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Abstract

The paper reviews the different physical forcings that control tidal flat hydrodynamics. Tidal 
propagation and cross-shore or long-shore currents, tidal asymmetry, wind-induced circula­
tion, wave propagation and drainage processes are successively considered. Some simple 
methods are described for estimating cross-shore currents and wave-induced bottom shear 
stresses, and the results obtained are compared to field measurements on three contrasted sites 
in Europe. In particular the cross-shore current is shown uniform in the lower part of the flat, 
and decreasing towards the shore. Bottom friction-induced wave attenuation is simply for­
mulated on gently sloping beds, leading to a maximum wave height that a flat can experience; 
it is proportional to the water height according to the ratio between the slope and the wave 
friction factor. The maximum related shear stress occurs at high water and is also proportional 
to the water depth. Maximum tidal velocities are very similar in the three sites where bottom 
sediment is muddy, suggesting a relationship between physical stresses and sediment character­
istics. The consequences of physical forcings on sediment transport are listed. The bottom shear 
stress is suggested as the relevant parameter for comparing tidal and wave effects. In general, tide 
induces onshore sediment transport, whereas waves and drainage favour offshore transport. The 
processes leading to a possible tidal equilibrium profile are analysed: they involve the intrinsic 
asymmetry that favours net deposition at high water, and an ebb dominance generated by the 
resulting bottom profile convexity. Eroding waves are likely to upset such a balance; this equilib­
rium then reduces to a trend for the system. ©  2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Tidal flats are characterized by rapidly varying water depths, both in time and 
space, with the additional air exposure. These strong water elevation fluctuations are 
likely to induce specific hydrodynam ics, which in tu rn  generate particular sediment 
processes. H ydrodynam ics consist of both the flow and water depth time/space 
evolution, which are generally strongly correlated (onshore current when water 
elevation rises, offshore current when it falls). These forcings are responsible for 
advection and dispersion, but they also generate bottom  shear stresses, which are 
relevant for sediment erosion and deposition. The bo ttom  shear stress is the combined 
effect a t the bed of non-linear interactions between the m ean flow and the waves.

A review of physical processes and their effect on sediment transport in intertidal 
areas has been recently presented by Eisma and R idderinkhof (in Eisma, 1997). The 
m ain forcings that a coastal system can experience are (1) the tide, (2) the wind- 
induced circulation, (3) the waves, (4) the density-driven circulation and (5) the 
drainage process. D rainage processes are specific to intertidal areas when they are 
exposed and subjected to surficial water discharge.

Tide is naturally the m ost im portan t process, as it determines the existence of the 
intertidal flat. Tidally induced currents can be split into a cross-shore com ponent, 
which accounts for the filling and the em ptying of the flat, and a long-shore com pon­
ent, which depends on the large-scale circulation around the flat.

Meteorological events are likely to generate large-scale variations of water surface 
elevation, and flow patterns tha t m odulate and sometimes counteract the tidal 
currents.

Waves are either due to the propagation of offshore waves or generated by local 
winds. Even in sheltered areas, waves are seldom negligible, as small waves can be 
sufficient to resuspend soft cohesive sediments in very shallow areas, and often 
contribute to m orphological stability in the long-term.

M any tidal flats are connected to estuarine systems where the salinity gradients 
induce a density-driven circulation tha t frequently dom inates the tidal residual circula­
tion. A nother density effect occurs if there are strong tem perature variations a t the 
m udflat surface due to solar radiation  (e.g. G uarini et ah, 1997). These tem perature 
variations may induce rapid changes in the local water tem perature (a 3°C change in 
1 h has been m easured in a flat of the H um ber estuary) and then therm al gradients 
m ay appear over the flat. However, the density gradients have baroclinie effects that 
become im portan t in deep areas only. Thus over a tidal flat, the density-driven 
circulation can only develop around  a connection with a neighbouring channel, and 
then it is mainly controlled by the large-scale circulation. F o r this reason, this forcing 
will not be considered in the present paper.

The last m entioned forcing is drainage. This encompasses both  the flow of surficial 
freshwater from  upstream , and the expulsion of porew ater from the upper sediments 
as the water table lowers during falling tide. This latter process is favoured on m uddy 
tidal flats where low permeabilities prevent the porew ater to flow within the bed. 
Little is know n about the effects of drainage processes upon tidal flat evolution, 
although observations indicate the im portance of drainage effects for the sediment
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transport (e.g. Bassoullet et al., 2000). D rainage also appears an im portan t factor for 
long-term  stability, when drainage-m odulated seawards transport com pensates for 
a tidally induced residual accretion of the flat (Bessineton, pers. com.).

Assessing the contribution  of these five forcing processes to the bottom  stress is 
a difficult problem , not specific to tidal flats. However, for the intertidal zone, bed 
irregularities are m ore likely, because of drainage, drying and swelling events in 
m uddy areas, b io turbation  by benthic animals and protection by plants. In addition, 
the com putation of shear stresses is com plicated by extremely shallow water depths, 
for which classical laws are questionable.

The purpose of this paper is to characterize the water movem ents (waves and 
current) over intertidal areas, considering in tu rn  tidal propagation  and induced 
currents, wind-induced circulation, waves and drainage.

As shown by Friedrichs and Aubrey (1996), the hydrodynam ics and m or- 
phodynam ics are interrelated. This study focuses upon the dependence of the flows 
or waves on the topography, whilst the interactions between the hydrodynam ics and 
sediment transport, leading to possible equilibrium  profiles, are analysed in detail by 
R oberts et al. (2000).

2. Investigated sites

The w ork is mainly based on observations and com putations on three sites which 
have been investigated within the IN T R M U D  project, funded by the European 
Com m unity. By considering the consequences of hydrodynam ics on sediment 
dynamics and m orphological equilibrium, the paper contributes to the IN T R M U D  
classification of intertidal flats (Dyer et ah, 2000). The three investigated sites are 
(Fig. 1):

( 1) the Brouage m udflat in the M arennes-O léron bay, on the western coast of France; 
the intertidal area is 4 km  wide, with a m ean bottom  slope of 1/800, which is 
consistent with a tidal range of 5 m; the area is sheltered from Atlantic swells by 
the Ile d ’Oléron; the flat is entirely muddy, with ridges and runnels on the flatter 
section (slope «1/1400) in the middle of the flat (Bassoullet et ah, 2000).

