3), and also with increasing wave 
period (cf. ESM Tables 5–12 and ESM Figs. 2–9). The same 
applies to the transition from lower to upper regime condi-
tions (upper plane bed; vertical red lines in Fig. 3 and ESM 
Figs. 2–9). The diagrams clearly demonstrate that, for a 
given grain size, the EWB varies greatly as a function of 
wave height and is basically independent of the OWB.

Diagrams such as Fig. 3 can be used to extract infor-
mation characterizing the dynamic conditions on a shore-
face. This information can then be presented in particular 
forms that can serve to explain the local sedimentary and 

acceleration due to gravity (9.81 m/s). Solutions for selected 
wave periods and wave heights are listed in ESM Table 4.

Results and discussion

Practical applications

From a modern marine geological/sedimentological per-
spective the depth at which siliciclastic sediments of par-
ticular mean grain sizes begin to be stirred by gravity waves 
is a function of the regional wave climate, i.e. of the peak 
wave period and significant wave height that characterize 
a particular geographic location (e.g. McCave 1971). It 
stands to reason that different mean grain sizes will begin to 
move at different water depths, quite independently of the 
depth of the OWB. This is illustrated in Fig. 3 for 8 s waves 
(vertical blue lines). To distinguish these depths from the 
oceanographic wave base, one should preferentially speak 
of a grain-size dependent effective wave base (EWB) (Flem-
ming 2005). As already pointed out by Dietz (1963) and 
most recently by Rankey and Appendini (2022), the OWB 
concept is, in this context, basically meaningless, its dis-
tinction from an EWB being widely ignored in the marine 
geosciences.

In this connection it has become popular to distinguish 
between a so-called ‘fair-weather wave base’ (FWWB) 
and a ‘storm wave base’ (SWB), the two being generally 
associated with specific sedimentary facies changes on 
ancient and modern shorefaces (e.g. Hobday and Reading 

Fig. 3 Maximum horizontal 
velocities at the seabed (Umax) 
for waves of T = 8 s as a function 
of water depth (d), together with 
threshold velocities for selected 
grain sizes (blue) and correspond-
ing values for the transition to 
upper plane bed conditions (red). 
Grain sizes in phi according to 
Wentworth (1922)
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be difficult to recognize in the rock record, and which can 
therefore result in serious misinterpretations. In the case of 
marginal seas, on the other hand, the effect reverses, and it 
is rather doubtful whether sedimentary structures generated 
during fair-weather will survive the next storm, i.e. with few 
exceptions their preservation potential is practically zero.

It is commonly observed that shorefaces are character-
ized by grain-size gradients from coarser- to finer-grained 
sediments with increasing water depth. Singular diagrams 
such as those of Figs. 4 and 5, which are valid for a particular 
mean grain-size only, are therefore insufficient to represent 
the conditions on such shorefaces. Multiple corresponding 
diagrams would have to be constructed to represent the dif-
ferent mean grain sizes at different water depths. This can 
be achieved by employing the Ucrit data listed in ESM Table 
1 in combination with the tabulated Umax data for different 
water depths associated with the particular wave period 
appropriate to the study area (ESM Tables 2–12). With ref-
erence to Figs. 4 and 5, the horizontal lines separating upper 
regime from lower regime bed conditions and lower regime 
conditions from no sediment movement will shift upward 
for coarser mean grain sizes and downward for finer mean 
grain sizes.

morphodynamic situations and has successfully been 
applied by, for example, Son et al. (2012a, b) to interpret 
the dynamics controlling the shoreface of the East Frisian 
barrier-island system located in the southern North Sea. 
It served a rational interpretation of the primary sedimen-
tary structures in relation to the grain sizes characterizing 
the shoreface-connected ridge system of that marginal sea 
region.

It can furthermore be shown that embayed or marginal 
sea coasts dominated by local wind-generated waves must, 
in this context, be distinguished from swell-dominated 
open-ocean coasts. The differences between the two set-
tings are illustrated in Fig. 4 (for marginal sea coasts) and 
5 (for open ocean swell-dominated coasts). The diagrams 
clearly demonstrate that a distinction between effective 
fair-weather and storm wave bases by means of particular 
sedimentary structures is not as straightforward as the lit-
erature would make us believe (e.g. Flemming 2005; Ran-
key and Appendini 2022). Indeed, in the case of open-ocean 
coasts, swell-generated bedforms (and hence associated 
sedimentary structures) produced during fair-weather occur 
up to substantially greater water depths than those gener-
ated by shorter-period storm waves in the same region. As 
a consequence, the sedimentary structures produced dur-
ing fair-weather may obliterate those generated by a prior 
storm event. Contrary to modern environments this would 

Fig. 4 Comparison of critical 
velocities (threshold and upper 
plane bed) for a grain size of 
0.25 mm (2.0 phi) under 6 s 
storm-generated waves and 4 s 
fair-weather wave conditions 
along marginal sea coasts for 
wave heights of respectively 
3.0 m and 1.0 m
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conditions happen to prevail, leading to substantial delta-
front accretion. In the course, sedimentary structures pro-
duced during the prior period of fair-weather conditions can 
become covered by a variably thick sediment overburden 
that preserves the underlying fair-weather products. If sub-
sequent storms are unable to completely rework the overly-
ing sediment, any fair-weather sedimentary structures that 
survive subsequent storm reworking obviously have a fair 
preservation potential.

