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Abstract
Tidal asymmetry is a well-recognised factor controlling the sediment transport and subsequent morphological
change in estuaries with peak current strength controlling the transport of coarse bedload sediments and the
duration of slack water controlling the deposition of finer suspended load. However, despite this focus on tides
as the dominant driver of morphological change, wind waves are capable of exerting a bed shear stress
comparable to that created by tides and therefore waves may provide an additional control on long-term
morphological form. Here, the interactions between tides, winds and waves and the implications for the net
import or export of sediment are explored through the use of a simple idealised hydrodynamic model. Wind and
wave climate are shown to affect tidal asymmetry through changes in the magnitudes of peak velocities, with an
increase in depth averaged velocity with the wind direction over the intertidal and against the wind direction over
the subtidal (through wind-driven circulation patterns), and also through a reduction in the duration of slack water
(through wave induced orbital velocities). This result shows that wind and wave climate can shape the long-term
morphology of estuaries in environments in which estuary fetch is sufficient enough to allow the generation of
waves.
Key words: estuaries, tidal asymmetry, waves, wind, estuarine morphology

1. Introduction
Tidal asymmetry within an estuary arises from the distortion of the tidal wave as it propagates across
the adjacent shelf and through the estuary basin. These distortions result in changes to the net
sediment transport flux throughout a tidal cycle with ebb (flood) dominance resulting in a net export
(import). Understanding the magnitude and direction of this asymmetry helps to predict the future
morphological form and stability of the estuary and therefore informs management decisions
regarding estuarine habitats and dredging for navigation. The distortion of the tide within an estuary
has been related to the estuarine morphological characteristics in a wide range of studies (e.g. Boon
and Byrne, 1981, Aubrey and Spear, 1985, Dronkers, 1986, Freidrichs and Aubrey, 1988, Pethick,
1994, Pethick, 1996, Wang et al., 2002, Fortunato and Oliviera, 2005, Moore et al., 2009, Brown and
Davies, 2010, Colby et al., 2010). In an estuary with low or absent tidal flats, the width-averaged
depth is greater at the crest of the tidal wave (HW) and therefore the crest will travel faster than the
trough (LW) over the length of a shallow estuary. The resulting shorter flood duration (and longer ebb
duration) results in greater peak speed during the flood. Conversely, in an estuary with high infilled
mudflats, the width averaged depth is shallower at the peak of the tidal wave (HW) relative to the
trough (LW), in this case the peak will be slowed relative to the trough resulting in a shortening of the
ebb phase and therefore ebb dominance (greater speeds on the ebb). These asymmetries in peak
velocity primarily influence the residual bedload transport of coarser sediments (sands and gravels)
(Dronkers, 1986, Bolle et al., 2010).
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The duration of slack water has been identified as an important control on the transport of finer sized
sediments (Dronkers, 1986). Slack duration is defined as the time over which the depth-averaged
velocity (or equivalent bed shear stress) is lower than the critical threshold for sediment entrainment.
Deposition of the sediment onto the seabed is possible during flows below this critical speed.
Meso- and macro-tidal estuaries are commonly assumed to be dominated by these tidal processes.
However, wind generated waves can produce bed shear stresses comparable to those created by tides
alone (Le Hir et al., 2000) and it has been postulated that wind-waves may be the primary factor
controlling sediment suspension flux and erosion over the intertidal regions (de Lange and Healy,
1990, Green et al., 1997, Green et al., 2000, Jannsen-Stedler, 2000, Le Hir et al., 2000). The aim of
this research is to quantify the relative importance of wave and wind processes in controlling the net
tidal asymmetry in an idealised short basin with well-constrained hypsometric properties.
2. Methods
Flows in a synthetic tidal basin (measuring 5 by 2.5 km) were simulated using the Delft3D
hydrodynamic numerical model coupled to the SWAN shallow water spectral wave model. Delft 3D
solves the unsteady shallow water equations on a staggered grid and it is used here in depth-averaged
barotropic mode (Lesser, 2004). SWAN solves for the evolution of the wave field using the wave
action balance equation. The model includes the processes of wind-generation, refraction, nonlinear
wave-wave interaction and dissipation through white-capping, bottom-friction and depth induced
breaking (Booij et al, 1999). The elevation and area of intertidal regions can be described in terms of
hypsometry which defines the estuarine basin area above a given height plane (Strahler, 1952, Boon,
1975, Boon and Byrne, 1981, Eiser and Kjerfve, 1986, Oertel, 2001, Wang et al., 2002, Moore et al.,
2009, Yu et al, 2012). Here, the basin hypsometry was defined by the following equation (Boon and
Byrne, 1981):