(2) the Skeffling m udflat 10 km  inside the m outh  of H um ber estuary (England), where 
it opens into the N orth  Sea. Tidal range is 6 m, flat w idth is 4 km  and the m ean 
slope is 1/700, but in the order of 1/1300 in the m edium  section of the flat. The 
sediment is predom inantly m uddy on the upper part, but becomes mixed and even 
sandy tow ards the lower levels. Intriguingly, this flat exhibits similar shore norm al 
ridges and runnels in the middle of the profile (W hitehouse et ah, 2000) as the 
Brouage mudflat.

(3) the N orthern  intertidal flat of the Seine estuary, near Le H avre (France), connected 
to the English Channel. The area is m acrotidal (range =  7 m) and the tide is 
characterized by strong asymmetries and a large duration  of high water slack 
(about 3 h). The m udflat slope (1/150) is larger than  in the previous flats and the 
waves are stronger, as the site rem ains open to the extended Baie de Seine.
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Fig. 1. Location of the 3 investigated sites: (1) Skeffling mudflat in the Hum ber estuary (LTK); (2) Northern 
mudflat in the Seine estuary (Fr.); (3) Brouage mudflat in the Marennes-Oléron Bay (Fr.); D  and B are the 
measurement stations.
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Sediment is sandy in the lower part and mixed or m uddy everywhere else on the 
flat, but annual m onitoring m easured frequent changes in the sediment nature.

The following text gives an analysis of different hydrodynam ic features, mostly 
based on data  from  these sites. These data can be records of flow velocity and pressure 
(giving the tide and waves) at fixed stations (e.g. Bassoullet et ah, 2000; Christie et ah,
1999), or results of depth-averaged modellings. The latter have been performed with 
the SAM -2DH model (Brenon and Te Hir, 1999) for the M arennes-O léron bay, and 
the Télémac-2D model for the H um ber estuary (Roberts and W hitehouse, 2000) and 
for the Seine estuary.

3. Tidal flow

3.1. Tide propagation

The wave length of the tide is m uch larger than  the flat w idth so that the water 
elevation is nearly horizontal a t the scale of the flat. This feature can be weakened by 
two factors: first the tidal wave which propagates at the celerity (gh)0'5 can be retarded 
in very shallow waters (e.g. a t the tidal front), but usually only for a very short period. 
Then the surface elevation may present a significant slope, due to a supercritical 
regime. Indeed, small bores are sometimes observed on tidal flats (e.g. in D ronkers, 
1986), but these bores only affect the leading w ater’s edge. Secondly, bottom  friction 
can also slow down the tidal wave propagation, especially in shallow waters and 
across gentle slopes (e.g. Friedrichs and M adsen, 1992).

These effects have been considered for the cross-shore propagation of the tide. Even 
when the tide is mainly propagating along the shore, the phase lag between the shore 
and the deep area off the flat rem ains controlled by the cross-shore propagation. 
A one-dimensional model tha t solves the depth-averaged shallow water equations has 
been used. The convex bottom  profile is the result of m orphological com putations (see 
R oberts et ah, 2000) and is typical of tidally influenced m udflats (Friedrichs and 
Aubrey, 1996; Tee and M ehta, 1997). Fig. 2 shows the slight deviation of the surface 
elevation from the horizontal, and the currents associated to the tide propagation. 
N oticeable surface slopes only occur behind the tidal front. W hen accelerations are 
neglected, the resolution of w ater volume conservation between two successive hori­
zontal water surfaces leads to depth-averaged currents very similar to the ones 
com puted by the shallow water model. This validates the hypothesis of nearly 
instantaneous cross-shore tide propagation.

The flow field can be split into a cross-shore com ponent and a long-shore one, the 
la tter being m ore related to large-scale processes and generally stronger.

3.2. Cross-shore tidal currents

The m agnitude of the cross-shore current depends m ainly on the w idth of the 
mudflat. It can exceed the long-shore current when the intertidal flat is particularly
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Fig. 2. Cross-shore simulation of tide propagation and induced currents over an intertidal flat. Dotted lines 
are ebb/falling episodes. Thick curves are envelopes of maximum flood or ebb velocities over the tide.

wide (e.g. the Brouage mudflat), and /o r when the alongshore currents are reduced by 
the presence of a natural or m an-m ade obstruction, such as a headland, spit or 
breakw ater (e.g. the Skeffling flat, Fig. 3).

In the case of uniform bottom  slope ß , it can be shown (Appendix A; Friedrichs and 
Aubrey, 1996) th a t at any location of the flat below m ean water level, the m aximum 
cross-shore current is approxim ately

ßT, d )

where R  and T tide are, respectively, the tidal range and period. In practice, the slope of 
m any estuarine mudflats around the m ean water level is flatter than the average slope
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Fig. 3. Computed current field on the Skefiling flat (Humber estuary), 2h30’ before high water. Bathymetry 
contours shown are LWS and MWL. (After Roberts and Whitehouse, 2000).

Table 1

Site Tidal range (m) Bottom slope F m a x  (m S b

Brouage 5 1/800 0.28
flatter section 1/1400 0.49
Skeffling 6 1/700 0.29
flatter section 1/1300 0.55
Le Havre 7 1/150 0.07

from high-to-low water, leading to a greater peak current than  tha t indicated by 
Eq. (1). F o r the three investigated sites, Eq. (1) gives the result of Table 1.