Open-ocean swell-dominated coasts

The wave climates of mid- to high-latitudes, especially along 
the eastern open-ocean margins (west coasts of continents), 
are generally addressed as high-energy coasts due to the 
year-round pounding by long-period ocean swells (T > 8 s) 
of variable heights generated by distant high-latitude storms 
(e.g. Davies 1972). Even during the fair-weather summer 
seasons these coasts are dominated by such swells (typically 
2–3 m high). During the winter season these swell environ-
ments are overprinted by shorter-period, locally generated 
storm waves (T ≤ 8 s) in the course of passing anticyclonic 
(northern Hemisphere) or cyclonic (southern Hemisphere) 
low-pressure cells.

Different seasonal wave climates are at the root of the 
geological concept that wave-generated sedimentary struc-
tures observed at particular water depths will differ between 

Marginal sea coasts

The storm vs. fair-weather condition along marginal sea 
coasts is illustrated in Fig. 4, which reflects typical storm 
and fair-weather wave conditions in the southern North Sea 
(e.g. Son et al. 2012a, b). In marginal seas, storm-gener-
ated wave periods and wave heights are always larger than 
their fair-weather counterparts. In the example illustrated in 
Fig. 4 the water depths at which Ucrit for 0.25 mm sands 
occurs and the depths of the corresponding transitions from 
lower (wave ripples) to upper regime bedforms (plane bed 
conditions) are shown. Notable is that during storms the 
depth of the transition to upper plane bed conditions (14 m) 
lies below the effective wave base during fair-weather con-
ditions (9.5 m). In effect this means that any sedimentary 
structures produced by wave-generated ripples during fair-
weather conditions will be completely reworked during 
storms, their preservation potential being practically zero. 
However, exceptions to this rule can be conceived.

Although sedimentary structures generated during fair-
weather will in all likelihood be destroyed by the next storm, 
there are environmental settings where this may not be the 
case, Such settings include deltaic environments, where 
sediment deposition is often decoupled from local storm 
influences. Thus, high river discharge resulting from heavy 
rainfall in a distal catchment would supply large amounts 
of sediment to the coast where, coincidentally, fair-weather 

Fig. 5 Schematic comparison 
of critical wave parameters 
(threshold and upper plane bed) 
for a grain size of 0.25 mm (2.0 
phi) under 12 s ‘fair-weather’ 
swell conditions and 8 s storm-
generated waves along open 
ocean coasts for wave heights of 
respectively 2.0 m and 5.0 m
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to superimposed tidal or wind-driven currents. As the resul-
tant velocity vectors will depend on the strength, direction 
and angle relative to the direction of the wave orthogonals, 
corresponding corrections to the positions of the threshold 
and upper plane bed lines representing various grain sizes 
(vertical blue and red lines in the d vs. Ucrit diagrams) would 
have to be implemented.

Supplementary Information The online version contains 
supplementary material available at https://doi.org/10.1007/s00367-
024-00776-3.
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son). In each case the water depths of the transitions from 
no sediment movement to lower regime bedforms (ripples), 
and lower regime bedforms to upper regime bedforms 
(upper plane bed), together with the critical orbital veloci-
ties (Ucrit) for 0.25 mm sands, are shown. Also indicated are 
the OWBs for each case, i.e. 112 m for 12 s waves and 50 m 
for 8 s waves. In the case of the 12 s fair-weather waves the 
EWB (52 m) for 0.25 mm sand occurs at a greater water 
depth than that of the storm wave base (49 m). This means 
that bedforms and associated sedimentary structures pro-
duced by the storm waves will in all likelihood be obliter-
ated or be physically reworked by the action of subsequent 
fair-weather swells.

Conclusions

It has been shown that the oceanographically defined wave 
base (OWB) has no geological meaning and, as a conse-
quence, should be replaced by an effective wave base 
(EWB), the depth of which varies as a function of the grain 
size, the wave period and the wave height. The EWB is 
probably identical to what Valiente et al. (2019) call the 
DoT, i.e. “the depth of sediment motion, initiation of vortex 
ripples and initiation of post-vortex ripples under extreme 
conditions”. In the present paper procedures are proposed of 
how to determine the EWB for mean grain sizes in the range 
from − 1.0 phi (2 mm) to 4.0 phi (0.063 mm) as a function 
of peak wave period and significant wave height together 
with the associated water depth which can be used to real-
istically interpret sedimentary environments and facies in 
both modern shoreface environments and the rock record. 
In nature, Ucrit-values for various grain-sizes may differ due 
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