a/A = G/(r + G[1-r])

(1)

G= (1-h/H)γ

(2)

and

where h is the height above minimum basin elevation, A is the maximum basin area, a is the basin
area lying above height h, H is the height between lowest and highest basin elevation. The empirical
parameter r = 0.01 represents the basin curvature based on the slope at the point of inflection (Boon
and Byrne, 1981). The area below the hypsometric curve (γ) corresponds to the volume of sediment
in the basin and hence provides an indication of the maturity (or amount of sediment infill) within the
estuary. Larger values of γ correspond to reduced amounts of sediment within the intertidal area, with
the majority of the intertidal below mean sea level. Hence, larger values are characteristic of the
morphology associated with young, flood-dominant estuaries (Dronkers, 1986, Pethick, 1994, Pethick,
1996). Conversely, smaller values of γ are typical of ebb dominant estuaries and correspond to
enhanced volumes of intertidal sediment, with tidal flats lying above mean sea level (Dronkers, 1986,
Pethick, 1994, Pethick, 1996).
To assess the interaction of tides, wind and waves two sets of model runs were executed, firstly forced
by tides only (Delft3D hydrodynamic module only) and secondly with forcing from wind, waves and
tides (Delft3D coupled to SWAN). The model was forced by an astronomically forced M2 tide (2m
amplitude) at the seaward boundary which was situated 5km away from the estuary mouth (Figure 1).
Spatially-uniform and constant winds of 5 and 10m/s in both a easterly (seaward) and westerly
(landward) direction were applied at the water surface for the duration of the simulation. A uniform
bottom friction Manning coefficient of 0.035 was applied throughout the model. The model grid
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resolution was 50m and the timestep was 1 minute. Each scenario was run for 5 tidal cycles, with
output variables written to file every 2 minutes for the entire domain. Simulations were started from
rest with a uniform sea surface at mean sea level throughout the domain and runs were allowed to
evolve to a cyclically steady state. The results from the transitional period of the first tidal cycle were
discarded. We present results from an unfilled estuary (γ=4.0, Equation 2) in detail, the morphology
of this estuary is schematically represented in Figure 2. Flows and water levels have been analysed
for two indices of tidal asymmetry: (i) the maximum peak velocity, which controls the transport of
coarse sediment as bedload and (ii) the slack duration, which controls the deposition and transport of
fine suspended sediments.

Figure 1. Numerical model grid and bathymetry. The model is forced at the single open boundary on the left hand
side of the domain (thick red line). The locations from which the time series shown in Figures 3, 8a and 8b are
indicated by the arrows.
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(a)

(b)

Figure 2. Schematic representation of the unfilled (γ=4.0) estuary: (a) showing overhead view and (b) side view
along the central North-South cross-section marked in (a). Low water, mean sea level and high water are shown
to illustrate the intertidal form.
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3. Results
3.1 Tide only forcing
Bottom friction modifies the shape of the tidal wave as it enters the estuary, resulting in the timing of
the trough (LW) slowing relative to the timing of the peak (HW) (Figure 3). Mass conservation leads
to greater velocities during the flood and hence the estuary is classified as flood dominant in terms of
peak velocity.

Figure 3. Example timeseries of water levels (thin blue line) and depth averaged velocities (thick green line)
taken from the central subtidal area of the model.