O n the upper flat (above m ean sea level), Friedrichs and Aubrey (1996) show that 
the maxim um  current occurs at the tidal front, and the intensity is given by

Mmax=^ J 1 - ( ^ Xf)  ’ (2)

where x f is the location of the tidal front (set equal to 0 at mid-tide).
F or a linearly sloping flat, above the m ean sea level, maxim um  cross-shore currents 

decay when approaching the shore.
These schematic results, which have been extended for m ore com plicated geom et­

ries by using hypsom etry data  (Pethick, 1980; Friedrichs and Aubrey, 1996), can be 
com pared to field observations or com putations from depth-averaged models of the 
investigated flats. Fig. 4 gives representative examples of water level and current, 
recorded at station B on the Brouage flat (Fig. 4(a)) or com puted on several locations
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Fig. 4. Tide elevation and current velocities in the Brouage mudflat (Marennes-Oléron Bay, Fr): 
(a) measurements at station B, Nov. 1994; (b) computations at 4 locations along a cross-section of the flat.

of the same flat (Fig. 4(b)). As stated before, the flow is mainly cross-shore at this site. 
According to the m easurem ents as well as the model, maxim um  flood velocity occurs 
ju st after covering, approxim ately at mid-tide; after a long high water slack, the ebb 
progressively increases until a maxim um  speed ju st before uncovering. This co rrobor­
ates the fact tha t m axim um  velocities are reached at mid-tide, or near the tidal front 
in the upper flat. The m axim um  velocity is about 0.45 m s -1 , in agreem ent with the 
order of m agnitude of a depth-averaged velocity deduced from Eq. (1). In addition, 
the model produces a relatively uniform m axim um  velocity in the lower part of the 
flat (up to mid-level) and a lower velocity in the upper flat, as indicated by relations 
(1) and (2).

Fig. 5 presents the com puted maxim um  velocity (over a m ean spring tide) at several 
locations for the three investigated sites versus the “reduced” m axim um  water depth. 
The latter is defined as the m axim um  water height over the tide divided by the tidal 
range and represents a norm alized distance to the shore when the bottom  slope is 
uniform. In contrast with the H um ber and Brouage results, on the Seine site velocities
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Fig. 5. Distribution of computed maximum velocities at different locations of the three investigated sites 
(mean spring tide). The “reduced maximum water depth” is the local maximum water height over the tide, 
divided by the tidal range.

increase with distance from the shore, even in the lower flat. In addition these 
velocities are considerably higher than  the theorical cross-shore com ponent deduced 
from  Eq. (1). In fact, the flow is mainly longshore on this flat, and thus controlled by 
the large scale tidal propagation. However, in the upper part of the three sites, the 
to tal velocities are rem arkably similar, which probably explains the analogy between 
the corresponding sediments. Actually, the lower part of the Seine flat is nearly sandy, 
where the tidal flow is larger. Lastly, the three sites exhibit a similar tidal asymmetry in 
favour of flood, which will be discussed below.

3.3. Long-shore tidal currents

Currents parallel to the shore are dependent on large scale topography. Typically, 
the volume of water which m ust pass through an estuary cross-section during a tidal 
cycle is determ ined by the tidal range and the shape of the estuary landw ard of that 
section. The distribution of flow across the section can be approxim ated by relating 
the current speed to the square root of the w ater depth. This arises from balancing the 
bed friction distributed over the water column (t//;) and the longitudinal water surface 
slope in the depth-averaged m om entum  equation, assuming this slope is uniform 
across the section, which is reasonable when the flat is not too wide. M ore precisely, 
the bed friction is generally form ulated as a quadratic  function of the depth-averaged 
velocity, m odulated by a function of the water height that represents the integration of 
velocity profile [for instance 1 /Ln[h/ez0) for a logarithm ic profile]: as a result, the 
dependence of current speed on the w ater height across the flat can be slightly larger 
than  the square root.

The N orthern  flat of the Seine estuary is representative of relatively narrow  
intertidal flats connected to a m acrotidal estuary where currents are strong. 
Fig. 6 shows that sim ultaneous currents com puted on different stations of the flat are 
actually correlated to the power 0.5 +  1/6 of the local water depth, which is in
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agreement with the Strieker form ulation of the bo ttom  friction (t ~ i t2//i1/3) used in 
the model.

This kind of relationship can be modified to some extent by lateral diffusion, which 
tends to partially even out current speeds across the estuary, and by wind-induced 
currents. Also, at the time of peak current in the m ain channel, water depth on the 
m udflat is often very small, so that the lower intertidal flat is m ore strongly influenced 
by long-shore currents than  the upper flat.

3.4. Tidal asymmetry

We can distinguish three kinds of tidal asym m etry which are likely to induce a net, 
tidally averaged sediment transport over a tidal flat:

(i) an intrinsic asym m etry due to the air exposure,
(ii) large-scale asymmetries due to tide propagation in the surrounding basin,

(iii) local asymmetries generated by the topography of the flat.
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Types (ii) and (iii) induce differences between the average m agnitude of flood and ebb 
currents, whereas all kinds of asymmetries generate differences in the duration of the 
slack water period, type (i) being the m ore relevant in the case of intertidal flats. As 
pointed out by Eisma and R idderinkhof (ibid) am ong others, the difference between 
flood and ebb m agnitudes is m ore im portan t for bedload transport, whereas the 
difference in slack durations is fundam ental for suspended m atter transport.

The intrinsic asymmetry is merely the fact tha t the upper part of an intertidal flat 
experiences only one slack at high water. As a consequence, particles coming onshore 
during the flood begin to settle onto the upper flat when the bo ttom  stress is below its 
critical value for deposition. D eposition processes are favoured by the decreasing 
velocities near the shore. This allows time for the partial consolidation of newly 
deposited cohesive m aterial. The subsequent resuspension of the deposited m aterial 
requires the ebb flow speed to exceed some minimum, and often this m inim um  is 
hardly reached in the upper flat except if the ebb current is locally dom inant. These 
processes, know n as settling and scour lag effects, have been described by Postm a 
(1961).

The large-scale asym m etry is caused by the non-linear distortion of the tide during 
propagation (advective and friction term s in the m om entum  equation), and is depen­
dent on the geometry of the coastal area (e.g. Uncles, 1981). W hen the flat is connected 
to an estuary where the tide propagation  is slowed down, the asymmetry is generally 
of flood dom inant type. The tidal flow over the N orthern  flat in the Seine estuary (Fig. 
6) exemplifies this kind of asymmetry. It should be noted tha t these large-scale 
asymmetries may vary, depending on the harm onic com position w ithin for instance 
the fortnightly tidal cycle. This is illustrated in Fig. 7 which shows an inversion of the 
flow asymmetry on the Brouage mudflat, with a flood dom inance at the beginning of 
the selected period and an ebb dom inance at the end, for similar tidal ranges. Among 
tidal asymmetries, residual eddies due to headlands or islands have also to be 
m entioned, as they are likely to induce specific sediment transport or deposition (e.g. 
the Portishead mudflat, in the Severn estuary, W hitehouse and M itchener, 1998).

The bottom  topography of the flat can itself induce or modify the tidal asymmetry. 
Several authors pointed out that tidal flats with a “convex” profile enhance the 
m axim um  ebb curent (e.g. D ronkers, 1986). Actually the cross-shore com putations 
plotted in Fig. 2 show an ebb dom inance throughout the profile, except near the 
shore end.

To summarize, it can be said that large-scale topography induces asymmetries of 
the tide elevation and long-shore flow com ponent, generally in the way of flood 
dom inance, whereas local topography induces a cross-shore asymmetry.

3.5. Bottom shear stresses and energy dissipation

As stated in the introduction, bo ttom  stress is the relevant param eter for assessing 
the deposition and erosion of sediments. It can be expressed as a quadratic  function of 
the m ean flow (or the flow at a given height), providing a drag coefficient 
(or equivalently a roughness length if a logarithm ic velocity profile is assumed). This 
has been extensively analysed by Collins et al. (1998) who pointed out the strong
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Fig. 7. Measured tide elevation and current velocity (32 cm above bottom) at station B in the Brouage 
mudflat over a fortnightly tidal cycle. Flood dominance appears from the beginning until the 4th day, 
whereas ebb is dominant between the days 6 and 12.

variability of these param eters. Actually the determ ination of drag coefficients on 
intertidal areas is com plicated by the presence of bedforms, ridge and runnel net­
works, channels, benthic fauna and plants. All these param eters can induce flow 
perturbations tha t modify the velocity profile and prevent representative bed shear 
stresses being calculated from local measurements. We thus prefer using the model 
results for characterizing the current-induced shear stresses a t the scale of the flats.

F or instance, Fig. 8 gives the distribution of the m axim um  bottom  stress (over 
a spring tide) on the Skeffling mudflat. This shear stress was com puted using a finite 
element depth-averaged model (TELEM AC-2D), assuming a uniform N ikuradse 
roughness of 0.01 m. It can be seen th a t this tidal-induced peak shear stress is not 
uniform over the flat: it presents a strong decay tow ards the shore in the upper flat 
while it is m ore uniform in the lower half. These results are quite in agreem ent with the 
cross-shore velocity gradients predicted from Eqs. (1) and (2). As for the long-shore 
com ponents, it should be rem inded tha t they can be deduced from the hypothesis of 
uniform longitudinal surface slope across the flat: then from the depth-averaged 
m om entum  equation in steady regime, it is concluded tha t long-shore bottom  stress 
com ponents are proportional to the water depth and then also they decay shorewards.

A nother com m only used param eter is the energy dissipation rate, assumed to be 
uniform when the flat is in equilibrium  (e.g. Lee and M ehta, 1997). Com puted as the 
work of the bottom  stress, approxim ately proportional to the cube of the flow speed, it 
only enhances the contrasts presented by the bottom  stresses. Finally, the d istribu­
tions of shear stress and energy dissipation rate both  reflect the velocity gradients 
and variations. The m ain advantage of these param eters over a simple velocity
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Fig. 8. Computed distribution of tidally induced shear stress over the Skeffling mudflat in the Flumber 
estuary (maximum over a spring tide), (bottom roughness: Nikuradse coef. =  0.01 m).

distribution is to enable a com parison with wave effects, and to be m ore relevant for 
the sediment behaviour.

4. Wind-induced circulation

M eteorological events act on water systems through atm ospheric pressure gradi­
ents and wind. Pressure gradients can induce large-scale variations of water surface 
elevations. The time-scale of this process is generally too large for the related transient 
currents to be im portant, but the storm  surge can significantly change the w ater depth 
on a flat (a few tens of cm, or even m ore than  1 m) and consequently change the air 
exposure as well as the local tidal flows. M ore frequently, winds are likely to generate 
a specific circulation by entrainm ent of surficial waters and generation of an addi­
tional surface slope, which in tu rn  induces return flows in deeper waters.

In order to illustrate these wind effects, sim ulations of storm y winds over the 
Brouage m udflat have been performed, by using the depth-averaged model of the 
M arennes-O léron Bay. A steady wind of 20 m  s “ 1 was blowing eastw ard for 5 h either 
during a rising tide or a falling tide. Changes are noticeable on the upper flat (Fig. 9). 
A lthough the elevation is only enhanced by about 0.1 m, the current speed is roughly 
doubled and asym m etry can reverse. Nevertheless at this location the bo ttom  stresses 
rem ain small enough not to induce resuspension, so that the m ain consequence of the 
wind entrainm ent will be a m odification in residual sediment transport and depos­
ition.

N aturally, local winds generate waves that are likely to resuspend sediment, so that 
the correlation between the wind and wave episodes should be accounted for.
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Fig. 9. Simulation of wind effects on hydrodynamics on the upper Brouage mudflat: (a) spring tide, without 
wind; (b) same tide, 2 0 m s “ 1 western wind blowing 5 h during the rising tide; (c) same tide, 2 0 m s “ 1 
western wind blowing 5 h during the falling tide.

5. Waves

From  one tidal flat to another, the wave regime can be very different: either the flat 
is exposed to offshore swells, or it is only subm itted to short waves generated by local 
winds. In the first case, the flat is generally sandy and is nothing else than  a beach. 
W hen nevertheless the area is m uddy, because of a large input of sediment nearby, 
m ud liquefaction is likely to occur and the waves experience strong dam ping (e.g. 
Wells and Kemp, 1986; Li and M ehta, 1997). In the second case, small waves can have 
an im portan t influence on sediment transport, because, in shallow waters, the stress 
they cause on the bed is com parable with the stress associated with a quite substantial 
tidal current.
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Fig. 10. Correlation between wave height and water depth measurements in the Brouage mudflat (France). 
Crosses: at station D, 17/26 Nov. 1997; dots: at station B, Oct-Nov. 1994; “rms wave height” is estimated as 
21-5 times the standard deviation of near bed pressure fluctuations. Dashed line: H rms =  0.15 h.