The distortion of the tidal wave occurs due to non-linear interaction with the bed and the generation of
sub-harmonics as the tidal wave enters shallower water (Friedrichs and Aubrey, 1988). Hence, the
amount of modification and resultant direction of peak velocities can be quantified through a
comparison of the M2 and M4 tidal constituents. A direct measurement of non-linear distortion is
given by the ratios of the amplitudes:

Distortion magnitude = M4 amplitude / M2 amplitude

(3)

whereby a ratio of 0 indicates a completely undistorted tide and a ratio > 0.01 indicates significant
distortion of the tidal wave (Friedrichs and Aubrey, 1988).
The direction of the asymmetry (flood or ebb) can be defined by calculating the phase of M4
constituent relative to that of the M2 constituent as follows:

Relative phase = 2M2φ-M4φ
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A relative phase between 0° and 180° indicates that the duration of the ebb tide is longer than the
duration of the flood tide and therefore the tide will be flood dominant. Values of relative phase
greater than 180° indicate that the duration of the ebb tide is shorter than the duration of the flood tide
and therefore the tide can be considered ebb dominant. Tidal constituents for subtidal regions were
analysed using the T-tide matlab package (Pawlowicz et al., 2002).
For the tide only forcing, considerable distortion (distortion magnitude > 0.01) occurs throughout
most of the subtidal channel (Figure 4a), except for the region close to the estuary mouth. The
distortion increases as the tide propagates through the estuary with maximum distortion occurring at
the landward end of the estuary. Both the M2 to M4 phase difference (Figure 4b) and depth averaged
velocities (Figure 5) indicate flood dominance (peak velocities during flood tide) throughout the
majority of the subtidal regions (Figure 4b). The occurrence of peak velocities during the flood tide
suggests a regime in which there is a net import of coarse bedload sediments.

Figure 4. Plan view of distortion magnitude (a) (equation 3) and resultant direction of peak-velocity from
distortion (b) (equation 4). Figure 4b only shows phase difference in subtidal areas where the distortion is
significant (>0.01). Simulations for an infilled mature estuary (γ = 4) and tide only forcing. Grey areas denote
land.

Figure 5. Peak velocity magnitudes from simulations with tide-forcing only. Negative (positive) values indicate
that the peak velocity occurs during the ebb (flood) phase of the tide.
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Next, we examine the slack duration at high water to investigate the potential for sediment deposition
over the intertidal flats. Although duration of slack water decreases slightly on the intertidal owing to
the shorter periods of submergence, this is largely offset by lower velocities resulting in a net increase
in slack water duration over much of the intertidal region. The duration of slack water is shown in
Figure 6 relative to a bed shear stress capable of entraining a sediment particle measuring 100 micron.

Figure 6. Slack water duration in minutes at high water defined as the amount of time that bed shear stress drops
below the entrainment threshold for a sediment particle of 100 micron.