5.1. Wave height evolution on sheltered tidal flats

The size of locally generated waves is dependent on the fetch length, the wind speed 
and the length of time for which the wind blows. F o r a fetch length of 5 km for 
example, the length of time for the waves to reach their fully developed state is around 
30-40 mins, depending on the wind speed. In this respect, time is no t usually a limiting 
factor, the wind speed, direction and fetch length are m ore im portant. F o r a given 
wind speed, wave height increases approxim ately as the square roo t of the fetch 
length. F o r a fixed fetch length, the wave height increases approxim ately linearly with 
wind speed. Then, when propagating over the flat, waves are likely to increase in 
height due to shoaling and fetch extension, and to decrease, due either to bottom  
friction or to visco-elastic entrainm ent of the bed.

Fig. 10 presents an overview of “roo t m ean square” wave heights m easured on two 
locations of the Brouage mudflat, during 20 days at station B on O ctober 1994, and 
during 9 days at station D in N ovem ber 1997. The roo t m ean square wave height 
H rms is com puted as 23/2 times the standard  deviation of the pressure fluctuations near 
the bottom , neglecting the wave pressure decay over the water column. It is striking 
tha t in both  cases the plot exhibits a linear relationship between the m axim um  wave 
height and the local water depth, with the same slope at two different locations of the 
flat. W hatever the depth, the significant wave height does no t exceed 15% of this 
depth. This can be com pared to the ratio of 0.19 between H rms and the water depth 
observed on the Surinam  coast by Wells and Kem p (1986). They observed th a t the 
waves never broke because their height rem ained below the usual breaking limit
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(H/h  ~  0.8), and they attribu ted  the severe wave attenuation to dissipation into the 
bo ttom  by the generation of a mudwave. F luid m uds are frequently observed near the 
sea bed along the Surinam, and may correspond to the case of exposed coasts 
previously mentioned. Flowever, in the case of the Brouage mudflat, the liquefaction 
of the bo ttom  does not seem to occur, at least under small or m edium  waves.

The reason for this “satu ration” of the local wave height on flats can be looked for 
in bo ttom  friction. Following the linear theory and applying the conservation of 
energy for a m onochrom atic wave propagating on a uniform slope with quadratic 
bo ttom  friction, a relation can be found (see Appendix B) between the wave height 
H  and the distance from the shore x  according to the differential equation

— ( H 2x 112) =  —  -  
dx  37i ß (3)

where / w is the wave friction factor.
This equation can be conveniently non-dim ensionalized according to

L - ( H 20X 1l2) = ^ - f- j H l X - ^ 2, (4)

where H 0 = H /h 0 and X  = xß /h0, with h0 the w ater depth at the offshore limit of 
investigation. h0 should not be too large (typically 5 m) because of the shallow water 
approxim ation.

Eq. (4) has been numerically integrated, and the solution is dependent on the 
relevant non-dim ensional param eter f w/ß  (Fig. 11). It can be seen tha t the trend of the 
wave attenuation  is very different according to the value of this param eter. F o r low 
values off w/ß  (small friction or large bo ttom  slope), dissipation is negligible and wave 
height is m aintained or even increased (shoaling) until breaking, defined here as 
a m axim um  H/h  classically equal to 0.8. O n the other hand, for large values off w/ß  
(high friction or gentle slope), dissipation becomes dom inant and the wave height 
tends to a constant proportion  of the w ater depth, whatever be the incident wave 
height. Then this proportion  gives the m axim um  wave height such a tidal flat can 
experience at a given w ater depth. Assuming this proportion  (H/h)iim exists, it can be 
com puted from Eq. (3) by replacing H  by h(H/h)iim or ßx(H/h)iim, which after 
derivation leads to

t )  - ¥ r. «  /  Um  4  J w

W e assume that Eqs. (3) and (5) can be used with H rms instead of H, although the 
constant resulting from  the integration of the dissipation rate could change according 
to the wave height distribution. Then the application of relation (5) for the case of the 
Brouage m udflat (HrmJh ) iim = 0.15 implies tha t the wave friction factor should be 
approxim ately 0.05.

M easurem ents are also available in the upper section of the N orthern  m udflat in the 
Seine estuary. W aves and water depths have been recorded for 2 days during a storm  
(Fig. 12; Silva Jacinto et ah, 1998). These m easurem ents also show a linear relationship
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Fig. 11. Computed wave propagation over a linearly sloping bed (Eq. (4)) for different incident wave 
heights. The line “h/ho” represents the non-dimensionalized water depth, (a) f w/ß  =  50 (wave friction 
factor =  0.05, slope =  1/1000) (b) f w/ß = 10 (wave friction factor =  0.05, slope =  5/1000).
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Fig. 12. Correlation between root mean square wave height and water depth, measured in the Northern 
mudflat of the Seine estuary (France), during a storm (12-14 feb.1997). (after Silva Jacinto et al., 1998).

between H rms and but the ratio is 0.28, which is in agreement with the larger bottom  
slope of this flat. According to (5), the m ean wave friction factor should be 0.14, which 
is close to the upper limit of the usual range (from 0.005 to 0.4, Soulsby et ah, 1993).

If the seabed consists of soft m ud, then a significant proportion  of the wave energy 
m ay be absorbed as it progresses across the bed. Lee and M ehta ( 1997) have addressed 
this case and discussed mechanisms of sediment transport by waves over a soft m uddy 
bed, in the case of small tidal range.

5.2. Wave-induced bed shear stress

Com bined w ith the shallow w ater approxim ation of the orbital velocity, the 
expression of the wave-induced shear stress (Eq. (3), Appendix B) becomes

_  P 0 Íw H 2 
T 8 h '

Assuming a linear relationship between the m axim um  wave height and local depth, 
the bed shear stress reads

pgfv [m m lH iA H /h h J t)]2
t  = S  T, ' 161

where is the incident wave height. Shoreward of the zone where the m axim um  
wave height to depth ratio is achieved, the shear stress decreases linearly with depth, 
as the wave moves tow ards the shoreline in the depth-lim ited zone. Seaward of the 
same transition zone, the stress variation is inversely proportional to the depth. This is
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Fig. 13. Wave-induced bottom  shear stress computed on different locations of the Brouage mudflat 
(Marennes-Oléron Bay, France), according to Eq. (6). Time evolution over a spring tide, (a) (left): incident 
wave height =  0.5 m; (b) (right): incident wave height =  0.2 m.