3.2 Tide, wind and wave forcing
For the flow simulations forced by both wind and tide, the ratios of tidal constituents (not shown)
show no discernible difference from the simulations without wind forcing (Figure 4). Thus, any
changes in the tidal asymmetry resulting from the presence of wind and waves can be attributed to
their direct influence on the flow patterns rather than the distortion of constituents. The distribution of
peak velocities throughout the estuary was examined using simulations with 5 m/s and 10 m/s
seaward (easterly) wind (Figure 7a and 7b) and the 5 m/s and 10 m/s landward (westerly) wind
(Figure 7c and 7d).
In all cases, the addition of wind forcing changes the flow magnitudes over the intertidal areas; depthaveraged velocities were found to increase in the direction of the prevailing wind, so that flood
currents were enhanced during a landward wind and ebb currents were enhanced under a seaward
wind. For tidal asymmetry (assessed from peak velocities), moderate wind speeds (5m/s) lead to an
increase in flood dominance during a landward breeze and an increase in ebb dominance during an
seaward breeze. However, for larger wind speeds (10m/s) both seaward and landward breezes
increase the magnitude of ebb dominance. This counterintuitive result for landward winds can be
explained by the generation of large return currents in the upper estuary (Figure 7d).
Within the subtidal region the pattern of asymmetry is opposite to that over the intertidal, such that the
increase in peak-velocity magnitude is against the prevailing wind direction, i.e. we observe an
increase in flood dominance with a seaward wind and an increase in ebb dominance with a landward
wind (Figure 7). Two factors contribute to this pattern; firstly return flows at the ends of the estuary
result in enhanced subtidal depth-averaged velocities in the opposite direction to that observed over
the intertidal. Secondly, the influence of the wind is felt over a smaller proportion of the water
column in the deeper subtidal regions, so depth-averaged flow speeds decrease in the subtidal, whilst
the depth-averaged flow speeds increase over the intertidal (owing to mass conservation through the
estuarine cross section).
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Figure 7. Peak velocity magnitudes for 5 (a) and 10m/s (b) seaward wind and 5 (c) and 10m/s (d) landward wind,
negative (positive) values indicate that the peak velocity occurs during the ebb (flood) phase of the tide. Wind
direction is indicated with arrows.

The most dramatic impacts of the addition of wind are observed in the slack water duration. Windforced waves predominantly affect the seabed sediments through wave orbital velocities. Although
these orbital velocities only result in a small net transport, they are capable of suspending sediments,
which can then be transported by mean currents to less hydrodynamically-active areas for deposition.
These orbital velocities increase with wave height, wave period and wavelength and therefore are
directly proportional to the available fetch and wind speed. Within an estuary, the greatest potential
for wave generation is at high water when the largest fetch is available. However, due to the
attenuation of wave orbital velocities with increasing depth, the maximum impact of the orbital
velocities will occur at a point at which there exists a balance between the available fetch for wave
generation and sufficiently shallow water depths that allow the orbital velocities to reach the seabed
(Green et al., 1997). As sediment entrainment will occur as a result of both tidal and wave currents,
we consider the resultant hydrodynamic forcing on the seabed as a combined bed shear stress from
both waves and currents: the duration that this maximum combined bed shear stress (i.e. both tide and
wind forcing scenarios) was not sufficient to entrain a sediment measuring 100 micron is shown in
Figure 8.
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Figure 8. Slack duration as a result of combined maximum bed shear stress in minutes under a 5m/s (a) and
10m/s (b) seaward wind and a 5m/s (c) and 10m/s (d) landward wind. Wind direction is indicated with arrows.

Figure 8 illustrates the reduction in slack duration with larger wind speeds (and therefore larger wave
height and orbital velocities). The dependence of the potential for deposition on the depth of the
water column is particularly striking. Within the shallower fringing parts of the basin, the attenuation
of wave orbital velocities is minimal even at high water slack, and the ‘stirring’ from waves prevents
any deposition of sediment. This lack of deposition around the estuary margin is consistent with the
recorded band of highly turbid water (termed the turbid fringe) attributed to waves breaking in
shallow water within Manakau Harbour, New Zealand (Green et al., 1997 and 2000). Within the
deeper intertidal areas the orbital velocities are attenuated at high water, reducing their effect on the
bed. Hence, waves exert their main influence at mid-tide when the fetch is sufficient for wave
generation and yet the depth is still shallow enough for the orbital velocities to reach the seabed.
Consequently, wave orbital velocities enhance the bed shear stress during maximum tidal currents,
which results in a peak combined bed shear stress at mid tide and an enhancement of the net transport
from peak tidal velocity with a slack water period at high water. This pattern of wave-current
interaction is shown for a shallow (Figure 9a) and deep (Figure 9b) intertidal region as a timeseries
under a 10m/s westerly wind speed. Within subtidal areas the water is too deep for orbital velocities
to impact on the seabed regardless of wind speed.
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Figure 9. Wave orbital current speed (thick green line) and resultant bed shear stresses (thin blue line) shown for
a shallow (a) and deep intertidal area (b).

4. Discussion
The patterns of tidal asymmetry indicate a net import of sediment and subsequent accretion of the
intertidal area, when only tide forcing is applied to the model. The asymmetry of peak velocities is
stronger on the flood due to the distortion of the tidal wave resulting in a net flux of sediment into the
estuary. This import of sediment is reinforced by the long period of slack duration which allows the
deposition of imported sediment onto the intertidal flats.
Under windy conditions (10 m/s) the wind-driven circulation in both landward and seaward directions
tends to favour seaward peak velocities owing to both changes in the circulation in the subtidal
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channel and wind assisted transport over the intertidal areas. Although windy conditions do not
change the overall net flux of sediment, the ebb dominance is enhanced, thereby reducing the amount
of sediment imported over a tidal cycle. Waves do not greatly impact on the large-scale circulation
patterns, but the wave orbital velocities instead directly influence bed shear stresses. The overall
affect of waves is to reduce the duration of depositional conditions on the intertidal both through a
reduction in slack duration (preventing sediment deposition) and an increase in bed shear stress
(causing further erosion). The impact of the waves is negligible in the subtidal channel, owing to the
depth attenuation of orbital velocities; hence the flows in these regions are dominated entirely by tidal
processes. However, suspended sediment levels within the subtidal channel will still be influenced by
the sediment entrainment on the intertidal. Fieldwork in Manakau Harbour (Green et al., 2000) noted
that sediment entrained on the shallow edge of the intertidal (the turbid fringe) during wave events
was flushed into the main channel on the ebbing tide and subsequently dispersed. The fate of the
sediment could not be determined but the excess turbidity dispersed within a day or so of the initial
suspension.
This pattern of intertidal accretion under tidal conditions and erosion where the fetch of the estuary is
sufficiently long to allow the generation of wind waves has been hypothesised in field studies (Green
et al., 1997, Jannsen-Stedler, 2000). Even small wind waves have been found to be capable of
transporting small amounts of fine sediment (Green, 2011). The significance of wind and waves on
the sediment transport regime has implications for the understanding of estuarine dynamics. Many
areas of the world experience regular, repeatable patterns of wind direction and speed over either
monthly (e.g. seasonal patterns), interannual (e.g. El Niño /La Niña) or even daily (sea /land breezes)
timescales. In locations in which the fetch axis is aligned with dominant wind directions, the resultant
morphology may depend on the wind climate as well as the tidal regime. Consequently changes to
the wind regime as a result of climate change may have significant implications for estuarine stability,
with reductions in wave height leading to intertidal accretion and increases in wave height enhancing
intertidal erosion. However, inherent uncertainties in future climate change predictions will also
result in uncertainties in the prediction of the change in estuarine environments. These uncertainties
associated with the wind-forced patterns are in stark contrast to the wholly predictable patterns of tidal
height which can be reliably hindcast and forecast.
5. Conclusions
This paper presents preliminary results from an idealised modelling study investigating the impacts of
wind and wave forces on tidal asymmetry within a small macro-tidal basin. Although this study is
presently only limited to one basin type, some interesting and complex relationships between tides,
winds and waves were revealed. Overall the idealised model indicated intertidal accretion under tides.
This accretion occurs as peak velocities take place during the flood tide, thus favouring a net import of
sediments and a slack duration at high water during which sediments can settle out of suspension.
When wind and waves are included within the model, the amount of intertidal accretion is reduced.
This reduction occurs in part due to changes to the patterns of circulation within the estuary which
increase the strength of ebb currents but more significantly as a result of the stirring by the wave
orbital velocities during high water slack, which prevents the deposition of sediments.
The apparent importance of the wind and wave climate in shaping the patterns of sediment deposition
and erosion (even under relatively low wind speeds) suggests that wind and waves can contribute to
the form of the resultant estuarine morphology in estuaries where the fetch favours the predominant
wind direction. This result shows the importance of including the forcing from tides, winds and
waves when predicting future changes in estuarine morphology.
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