The “transition level” separates the upper fraction of the flat where the “saturation” wave height is 
reached (whatever be the incident wave) and the lower part where the maximum stress is uniform and 
depends on the incident wave.

shown in Fig. 13, which plots Eq. (6) at different locations of the Brouage m udflat 
during a spring tide, taking (H/h)Um = 0 .15 . It should be noted that:

•  the transition between the two trends is dependent on the value of the incident wave 
height H o, for a given bottom  slope;

•  the upper flat experiences the highest stresses a t high tide, whatever be the incident
waves;

•  the middle flat experiences the highest stresses a little after covering or before 
uncovering, when the water depth is ; for a given incident wave, this 
maxim um  stress is uniform;

•  for a given bottom  slope, the maxim um  stress tha t any location can experience is 
reached at high water when = (H/h)UmhHW, then it linearly increases with the 
water depth at high water hHW;
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•  an increase of the bo ttom  slope will delay or suppress the linear relationship
between the stress and the water depth.

The order of m agnitude of wind-induced stresses is at least the same as the one related 
to tidal flows. A m ajor difference comes from  tha t the former may be strong at high 
water, even in the upper flat, when the latter vanish. The consequence on sediment 
transport will be analysed in the discussion.

6. Drainage

A lthough drainage processes are commonly observed features on exposed tidal 
flats, very few studies have investigated this type of process. D rainage can be either 
due to creeks flowing from  the shore at the surface of the flat (e.g. W hitehouse et ah,
2000), or due to dewatering w ithin the air-exposed sediment, when the water table is 
falling with some delay after the w ater surface (e.g. Anderson and Howell, 1984).

The water table gradient is supposed to generate pore-w ater flow inside the 
sediment, but in m uddy environm ents, the low permeability forces the pore water to 
escape through the interface. W hen the bo ttom  slope is rather steep (in the order of 
1 % or more), the w ater flows rapidly and evenly on the mud. W hen the slope is gentle, 
surficial flow is slow and a criss-crossed pattern  of runnels which intersect each other 
is formed. These runnels grow and become organized progressively while running 
seaward, then forming a netw ork of parallel ridges and runnels, cross-shore orien­
tated. These patterns can be observed in the Brouage m udflat as well as the Skeffling 
m udflat (e.g. W hitehouse et ah, 2000). The form ation of the runnels by dewatering- 
induced surficial w ater flows is not clearly established, but the contribution of these 
longitudinal bedforms to drainage is undoubted, despite the fact tha t they retain water 
in the runnels at the end of the exposure period. As when the bo ttom  slope is gentle 
cross-shore currents are dom inant, the runnels are orientated along the tidal currents 
(and m ost often along the dom inant waves, due to wave refraction). It seems tha t the 
tidal current enhances the organisation of runnels in a parallel network, contrasting 
with the m eandering system which first occurs, w ithout surprise over a flat 
bathym etry. The fact tha t ridge and runnel patterns extend in the section of the flat 
where the slope is minimum, i.e. where currents and bottom  shear stresses are stronger 
(Eq. (1)), is noteworthy.

To the au thors’ knowledge, there has been no comprehensive investigation on the 
quantification of drainage-induced water discharge. If dewatering of the upper section 
of the flat is the only source, the discharge can be evaluated from the decrease of 
pore-w ater content of the m ud, or even from the decline in sediment elevation. 
Assuming a m ean reduction of Sh = 1 cm for the sediment level during half of the 
m ean air-exposure time, i.e. about St = IO4 s, the local sink of pore water correspond­
ing to the sediment variation is Qs = Sh = 0.01 m 3 m ~ 2. After a cross-shore distance 
d = 2000 m  from the shore, the induced discharge can be evaluated as 
Qd =  Qs-d/St =  0.002 m 2 s “ 1. This means tha t to evacuate the pore water as surficial 
flow, the latter should be in the order of 0.002 m 2 s _1 per unit width. If this flow is
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concentrated in runnels, with an active cross-section A = 0.2 m  x 0.1 m  (where the 
w ater flows), every 2 m  (the distance X between runnels), the current needed in runnels 
for discharging pore w ater is Ud = XQd/A  =  0.2 m  s -1 . This is actually the order of 
m agnitude of velocities that are observed in the runnels. They are not negligible, and 
likely to transport suspensions and to prevent consolidation in the runnels.

N aturally  runnels are not the only way of drainage. Channels are quite com m on 
features and contribute to drainage. They often coexist with runnels, and both  systems 
m ay exhibit a slight angle between them, runnels being mainly parallel to the tidal 
currents and channels converging to the bathym etric gradient (Bassoullet et ah, 2000).

7. Discussion

M ost of the previous investigations result from simplifications of real cases, where 
generally all processes are combined. M athem atical models are the only tool which 
enables us to account for all these processes w ith a realistic topography. They are 
presently usable, at least for hydrodynam ics, and some applications have been shown 
here. But our purpose in this paper is to point out the m ain features tha t we can simply 
deduce from the know n characteristics of a given intertidal flat, w ithout running 
a model which will take a long time to implement. This justifies the approxim ations 
for the tide propagation, and the choice of the simplest model for the waves.

However, not all the processes have been considered. F o r instance one can wonder 
how im portan t is the rain, either as an additional source of water for drainage, or as 
a m echanism for roughness changes (e.g. Anderson, 1981). Similarly, fauna-induced 
bio turbation  can change the roughness. The abundance of algae and plants is 
probably more essential, as they can slow down the water flows over the flat, and then 
favour sediment deposition (trapping). These “natu ra l” processes and their conse­
quences have been reviewed by A nderson (1981). One im portan t feature is the 
seasonal variability that these biotic com ponents can induce, and its consequence on 
sediment transport is becoming a topical subject tha t is beyond the topic of this paper.

M an may also modify the tidal flat hydrodynamics. For instance, shellfish farming 
installations, frequently set on the lower flats, are likely to change the current 
orientation and to dam pen waves. This appears to be the case in the M arennes- 
O léron Bay, and partly explains the wave attenuation  observed on the Brouage 
mudflat. Tittle is know n about the quantification of these processes. B oat waves 
constitute another forcing which is not very different from wind-induced waves, except 
tha t it can occur in sheltered areas close to channels, as for instance in upper estuaries.

7.1. Tidal forcing and sediment response

Back to the tidal forcing, we can consider the consequences on sediment processes 
of the different kinds of asymmetry tha t have been pointed out:

•  the intrinsic asymmetry, which results from a single tidal slack between flood and
ebb experienced by the upper flat, is responsible for a net sediment transport
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tow ards the shore, providing m aterial is available (from the lower flat or from 
offshore); scour-lag effects (Postm a, 1961) induce a net deposition on the upper flat, 
which favours the convexity of the bo ttom  profile;

•  the shape of the cross-shore profile can generate tidal current asymmetries; in 
particular, a tide-related convex profile enhances the m axim um  ebb current; the ebb 
current enhancem ent favours the seawards export of sediment, in contrast with the 
shorewards transport induced by the intrinsic asymmetry; this can lead to some 
sedimentological equilibrium, as indicated by m orphological m athem atical models 
under developm ent (e.g. Roberts et ah, 2000); for example, the convex bottom  
profile shown in Fig. 2, for which tidal currents exhibit an ebb dom inance, results 
from the evolution of an initially linear profile over a period of 17 years, simulated 
by a cross-shore sediment transport model;

•  large scale asymmetries are often related to the tide propagation  in an estuary to 
which the flat is connected, and generally are flood dom inant; at equilibrium, one 
can w onder whether this flood dom inance should not be com pensated by an 
increase of cross-shore convexity tha t would reinforce the ebb.

It can be noted that the tide-generated convexity com pensates for the decay of 
m axim um  tidal shear stresses in the upper flat, and finally tends to m ake it uniform. 
This feature is postulated by Friedrichs and Aubrey (1996) am ong others to get 
sedimentological equilibrium. Then studying the case of non-rectilinear shore, they 
concluded tha t the profile convexity was enhanced w ithin an embayed shoreline, and 
reduced when the latter is lobate.

Conversely, sediment features can give some insight into the hydrodynam ics char­
acterization of a tidal flat. A com parison between the steep N orthern  flat in the Seine 
Estuary and the Brouage or Skeffling mudflats, whose slopes are gentle, shows that 
m axim um  velocities are similar (around 0 .4 m s _1, Fig. 5), except in the lower part of 
the Seine flat where they are larger. These larger velocities ( l m s -1 or so) correspond 
to the sandy area of the flat, whereas the rest is m ainly muddy, as the other 
investigated flats. This confirms a relationship between the nature of sediment and the 
m axim um  tidal velocity, as postulated by m any authors. As far as cohesive sediment is 
concerned, this relationship should be based on the ratio between the induced 
m axim um  shear stress and the critical shear stress for erosion. Then, assuming (i) fine 
sediment is available from  offshore or from a river input and (ii) the flat is not far from 
equilibrium , a m axim um  velocity can be estim ated from the sediment nature. By using 
Eq. (1) for cross-shore currents (w ~  tidal range/slope) and the dependence of long­
shore current on the square roo t of local depth, the slope of the flat can be iteratively 
deduced from the tidal range and the long-shore current off the flat. Such an 
adaptability of the slope seems to be confirmed by recent morphological studies (e.g. 
Friedrichs and Aubrey, 1996; Lee and M ehta, 1997; Roberts et a l, 2000). In other words, 
the combined information of topography, long-shore current a t the boundary, tidal 
range, tidal velocities and sediment nature seems redundant. This result, deduced 
without accounting for wave effects, can be used to describe a lack of balance — 
possibly due to wave erosion —  and thus predict a morphological trend. Also this kind 
of redundance should be kept in mind when aiming at classification of intertidal flats.
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7.2. Wave effects

W ave-induced stresses are large on tidal flats, so tha t erosion is likely to occur. 
Small incident waves have m axim um  effect when the local depth equals the “sa tu ra­
tion” wave height, that is a t the beginning of local flood or at the end of ebb: then 
sediment resuspended on flood is being transported  onto the upper flat where it can 
deposit during slack (high) water, leading to a possible net accretion. O n the other 
hand, high incident waves —  which are often enhanced at high water when the fetch is 
extended —  have m axim um  effect a t high water: in this case resuspended m aterial may 
be transported  offshore by ebb currents and a net erosion will result. These features 
can change drastically depending on the direction of winds that occur simultaneously. 
F o r instance at the Skeffling mudflat, wind velocities over than  5 m s -1 have been 
proved to reverse the shorewards transport of m ud (Christie et ah, 1999). Nevertheless, 
effects of strong waves am ount to global erosion and then generate concave bottom  
profiles, a shape that is consistent with uniform  wave-induced bottom  stress (e.g. 
Friedrichs and Aubrey, 1996).

In m ost areas, both  tidal flow and wave forcings coexist. The question of their 
relative im portance is often addressed. It can be assessed by bottom  stresses com puta­
tion, based on full two-dim ensional m athem atical modelling, which is tim e-consum ­
ing especially for waves, or estim ated from  the simple Eqs. (1) and (6), provided 
continuous m easurem ents of waves in the middle of the flat are available. As for the 
sediment behaviour, it has been seen tha t tidal processes generally generate on shore 
sediment transport and induce accretionary convex profiles, whereas waves generate 
erosional concave profiles. We think tha t any residual equilibrium  is somehow virtual 
and is actually a dynamical one, any flat experiencing periods of tidal accretion and 
wave erosion, often according to a seasonal cycle (e.g. K irby et ah, 1993). This frequent 
com petition between tidal currents and waves explains why observed tidal flat profiles 
are not consistent with uniformity of m axim um  velocity or shear stress or dissipation 
rate. Effectively, neither com putations nor m easurem ents conducted on the three 
investigated sites showed any uniformity across the flats.

8. Conclusion

H ydrodynam ics of intertidal flats result from  the com bination of several forcings, 
mainly the tidal currents, the waves and associated winds, and drainage.

Tidal currents can be split into cross-shore and long-shore com ponents. The former 
is due to filling and em ptying of the em baym ent over the flat. If the bo ttom  slope is 
regular, the m axim um  value of this cross-shore flow is uniform  and inversely p ropor­
tional to the slope in the lower flat, and decreases in the upper flat. The long-shore 
com ponent can develop when the flat is connected to an estuary and is not bounded 
by headlands; across the flat, this long-shore com ponent is roughly proportional to 
the square roo t of the w ater depth.

W ave m easurem ents on gently sloping flats indicate tha t wave heights are limited 
by a fraction of the water depth, whatever be the incident wave height, because of
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wave energy dissipation; the im portance of this effect is quantified by the non- 
dim ensional param eter f w/ß  (ratio between the wave friction factor and the bottom  
slope). This local saturation  of wave height can be of practical use for modelling, as it 
gives an idea of the m axim um  wave height related to a given forcing, w ithout running 
a costly wave propagation model. In addition, the m axim um -induced bottom  stress is 
proved to occur at high water and to be proportional to the m axim um  water depth.

Com bined with m athem atical modelling, observations on the three investigated 
sites provided validations of these schematic considerations. Besides, despite different 
forcing ranges and topographic configurations, m axim um  velocities have been proved 
similar on m uddy bottom s, indicating some relationship between the sediment nature 
and tidal velocities.

Consequences of tide and wave forcings on sediment transport have been listed. 
Schematically, tidal asymmetry induces onshore sediment transport, then generates 
accretion on the upper flat leading to a convex bo ttom  profile, which in tu rn  favours 
an ebb dom inance tha t enhances the seawards sediment transport etc. Finally a tidal 
equilibrium  is likely to occur, with a resulting slope and convexity. Such an equilib­
rium  can be upset by wavy episodes that erode the flat, prevent deposition on the 
upper flat and favour offshore transport.

Among the other hydrodynam ical forcings, drainage is an im portan t process, very 
specific to tidal flats. Even if the induced shear stresses are not very high, drainage 
contributes to the offshore transport of sediment tha t have been previously resusp­
ended and freshly deposited on high w ater slack. Com bined with tidal currents, 
drainage is proposed to be responsible for the form ation of longitudinal bedforms, 
which often constitute a netw ork of parallel ridges and runnels located where the 
slope is minimum.
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Appendix A. M axim um  tidal current on a flat with uniform bottom slope

Assuming tha t the w ater elevation rem ains horizontal whatever be the tidal phase, 
the m agnitude of the cross-shore current can be estim ated by considering the conser­
vation of volume as the water level rises and falls (Friedrichs and Aubrey, 1996). If the
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w ater level rises, the edge of the wetted area moves landw ard by a distance determ ined 
by the slope of the mudflat. The volume of additional water tha t m ust pass through 
a plane (at location x) parallel to the shore depends on the rise in w ater level 
m ultiplied by the distance from  the plane to the w ater’s edge.

Friedrichs and Aubrey (1996) show tha t the cross-shore current speed is given by

where xf (t) is the location of the w ater’s edge at time t, referred to as the tidal front by 
Friedrichs and Aubrey (1996) and others. If the slope of the m udflat is approxim ately 
uniform, the first term  on the right-hand side of Eq. (1) is equal to the inverse of the 
m udflat slope ß.

Assuming a sinusoidal variation of the water level z, its rate of change can be 
derived as

dz kR  (  2nt \  , 4
¿7 =  T  C° \ T  )’ ( • )o r  r  t id e  \  r  t id e  /

where R  is the tidal range and T tide is the tidal period. Substituting for the rate of 
change of water level from  Eq. (2), Eq. (1) becomes

1 n R  (  2nt \
u = —  eos - —  for x <  xf(t). (A.3)

P 1 t id e  \  1  t id e  /

Thus for every location of the flat which is covered when the rate of water level 
variation is m axim um  (i.e. the section of the flat below the m ean water level), the 
m axim um  cross-shore current is approxim ately [cosine =  1 in (A.3)]:

“ m ax  =   • ( A - 4 )
P 1 t id e

In the upper part of the flat (above m ean sea level), Friedrichs and Aubrey (1996) show 
tha t the m axim um  current occurs a t the tidal front, and the intensity is given by

dxf 1 dz 7iR  (  . (2 ß  \ \  nR  (2ß
»max =  —r -  =  w T - =  —  eos arcsin —  x f =  —- —  / I  — —  .

dt ß d t  ß T liie \  \ R  f J J  ß T tiie V \ R

(A. 5)

with xf =  0 at mid-tide.

Appendix B. W ave height distribution on a dissipative flat with uniform bottom  slope

Let us consider the cross-shore conservation of wave energy in steady state, w ithout 
wave refraction, nor generation

_d
dx

(E(x)Cg(x)) =  — D(x), (B.l)
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where Cg is the wave group velocity, D the dissipation by bottom  friction and E  the 
to tal wave energy, tha t can be evaluated as

E = l  p g H 2, (B.2)

where p is the water density and g the acceleration due to gravity. In the case of 
a m onochrom atic wave, D equals the w ork of a quadratic  bottom  friction at the speed 
of the orbital velocity during one wave period, tha t is

D = ̂  J(i ̂wMwlMwl)Mw dt’ (B-3)
where T  is the wave period, mw the orbital velocity above the boundary layer and 
/ w a wave friction factor. The term between parentheses represents the wave-induced shear 
stress. In the case of a sinusoidal wave with a maximum velocity Uw, D can be integrated

D = ^ p f wU l .  (B.4)

In shallow waters, Cg =  (gh)1/2, and Uw can be approxim ated by

Eq. (5) is valid for h « (3 g /4 n 2) T 2^ 0 .7 5 T 2.
Finally, the energy conservation reduces to

f ( H 2hll2) =  - ^ H 3/ r 3/2. (B.6)
dx 371

In the case of a uniform slope, h = ßx, with x  = 0 a t the shore but >  0 seaward, then 
Eq. (6) becomes

— (H2x 112) = —  -  
dx  3n ß(H2x 112) = —  f i  t f 3x ~ 3/2- (B.7)
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